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A previous method of analysis of hyperfine-field spectra of dilute Fe-based alloys with transition solute atoms
to the right of Fe in the periodic table is extended to obtain the solute- and host-moment perturbations of
dilute Fe-based alloys with any 3d or 4d transition element. The resulting host-moment perturbations show
very simple oscillatory behavior which can be interpreted as due to spin density oscillations in the itinerant d
electrons. It is shown that these spin density oscillations can be thought of as arising from the polarization
induced in the itinerant d electrons by the localized d moment via mainly Coulomb exchange interactions,
whereas the localized moments arise from the intra-atomic exchange interaction between the localized d
electrons. Within this scheme a purely itinerant band ferromagnetism is not plausible. The value of the Curie
temperature of Fe is shown to be in good agreement with the interpretation. The features that are important
in determining alloy behavior are clearly seen in this analysis and are enumerated and discussed. The contrast
in behavior with dilute Ni-based alloys is also briefly discussed.

I. INTRODUCTION

For the past decade there has been much activity
in measuring and interpreting the solute-moment
and host-moment perturbations which arise when
transition-metal elements are substitutionally
dissolved in Fe or Ni. Most of the information
thus far has come from average-saturation-mag-
netization and neutron diffuse-elastic-scattering
experiments. " The saturation-magnetization
data provide information only about the total
change in moment, whereas the neutron scatter-
ing data give information about the individual
moment distributions. However the neutron scat-
tering data are obtained in wave-vector space so
they must be Fourier transformed to obtain the
spatial moment distributions. These are difficult
experiments and the region of k space measured
is small so the resulting solute moments and host
perturbation are determined only roughly.

Recently we have developed a method which
uses hyperfine-field (hff) data to give much more
detailed information about the solute-moment and
the host-moment perturbations. ' This paper will
be referred to as I. This method has previously
been used to evaluate the solute moments and
host-moment perturbations developed in dilute
alloys of Fe with transition elements to the right
of Fe in the periodic table (Co, Ni, and Rh). In
these cases the host-moment perturbations are
positive and fall off nearly as I/r'. Here we ex-
tend a variation of the method to elements below
and to the left of Fe (Mn, Cr, V, Ru, and Mo).
This analysis is given in Secs. II and III. The
model' of the Sd transition metals underlying this
analysis is that at the beginning of the transition
series all the d electrons are itinerant. Then

as the nuclear charge increases across the series,
the electrons tend to become more tightly bound.
At some point some of the d electrons become
localized due to the increased binding and the
atoms then develop a moment. However a few of
the d electrons (e.g., -5% in Fe) remain itinerant.
These itinerant d, electrons are polarized through
Coulomb exchange and hybridization interactions
with the localized d electrons. This provides the
Ruderman- Kittel-Kasuya- Yosida (RKKY)-like
polarization' which aligns the localized d, elec-
trons, either ferromagnetically or antiferromag-
netically depending on the number of d, electrons.
This model will be further discussed in Section
IV. We shall see that it becomes obvious from
the present results that a natural way to interpret
the host-moment perturbations are as being due
to the spin density oscillations of the itinerant d,.

electrons. Previously some of the moment per-
turbations have been explained in terms of virtual
d levels" and charge screening effects. ' How-
ever these types of explanations have been un-
successful in explaining many details of the data, '
and whereas this concept may be important in
dilute alloys of transition metals in nonmagnetic
hosts, we do not believe it plays a dominant role
in the alloys considered here.

In this analysis of mainly average saturation
magnetization, hyperfine field and neutron scatter-
ing data of dilute alloys with Fe as host, three
features emerge as principally determining the
behavior of electrons in alloys: (i) The electrons
of each atom in an alloy strongly tend to preserve
their elemental environment, i.e., they compro-
mise their behavior somewhat toward the other
constituents but tend to remain as in their pure
state. (ii) Although the itinerant electrons can
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easily pass between adjacent atomic cells, when
in a cell of an atom with valence electrons of the
same orbital symmetry they strongly take on the
atomiclike character of those electrons when in
that cell. This feature has been applied extensive-
ly in explaining the value of the hff at nontransition
solute atoms in Fe, ' specifically in the assump-
tion that the 4s-conduction-electron contribution
scales as the atomic hff coupling constant. (iii)
The degree of hybridization of the various types
of electrons of each of the atomic constituents in
their elemental environment is very important.
It is a measure of the ease with which these elec-
trons can take on the different orbital characters
of the atoms, either within an atomic cell or for
itinerant electrons as they pass from atomic cell
to atomic cell.

The evolution of theories of disordered alloy
systems incorporate the above features in in-
creasing degrees of sophistication. The most
simplistic approach is the rigid-band approxima-
tion which describes feature (i) by assuming that,
in binary alloys, the density of states of both
transition-metal elemental constituents are sim-
ilar. Such a simple approach, of course, cannot
describe anything but average values; such quan-
tities as host-moment perturbations are entirely
beyond its spirit. The coherent-potential
method"'" incorporates feature (i) by using an
effective Hamiltonian to describe an effective
medium for the alloy and feature (ii) by using
tight-binding wave functions to represent the
valence electrons for the two types of atoms in
the alloys. The earlier theories were single-band
models and thus could not describe feature (iii).
More recent extensions" take into account more
complex band models which allow hybridization
to be represented in the theories. Reference 11
discusses and gives a comparison of many other
disordered-binary-alloy theories.

In Sec. IV we show that the well-known RKKY-
type derivations' of the form of the spin-density
oscillations for the 4s conduction electrons are
equally valid for the itinerant d electrons at dis-
tances of greater than about one-half a lattice
spacing. In Sec. V we give the interpretation of
the observed host-moment perturbations in Fe.
In Sec. VI we briefly discuss the behavior of dilute
Ni alloys.

In the following paper" (called III) we Fourier
transform the moment distributions obtained from
the hff spectra to obtain curves to compare with
the neutron data on dilute Fe alloys. All the fea-
tures of the neutron data are reproduced very
well ~ However, we often obtain solute-moment
values in Fe which are quite different from those
obtained in Ref. I. In III we show that this is be-

cause under some conditions the assumptions
made in the neutron data analysis to determine
the solute moments are not valid.

II. DESCRIPTION OF HYPERFINE-FIELD ANALYSIS

In all cases considered here the solute atoms
are small, so there are no volume overl. ap con-
tributions to the hyperfine field. ' Furthermore,
since the orbital moment is quenched in Fe, the
hff comes predominantly from the s electrons.
The hff produced at an Fe nucleus can thus be
considered as arising from sum of the polariza-
tions P„, of the s electrons for each shell coupled
through the hff coupling constants H", i.e., H, :,.
=QP„,H'„;. At this time we do not know all these
individual terms but, fortunately for the present
purposes, we only need to know certain partial
combinations of this sum which can be determined
experimentally. Thus for pure Fe we break the
hff up into contributions of the core s electrons
(1s, 2s, 3s), H„„, and the. 4s-conduction-electron
polarization (sCEP) contribution. It is convenient
to further consider the sCEP term as the sum of
two terms: the first the polarization of the 4s
electrons by an atom itself H„ the second the
sum of the sCEP due to the surrounding Fe atoms
Hz. H~ is known for an Fe lattice since the con-
tributions to sCEP for each shell surrounding an
Fe atom, hH'„', have been deduced from measure-
ment in FeSi and FeAl alloys, '"where the Si and
Al atoms develop no moment and give rise to
negligible host moment perturbations. " These
sCEP contributions bH'„', for the various shells
surrounding an Fe atom, are listed in Table I as
set A. We thus have

H], , =H, +H +H~,

where Hr ——g„M„&Hr'pr, (= —145 kG) and M„ is
the number of Fe atoms in the nth shell. H~ can
also be independently obtained from the hff of
small nonmagnetic solute atoms dissolved in Fe.
This is further discussed in Ref. 4 where we
found that Hz was between —140 and —170 kG
from the hff's at Cu, Ag, and Au nuclei in Fe ~

Since H &:, = —346 kG, the hff contribution from an
Fe atom itself is thus H„=H„+H, = —201 kG or
—90.5 kG/ps. As long as only the Fe spectra of
dilute alloys is considered we need only this fairly
well-known sum H„ for this analysis. It is the
hff produced at an Fe atom due to its own moment.
There is a possibility that the signs of the third
(N3) and sixth (N6) nearest-neighbor shifts might
be negative instead of positive as given in set A.
This would be so if the hff at Si in Fe and Fe,Si
were positive instead of negative as assumed in
Ref. 9. It has not been determined. To see what
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TABLE I. Values of quantities used in the evaluation of the hyperfine field shifts of an Fe
atom near a solute atom.

Shell N1 N2 N3 N4 N5 N6

M„
AH„' (kG/pz ) Set A'

Set B

8
-12.1

-11.0

6 12 24
-2 7 +24 +06

H, =-145 kG
-0.9 -2.4 +2.0

Hg = —150 kG

8
+0.3

6
+0.6

+1.1 -0.6

' These values are those obtained in Ref. 9.
This is a reasonable set with N3 and N6 taken as negative.

effect this would have on this analysis we have
made up a reasonable set of hff shifts for pure
Fe where N3 and N6 are negative and H& = —150
kG. These are listed as set B in Table I.

The philosophy of the general procedure of anal-
yzing the Fe hff spectra of these dilute alloys with
transition element solute atoms is the following.
Whereas ideal nontransition solute atoms, like
Al and Si, act like magnetic holes in the Fe lattice
and thus cause the sCEP contributions from the
missing Fe atoms to be absent, the transition
element solute atoms have two effects: (i) if they
develop a moment, they contribute a sCEP con-
tribution from their own moment; and (ii) they
cause moment perturbations on the nearby Fe
atoms which change the H„, H, , and H& contribu-
tions from these Fe atoms. We take all these
effects into account.

In analyzing the Fe spectra of dilute alloys, we
make the reasonable assumption that the probabil-
ity of the 4s electrons being in each atomic cell
throughout the alloy is the same as that in pure
Fe. We further a~~ume that the spatial form of
the sCEP surrounding any moment is the same
as that in pure Fe and that its magnitude is pro-
portional to the moment. In the case where we
are considering the sCEP coming from a moment
on the solute atom, this implicitly assumes the
solute-moment spin-density distribution is sim-
ilar to that of the Fe moment. 4 Neutron form-
factor measurements in general give spin distri-
butions which are atomiclike and are very similar
for the 3d transition series, " thus indicating that
this is a reasonable assumption for the 3d series.
The atomiclike 4d wave functions have two max-
ima, one closer in and one further out than the 3d
maxima. The measured neutron form factor of
paramagnetic Pd (Ref. 17) indicates that the mo-
ment density may be about 20/0 more expanded
than that of Fe. The sCEP magnitude due to such
a moment would be expected to be about 20/p
smaller per p. ~ than that from Fe.4 However, we
are concerned with the sCEP oscillation difference
between the missing Fe moment and the moment

on the 4d solute atom. At most the 4d-series
solute atom moments are about 1p, ~ so the sCEP
for the worst cases might be weakened by about
10"jp compared to that for pure Fe. In the cases
where the solute moment is small (e.g., Mo), the
magnitude of the sCEP is essentially that due to
the missing Fe moment, so no error is made.
Thus taking the sCEP to have the same shape as
in pure Fe and scaling as the moment should also
be a reasonable procedure for the 4d transition
series. Furthermore, since some of the moment
comes from the itinerant d electrons this assump-
tion implies, as we shall discuss further in Sec.
IV, that when the itinerant d electrons are in an
atomic cell that possesses a local d moment, they
strongly take on the atomiclike d-spin-density
distribution typical of the atom in that cell. If the
itinerant d's are in an atomic cell which has no
moment, they are expected to have very little
polarization and a rather uniform spatial proba-
bility distribution function. The results of the
neutron scattering experiments in dilute alloys'
had also already shown that the moment distribu-
tions are atomiclike since any uniform polariza-
tion would give a scattering distribution which
would predominately occur at scattering vector
Q near zero. This polarization would have been
missed in the neutron experiments since the

0
lowest Q values measured were -0.3A '. How-
ever, the measured neutron scattering cross
sections when extrapolated into Q =0 agreed well
with the average moment change per solute atom,
du jdc, as measured in average saturation mag-
netization experiments, thus indicating that there
is little polarization with a nonatomiclike distribu-
tion.

When a transition element solute atom goes
substitutionally into an Fe lattice, it may develop
a moment and also perturb the moments on the
nearby Fe atoms. Since here the hff measures
only the polarization of s electrons at the nucleus,
it detects changes in the distribution of d electrons
only through the interaction of the s electrons with
the atomiclike moments of the d electrons. Letting
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the Fe moment perturbations be represented by
4„, where n is the nth shell surrounding the solute
atom, we can write down the hff shift ~'„ for Fe
atoms in each shell surrounding the solute atom
Z. This was done in I. There we listed in Table
II the occupational distribution for the Fe atoms
in the first four neighbor shells to the solute
atom. We then kept track of all the sCEP con-
tributions from each of the surrounding atoms,

including the solute atom. Combining this with
the polarization produced by the Fe atom itself we
derived formulas for the hff shifts for Fe atoms
in the first four neighbor shells surrounding a
solute atom whose moment is p, ~. Considering
the first four sCE P terms and moment perturba-
tions in the first six shells surrounding the solute
atom, the general formulas are

~~ =H„n., + nH,"'(p ~ —p, , + 3n., + 36, + 6,) + ddt' (3n, + 3h, ) + ~,"(3n, + 6n, )

+ ddI,"(3&,+ 64,+ 3n, + 3n, ),
~, = Hen,, + ~,"' (4&, + 444) + ~2' (p~ —g„, + 46~ + 6, ) + ~~ ' (4h, + 4h, ) + ~4"' (4b, + 864),

H„nq+ bHj (2n, + 464)+ EFI2 (262+ 265)+ nH3 (p~ p„+4hq+ 266)+ r&E4F (4h, + 6h, )

AH4 =H~n4 + ddI, ' (E, + 2k~ + 6, + 6,) + ~,' (6, + 2n, )

+ nH~~' (2n, + 3n4) + ddS4' (p~ —pq, + 262 + 36~ + 265) .

(2)

Summing the coefficients of the ~„'s for the ~H,","
values in set A we get

~, = —12.1(p,g —p, ;., ) —91.4b, —34.56, —32.7n ~

+ 6.34~ —10.36, + 1.8~6,

nH, = —2.7(p~ —p, :, ) —46', , —80.9n, —10.8n,

- 43.6~, + 9.6~, —2.7~„ 2a
~, = 2.4(p, ~ —p, , , ) —21.86, —5.4h, —80,96,

—44.8~4 —5.44, + 4.84, ,

~4 = 0.6(p, ~ —p, -, ) + 2.1n, —10.96, —22.463

—88.7&4 —10.96, —12.16, .

It can be seen from the above formulas that the
main contributions to the hff shifts &H„come
from H„and ~,"' since these are by far the larger
terms.

From the behavior of the average saturation
magnetization we also have another equation re-
lating p, ~ and the ~„values. It is the equivalent
of Eq. (2) of 1 and is given by

—p. . +~M 4Ve ~ n n&
n= f

where dP/dc is the initial slope of the variation
of average moment p, with concentration c of the

TABLE II. Hyperfine fields and derived moments at nd-transition series elements in Fe.

Solute A~
'

(kQ) H (kQ/p~) H (MQ)

Neut. 4

w& (v&)

23
24

25
26
27
28

42
44
45
46

V
Cr

Mn
Fe
Co
Ni

Mo
Ru
Rh
Pd

-94
-52 (calc)

-110 (calc)
(-) 234

-346
-295

(-) 241

-263
-505
-557
-537

-156
-163

1.4
1.6

—168
-172
~177
-181

H, '=81 kQ/pz

1.8
2.0
2.2
2.4

3.3
4.0
4.4
4.8

-0.2 + 0.1
-0.7 (assumed)

0.0 (assumed)
1.0+ 0.2
2.22
1.9+ 0.1
1.4+ 0.1

0.2+ 0.2
1.0 + 0.2
1.1+0.2 '
1.0+ 0.2

-0.4+ 0.4
-0.7+ 0.4

0+ 0.2

2.1+ 0.5
0.9+ 0.15

-0.1+ 0.6
0.9+ 0.5
0.5+ 0.3
0.1+ 0.2

H, " —-370 kG/pz

3
rM~ = 7 kG has been subtracted from the measured values

Variation as calculated in Ref. 19.
'Obtained in Ref. 3.

Obtained in Ref. 1.
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solute atom, i.e., p = p„, + c dp/dc. It has been
measured for all cases considered here. For
elements to the right of Fe, the neutron experi-
ments had indicated that the 6„'s were all positive
and that they decreased with distance from the
solute atom. ' In I we therefore assumed a func-
tional form for the h„values which fell off as the
mth power of the distance from the solute atom;
the hH~'s then became only a function of two
parameters p. ~ and ~,. For these alloys the Fe hff
spectra have extra structure that is spread over
a small range on the high-frequency side of the
pure Fe line. The nH~'s are small (typically
——5 kG) and overlap greatly. However the shape
of the spectra is very sensitive to p, ~ and 6, so
by fitting the Fe spectra of these alloys we could
ascertain values for 6, and p.~. We found that a
I/r' behavior of the n, „'s gave by far the best fit.
We will see that we can understand this behavior
since the spin-density oseillations due to a
Coulomb exchange interaction in the region before
the first node vary roughly as I/r' "The. gz
values obtained in this way agreed well with those
deduced from the hff value measured at the solute
atom.

For the elements below and to the left of Fe,
the Fe spectra are well spread out; the hH, and

nH, values are large (typically -+ 20-30 kG) and
thus are obtained directly from the Fe spectra.
4H, is quite a bit smaller but in some eases was
also obtained from the Fe spectra. For these
elements we used the measured value of the hff

at the solute atom to determine p. ~ in the following
way. In I we also derived the expression for the
hff H~ at a solute atom entirely surrounded by
Fe atoms. It is given by the properly modified
sum of the core polarization and conduction-elec-
tron contributions [see discussions leading to Eq.
(15) of I]

H'HFe
Hin Fe Hnd + ns s

Z cp + HFe ] Z
4S

H
+ F'. ~n' WF, +&a .

H 4F'

The H~ values were obtained from the measured
values by subtracting the Lorentz term & m.V,
(=7 kG} from the measured hff to obtain the true
hff. These are listed in column 3 of Table II. H",,'„

is the contribution per p, ~ to the hff from core
polarization in the nd transition series. Hns is
the hyperfine coupling constant of atom Z; these
are listed in column 5 of Table II. H",' is the self-
polarization per p. ~ of the 4s conduction electrons
by the Fe atom. For the 3d series solute atoms,
the atomiclike spin distributions are considered
to be close enough to that of an Fe atom that the

same value of H;"is used as that obtained for
pure Fe. For the 4d series we make the same
assumption, this implies that the radial spin dis-
tribution of the 4d series is similar to that of
Fe, as discussed earlier.

As discussed in I, there is some doubt as to
what the values of H', , and H",' are individually;
however their sum is known very well from ex-
periment. Band-theory ealeulations'"" of HFe

cp
yield a value of —380 kQ or —172 kQ/p, r, , which
gives H'; =180 kQ or 81 kG/p~. However an
analysis of only hff data in I indicated that H~'

might possibly be as much as —315 kQ/p, s and

H;'=+ 224.5 kQ/p~. Fortunately since mainly
the difference of these two quantities enters [ex-
cept for the factor H~, /H", in front of H,", Eq.
(4)] both sets of values lead to the same values of
p.~ to within 0.1 p, ~. Here we use the band calcu-
lation values to obtain the moments. For the 3d
series, the H„values are believed to increase
by about 15'k from V to Ni""; these values are
listed in column 4 of Table II. However these
small variations lead to a difference of less than
0.1 ]LL,~ from the values obtained by assuming H„
is constant and equal to H",, across the series.
The H4, value appears to be quite constant across

4g series 21 In I we found HRh + H gh in F e
cp s

= —190 k G/ p ~, tak ing H ""'""' = H"" /H ' ' x 81
=178 kG/p~ we get H"„.," = —370 kG/g~. This is
the same as the calculated value" and we use it
for H4 here.

We used an iterative procedure to evaluate the
p.,'s. Since the A„values always turn out to be
small compared to p. „,„as a first approximation
we ignore the 6„'s in Eq. (4). We then used the
derived value of p, ~ to obtain the h„values as
discussed below. We then put these 6„'s back
into Eq. (4} and repeated the procedure. The
corrected value of p~ was always within 0.1p.~
of the first value. The final values obtained for
p, ~ are listed in column 6 of Table II. The values
of p. ~ obtained from the hff are sometimes not in
very good agreement with those obtained in the
neutron scattering experiments which are listed
in column 7 of Table II. As we shall discuss in

III, some of the approximations made to determine
the moments in the neutron work were often not
valid and therefore in some cases these values
could be quite wrong.

The procedure used to obtain the h„values was
as follows: since we know ~„~,(and some-
times b,H, ), p, z, and dP/dc, we have three (or
four) independent equations relating the n.„'s.
Since the A„values decrease rapidly at large
distances and the fourth and fifth shells are very
close in radii (also the 1st and 2nd, see Fig. 1}
we can in general obtain values for combinations
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FIG. 1. Host-moment perturbations surrounding
transition-metal solute atoms as a function of distance
from the solute atom. Note that the ordinate scale fac-
tor for Mn, Cr, and V is a factor of 2 larger than for
the other elements.

of the first five 4„'s. This is now discussed in
more detail under each solute atom.

HI. EXPERP4ENTAL RESULTS

Ni and Co

The p, ~ and a„values for these have been de-
termined and discussed in I. They are listed in
Table III. The A„values are shown plotted in
Fig. 1. We have shown these values connected by
a dashed curve. This is just for convenience; in
actuality there is a 3d atomiclike spin density
situated around each lattice site as indicated by
the bell shaped curve shown by the solid lines in

The Mn hff spectra have been measured many
times by both Mossbauer"'22'23 and NMR tech-
niques. 2 '" As discussed in I the Mossbauer tech-
nique has inherently poorer resolution than prop-
erly carried out NMR experiments. The experi-
ments of the author in Ref. 14 were carefully
computer analyzed considering four or five neigh-
bor shells for many different concentrations. In
Ref. 22, Wertheim et al. carried out their analysis
in terms of first- and second-neighbor shifts and
a multiplicative concentration-dependent factor.
This probably leads to somewhat inaccurate
values in some cases, especially for hH, . Vincze
and CampbelP' have made an investigation of all
the d transition elements in Fe but use the same
type of analysis as in Ref. 22. They used a least-
squares analysis to obtain the best fit, and their
results seem about the same as those of Ref. 22.
The NMR measurements have much better in-
herent resolution, but much of the data for these
alloys mere taken before the complexities of this
technique were fully appreciated. "' Thus the
spectra of Ref. 24 seem to show too little intensity
in the satellites, a type of inaccuracy common to
the early spin echo experiments as mas discussed
in I, We list shifts for FeMn alloys in Table IV.
All the data given here is adjusted to correspond
to 0'k. Since the hff values are negative, the
signs of the AH„given here correspond to the
actual sign of the shift caused by the solute atom,
i.e. , positive AH„decreases the resonance fre-
quency of a given spe ctrum component For

TABLE III. Derived solute moments pz and host-moment perturbations A„(in pz) of the
nth shell surrounding the solute atom.

Nl
Co
Mn
Cr

1.4+ 0.1
1.9+ 0.1
1.0+ 0.2

-0.7
0.0

—0.2+ 0.1
1.1+ 0.2
1.0+ 0.2
0.2+ 0.2

0.095
0.07

-0.06
0.11
0.0
Q.17
0.11

-0.0076
-0.11

0.062
0.045

-0.11
-0.28
-0.24
-0.35
0.075

-0.023
-0.11

0.022
0.016

0.026
0.002

0.013
Q.01
0.016
0.03
0.03
0.01
0.016

0,03

0.012

0.014
0.043
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TABLE IV. Hyperfine field shifts AH„(in ko) for
I'e Mn.

' Reference 14. ME, Mossbauer effect.
b Befererce 22.

reason (a decrease in frequency) the n H„are
often listed in the literature with the opposite sign
to that used here. %e observed in Ref. 14 that
4H, decreased rapidly with Mn concentration;
thus the low value for ~H, in Ref. 22 may be due
to this effect (the concentration was not listed).
Since we want the shifts for the most dilute alloy
we use the values close to those of Ref. 14, AH,
=24 kG and aH, =15 kG. The value of dp/dc is
-2.11 p, ~, almost simple dilution. " The value ob-
tained for the moment of Mn was about 1.0+0.2

Besides being obtained from the hff at the
Mn atom this value is also in agreement with that
obtained by analyzing the temperature dependence
of the hff at the Mn atom and its nearest-neighbor
Fe atoms. " As is well known this value does not
agree with that obtained in Ref. 1, p, M„-0p.~, how-
ever other neutron scattering experiments" have
shown that Mn does have a moment. This will be
discussed further in III. So in this case we have
three simultaneous equations involving the 6„'s
and solved for 4„6„and let h, =6,=h, . We also
tried many other combinations (e.g. , b. , =A„h„
L, =6,) but the above procedure seemed to be the
best since the oscillations are expected to de-
crease rapidly with distance from the solute atom.
All reasonable groupings gave rise to oscillations
with negative values required for at least one of
the first three nearest neighbors. This type of
behavior of a definite negative oscillation was not
sensitive to the value of hH, varying from 0 to 15
kQ. Thus the general moment perturbation be-
havior is definitely different from that of Co and
Ni and has a distinctive negative oscillation in
the region of the first few neighbors. The 6„
values obtained for setA are listed in Table III
and shown plotted in Fig. 1. The 4„values ob-
tained for set B were very similax' to those ob-
tained fox setA. In general we found a, was
slightly more negative and 4, slightly more pos-
itive than those of setA, while the sum of 6, ++2
was about the same for both sets. The 63 through
6, and p~ value were essentially unchanged.

The number of atoms in the N1 and N2 shells
are very close, 8 and 6, x'espectively. Thus it is

TABLE V. Hyperfine field shifts 4&„(in ko) for
I"&Cr.

ME (2 0%)
ME'
ME (4.8%)

= 32.5
24

' Beferenae 14.
Beference 22.
Beferences 30 and 31.
Called &H5 in Befs. 30 and 31.

lXflcult when +HI and +H2 are neax ly the saDie to
be sure in any analysis of only the spectra which
shift goes with which shell. Cranshaw eI, al.so'"
have used these alloys to measuxe the dipolar
shifts resulting from a solute atom. They used
the Mossbauer technique and measured the dif-
ference spectra of single crystals of FeCr with a
magnetic field applied in the (100) and (111)di-
rections. The dipolar broadening for the N1 and
N2 shells is different for the different magnetiza-
tion directions and they gave the assignment of
the larger shift as being due to the Nl shell.
Since this type of measuxement should be sensitive
to this feature, we use their assignment. %'e list
the various values of AH„ from different experi-
ments ln Table V. %'e use +H, = 34 kQ and 4H,
=24 kQ in the analysis here. The slope of the sat-
uration magnetization curve is dg/dc = —2.29."
We thus again have three simultaneous equations
relating the ~„'s and p.c, . Unfortunately the hff
value at the Cr atom in Fe has not been measured.
The shape of the neutron scattering curve in these
alloys strongly indicates that the value of p, ~„ is
negative and around —0.7p.~. Assuming this value,
we solve for A„b,„and A, =h, =h, . The resulting
hff at Cr is - —52 kQ which should occur at about
11 MHz. This solution for set A is shown in Fig.
1 and listed in Table III. These values give excel-
lent agreement with the neutron scattering curve
for I'eCr alloys. We also calculated the 4„'s as-
suming p, ~„=0.0p, ~. These are listed for set A in
Table III and plotted in Fig. 1 as the open circles.
This leads to a hff at Cr of H -, - —110kQ which
would give a resonance at -25 MHz. This solution
gives fair agreement with the neutron scattering
data so a determination of the hff at Cr is needed
to determine the Cr moment more accurately.
The value of the 6„'s found in analyzing the neutron
experiments" seem to be unlikely, since they
lead to pairs of shifts for AH, and AH, of either
49 and 11 kQ, ox 45 and 20 kQ for the 4, =4, so-
lution. Both of these sets axe incompatible with
the measured values of b,H, =34 kQ and AH, =24
kQ. As we shall see in Sec. V a negative value of
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the Cr moment would follow naturally from the
antiferromagnetic coupling resulting from intro-
ducing a large number of itinerant d's in the vicin-
ity of the Cr solute atom.

There has long been a controversial interpreta-
tion of the Mossbauer data by Cranshaw. " He
argued that since AH, for FeSi was close to zero,
AH, for FeCr could not be as large as 24 kG and
therefore this shift should be assigned to ~H, .
Furthermore, since the N1 and N5 atoms are in
the same direction (111), he concluded that the
sCEP was very anisotropic. We see here that
the host-moment perturbations can easily make
hH, large and thus his arguments are invalid.

may be the reason he obtained a negative slope.
All the other transition elements to the right of Fe
have a. positive du/dc varying from 0.Spy to 1.9p~.
Thus it is likely that the slope for Pd in the soluble
region is also positive; however since it is un-
known we present no data for Pd. The DH„values
obtained in I are thus likely to be incorrect for Pd.
This would also result in the value of the core pol-
arization for the 4d transition series being differ-
ent from the value given in I. We thus use the
value derived from only Rh, i.e. , H, ", " ' = -370

kG/pe. This agrees with the calculated value of
-370 kG/p, s and would yield a value of ij,v,
= (1.0 +0.2) p, ~.

Pd

A solution for Pd which used Fallot's'~ measured
du/dc =-0.2 ps was given in 1. This solution gave
up~=(0. 7 +0.2) pe with n„'s decreasing roughly as
1/r' and n, =0.066gs. However the neutron data'
look as if dp/dc= lies. The measured value of
dp/dc is very questionable since only (1-2)% of Pd
is soluble in the bcc phase of Fe." The lowest
dilution Fallot measured was 3.4% thus it is likely
that his alloys had segregated regions of fcc Fe.
Since the fcc regions would have no moment, this

TABLE VI. Hyperfine field shifts b H„(in kG) for
F&V.

AH)

ME ' (2.2%)
ME (4—16%)
ME
SE'

25
26

26
22

25
~24

' Reference 14.
Reference 22.
Reference 23.

d Reference 33. SE, spin echo.

The measured hff shifts for V are listed in
Table VI. As usual all these values are extrapol-
ated to 0 K. The agreement of all the data is quite
good. A more recent spin-echo experiment" also
found AH, = AH, . So we use hH, = 25 kG and

nH, =26 kG. The value of dp, /dc =-2.69 2' From
the measured value of the V hff we obtain from Eq.
(4) that p»=-0.2+O.1 ps. This agrees with the
value obtained from neutron scattering experiment'
p, » = (-0.4 +0.4) p, s. We thus have three simultane-
ous equations connecting the 4„'s and again solve
for b„b„and ~, =64=3,. The resulting 6„
values for setA are given in Table III and shown
plotted in Fig. 1.

From the Fe hff and dp/dc=1. 1 p~ for Rh alloys,
the moment of Rh was found to be (1.1 + 0.2) p
&, =0.11 Ps for a 1/r' decrease of the n„values.
These are listed for set A in Table III and shown
plotted in Fig. 1.

Ru

The FeRu shifts have been determined quite ac-
curately from spin-echo experiments by Murphy
et. al." They obtained 4H, =16kG, 4H, =4kG, and
nH, =-5kG to about 1kG. The value of dg/dc is
zero." We determine that p,~„=1.0 + 0.1 from the
hff at Ru using H",,=-370kG/pe and H4'= 81H;,/
H~ kG/ps. We thus have four simultaneous equa-
tions relating the 4„'s and solve for +] +2 +3,
and 6, = 6,. The h„values are listed for set A
in Table III and shown in Fig. 1. The d „values
are all quite small and therefore are very sensi-
tive to the exact values of the hff shifts. Thus it
would be very advantageous to know these shifts
even more accurately.

Mo

The FeMo hff shifts are rather well known
since a 3.2 at. % Mo single crystal was studied
extensively" in a Mossbauer-type experiment to
obtain the anisotropic dipolar interactions. The
shifts obtained were AH, =37kG and 4H, = 18kG.
We determine p~ = (0.1+0.2) pe from the hff at the
Mo nucleus. The value of d p/dc =-2.2ps, essenti-
ally simple dilution. " We thus have three simul-
taneous equations relating the b,„'s. Solving these
for A„b,„and 6, = 6, = 6, we get the values list-
ed for set A in Table III and shown plotted in Fig.
1.

Clearly better data for all the alloys to the left
of Fe would be very desirable. Most of the data
for these alloys should be improvable by using
presently attainable optimum resolution conditions
in spin-echo experiments. '" We found that the 6„
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values are mainly sensitive to the H„and 4H~F'

values and thus set A and set B give only slightly
different values for 4, and 4, with their sum, p. ~
and 4 3 6 5 being about the same for both sets
Thus the Fourier transform of both sets are es-
sentially indistinguishable and we use only set A
in Paper III. SPIN ) SPIN)
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IV. DISCUSSION OF ASSUMPTIONS MADE IN ANALYSIS

A. Characteristics of d electrons
NO INTRA- ATOMIC

EXCHANGE

WITH INTRA-ATOMIC

EXCHANGE

WITH INTRA. ATOMIC

EXCHANGE

The author has proposed' that the ferromagne-
tism in Fe, Co, and Ni arises from the indirect
coupling, via Coulomb exchange and interband
mixing interactions, of mainly localized (&95%)
d electrons (d, ) by a small number (~5%) of itiner-
ant d electrons (d,). Some of the characteristics
of itinerant d electrons in Fe have become clear
from considerations of various experiments and
calculations. Band-structure calculations" for
Fe indicate that there are pure d, bands which are
parabolic with F,„=It'k'/2m, *, where m ~ = 2m, .
Furthermore m,* is essentially the same for the

d, 's as for the 4s conduction electrons, see Fig.
2 of Ref. 4. de Haas-van Alpen measurements"
show that these d, 's have a nearly spherical Fermi
surface just as do s conduction electrons in free-
electronlike metals. Since the d, s are more con-
fined in 0 space than the d, 's the uncertainty prin-
ciple indicates that they are more spread out in
r space than the d, 's and thus they have some
probability of being in different atomic cells. This
behavior is in contrast to that of the localized
portion of the wave function describing the d, elec-
trons. For the d, electrons the bands are quite
flat, i.e., high or infinite effective mass, they
have no Fermi surface and negligible probability
of being outside their atomic cell. Thus it appears
that the itineracy of the d electrons is similar to
that of the 4s conduction electrons; the main dif-
ference being that each has a different orbital
symmetry.

In considering the detailed mechanism of the
coupling of the d, electrons by the d, electrons,
we shall neglect their hybridization and treat the
4, polarization as if it only arises from the Coul-
omb exchange interaction. We expect, from the
form of the sCEP curve, the hybridization is pres-
ent, but whereas the hybridization does affect the
details of the sCEP curve, the general behavior
should be adequately obtained from considering
only the Coulomb exchange interaction. We will
show that it is reasonable that the spin-density
oscillations of the d, electrons (dSDO, this is in-
terchangeable with the term dCEP), at distances
greater than —,

'
la,ttice spacing, can be represented

by a polarization curve similar to that for Coulomb

NO dg -4; EXCHANGE BIO dg-d; EXCHANGE WITH dg-Ili EXCHANGE

I'IG. 2. Schematic representation of the interactions
which give rise to the ferromagnetism of Fe. The flat
bands represent the localized d electrons; the parabolic
band, the itinerant d electrons.

exchange between localized d electrons and itiner-
ant s electrons; i.e., the RKKY' interaction.

I et us first consider how the d, electrons obtain
their polarization. The schematic representation
of the behavior of the d electrons is shown in Fig.
2. The flat bands represent the d, electrons and
the parabolic bands the d,. electrons. In Fig. 2(a)
we envision a simplified d-band structure for a
hypothetical paramagnetic Fe (not Fe above the
Curie temperature) which has no intra-atomic
Coulomb exchange interactions (i.e. , no Hunds

rule) and no Coulomb exchange interactions be-
tween the d, and d, electrons. In this case the
Fermi level falls somewhere inside the E, bands,
as indicated, since there are about seven d elec-
trons/atom with about 0.3 electron/atom being
itinerant. In Fig. 2(b) we have turned on only the
intra-atomic exchange interaction, which splits
the localized spin-up and spin-down E and T„
states as shown by an amount 4E. This gives
rise to a local moment. A point worth noting is
that the intra-atomic exchange interaction has no
effect on the itinerant d, electrons (Cr, V, Ti,
and Sc all have only itinerant d's and develop no
moments; we are not concerned here with ground-
state spin-density waves" in the conduction elec-
trons, as in Cr and neglect them). The itinerant
electrons are not on a given atom long enough for
intra-atomic exchange to be effective.

The question of when a localized moment occurs
has been one which has received much attention
for the case of magnetic ions in nonmagnetic
hosts." For the case of ferromagnets we see
that almost by definition the condition for forma-
tion of a local moment is; the moment becomes
localized when the band width 1 of a given d state
is less than the intra-atomic exchange interaction.
We say "almost by definition" since in the band
picture, flat bands mean large M for small en-
ergy widths; according to the uncertainty principle
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these electrons then have a small enough 4r to
be considered localized. Thus in ferromagnetic
materials, the ferromagnetism itself is a built-in
criteria to indicate that the bands have become
flat enough compared mith the intra-atomic ex-
change energy to produce localization. Under this
condition some of the d electrons are on a given
atom long enough so that the intra. -atomic exchange
interaction can be effective and produce a moment.
Since S=1 for Fe, we have about two unpaired
electrons and the intra-atomic exchange energy
U is -~AF.. The localization condition is thus
I'- U, where I' here refers to the half-width of a
single localized electron state. This condition is
often stated in terms of the density of states, since
I'~ - I/n, (E).

It should be pointed out that we never expect the
width I' to get much smaller than the intra-atomic
exchange interaction energy for the 3d transition
series. This occurs because, in this case where
we have the ferromagnetism arising from inter-
actions of d, and d, electrons, we expect that both
the hybridization and intra-atomic exchange inter-
actions are of comparable magnitude; since they
both arise from Coulomb interactions between
electrons of the same orbital character. Thus the
width I'due to hybridization is givenby I"-mU'p„, .'
In order that I" be smaller than U we need
U&1/wp, Since the effective mass of the d, elec-
tron in Fe is about 2m„p~ is about-, eV 'andthus
I'& U when U& 2 eV. However for the Sd transition
U-1.5 eV,~ so the half widths of the localized
levels are expected to be comparable to the spin
splitting. It is a well observed fact that experi-
mental density of states for the 3d. transition
series" never show the narrow density-of-states
structure obtained by band calculations. ' The
above considerations suggest that part of the rea-
son for this is that the band calculations do not

contain enough hybridization to broaden the states
realistically.

For a given transition series, the intra-atomic
exchange energy per electron is about constant.
Thus at some point across a series the binding of
the d states may become large enough, due to the
increase in Z, so that the widths of some of the d
states become comparable to the intra-atomic ex-
change energy. For the first transition series,
this is only the condition for formation of a local
moment; it is a necessary but not sufficient con-
dition to obtain ferromagnetism. For that we need
a few d,. electrons to provide communication be-
tween the localized d, 's. Going back to Fig. 2,
in (b} we have turned on the intra-atomic exchange
but still have no d, -d& exchange interaction and
therefore the d,.'s are unpolarized. In (c), we also
turn on the d, -d,. exchange interaction. This pro-

duces the polarization in the d, 's. Notice that this
explanation of ferromagnetism makes pure1y
itinerant band ferromagnetism implausible for
two reasons: (i} the intra-atomic exchange in-
teraction does not act on itinerant electrons, and

(ii) within this scheme too many itinerant d elec-
trons would be unlikely to lead to a ferromagnetic
coupling. Thus we envision that Fe has mainly

d, electrons which are polarized due to intra-
atomic Coulomb exchange and a few d,. electrons
which are polarized by the d, -d,. Coulomb exchange
interaction. %e can show thai one can directly
apply the usual RKKY-type calculations for un-

polarized s conduction electrons to the d,.'s. As
we shall see, the only difference will be that the

u, 's in Bloch-type wave functions cp,(r) =u,(r)e'"'
have d-like orbital character instead of s-like
character. Since the wave functions of the itiner-
ant electrons are very atomiclike close to the
nucleus, the main portion of the polarization of the

d,.'s occurs within the atomic d, radius, with a
relatively small tail reaching into the interstitial
region and beyond. This small fraction of polari-
zation, however, aligns the local moments. The
hff and neutron scattering experiments are not
accurate enough to measure (or miss} the small
amount of polarization in the outer Ieaches of the
atomic cells. In a sense the hff data, as treated,
have some incorporation of this extended distribu-
tion, since the measured 4H„' values of Table I
correspond to the true moment distribution in Fe
and thus reflect the fact that some of moment
comes from the polarization of the d, 's with large
spacial extent.

Since the polarization of the d,.'s is very atomic-
like in spatial distribution, the argument used in
Ref. 44 to estimate the fraction of itinerant d,.'s
is invalid. The expression for the average hff of
purely itinerant d electrons given in Ref. 44 as
E(I. (22) assumed that the polarization of the d, 's
was uniformly distributed throughout the alloy. To
terms linear in concentration t.-, the present pic-
ture of polarization mould always lead to the aver-
age hff falling off about as (1 —cHc/Hr, ), as ob-
served. Since there is ample other evidence for a
small fraction of d,.'s, this estimate is not crucial.

B. Details of d,--electrons spin-density oscNations due to

d, -&,-' Coulomb exchange interaction

In RKKY theory the exchange integral is given
by5 ~ 45

~ V)), (rq)dtqdr2,
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where y, and y, , are the conduction-electron or-
bitals and („ the local moment orbitals. The re-
sulting spin-density oscillations are given by

p, (r) =a Q g ' [V„-(r)9)„-,(r)
j(k, k')

7=o )»-0

+ 9';(r)9; (r)1, (6)

where S is the local moment spin. The usual ap-
proximations made in evaluating the SDO's are:
(i) i()» = V '~'e'»', i.e. , u» is taken as a constant,
(ii) J(k, k') is s. function only of Q =k —k', and (iii)
e»= k'k'/2m. With these approximations Eq. (6)
becomes simply

] 2

x(Q)=x + (8)

where lip is the Pauli susceptibility and x =Q/2k+.
This simplified version of RKKY theory applies
equally well to s or d,. conduction electrons, and
identical results would be obtained for d, -s or
d, -d,. exchange interactions. Various investiga-
tions have been made of the approximations made
in Eq. (7). Kaplan" investigated the effect of not
assuming u, = const, independent of k. He used
single plane waves orthogonalized to the core
electrons (OPW} to represent the s conduction
electrons in the factor I(p»~(r}('p». (r) —(p»(r)(p», (r)] in
Eq. (6}. He found that for distances &—,'a, where a
is the lattice constant, the results are essentially
identical for u~=const and for OPW's. In a similar
manner the u~ values for OPW's of the d,. conduc-
tion electrons are also expected to only affect
p(r) at distances in close to the atomic core and
thus the d, conduction electrons have a similar
SDO behavior to that of the s conduction electrons
for r& 2a. Kaplan also reasoned that a similar be-
havior applied to J(k, k') in Eq. (6). The effects of
the second approximation were examined by Wat-
son and Freeman. " They used OPW's in evaluat-
ing J(k, k') but only plane waves for the y» term in

Eq. (6). They found that the approximation of using
J(Q) was often not very good, with the main dif-
ferences occurring at small r. Their type treat-
ment could equally well be extended to OPW's
that represent d, instead of s conduction electrons.

C. Behavior near Curie temperature

An interesting question is whether the behavior
of Fe is as expected near the Curie temperature

p(e), =ee J e(())J(»)(e'e"ee ee')dQ,

where y(Q) is the noninteracting free electron spin
susceptibility given by

T,? Band calculations" as well as comparison of
experimental data" indicate, from the splitting of
the E and E~ levels in Fe, that the intra-atomic
exchange spin splitting is about 3 eV. Thus the
intra-atomic exchange energy U for Fe is about
1.5 eV. Since T, for Fe corresponds to an inter-
action energy of kT, =0.1 eV available to unalign
the spins, clearly we expect essentially the same
band structure above T, as below it. Thus there
should be no appreciable change in the moment or
density of states in going through T, ~ That the
moment doesn't change appreciably is well known
from two experiments: (i) susceptibility measure-
ments ' above T, which show p. F, to be nearly the
same above as below T, and (ii) analysis4' of
specific-heat measurements which show that in Fe
the entropy increase in going through T, is about
Nk ln3, thus indicating that S= 1 above T,. That
the band structure or density of states does not
change is seen from: (i) photoelectron-energy
distribution curves" for Ni which show no change
above and below T„and (ii) neutron scattering
experiments" of the spin-wave spectrum of Ni
and Fe which show very little change in the spin-
wave character above and below T, . Any changes
in band structure through T, would be expected to
be even more evident in Ni than in Fe, so we con-
clude that there are no observable changes in the
band structure of Fe in going through T,. Since
the moment alignment is believed to be due to the
dCEP, let us see if the information we have gives
a reasonable alignment energy for this mechanism.
Owing to the atomiclike spacial behavior of the
d, 's, the d, -d; Coulomb exchange and intra-atomic
exchange interactions should be of similar
strength. Thus we expect the dCEP caused by a,

given Fe moment to be locked into" that loca, l
moment with an interaction energy comparable to
the intra-atomic interaction energy, U-1.5 eV.
Each local moment is then aligned by the sum of
the dCEP contributions from the surrounding Fe
atoms. The condition for the spins obtaining local
moment disorder is when the thermal energy be-
comes comparable to the energy of alignment, i.e.,
when

kT, = US P &s„,

where 4s„ is the d; contribution of spin polariza-
tion from an Fe atom in the nth shell, and we have
summed over the d,. spin contributions of all the
surrounding Fe atoms. Since S=1 for Fe, we find
from Eq. (9) that Z„ds„=0.05-0.1 or Z„Ep„=0.1
-0.2p, s. Since 4p„(r) varies roughly as 1/r'„ in the
region before the first node, summing over such a
variation for the first three neighbor shells (we
assume the higher shells can be neglected since
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their 4p„'s are small and tend to cancel due to
oscillations) gives Z„d p„=15hp„ thus Lkp,
= 0.01p.~. Band-structure calculations and de Haas
—van Alphen measurements have shown that there
are about 0.3 (d& electrons)/atom which are highly
polarized. Thus, we find a self-polarization of
about 0.1 p.~ caused by the Fe atom itself. This
gives a ratio for the d,. spin density on an atom to
the value at N1, d p, /4p, of about 10-30. This is
a reasonable value for a dCEP curve of the RKKY
type. Thus we find that thevaluesof T„U, and the
number of d s are all consistent with the idea that
the Fe spins are mainly localized and coupled
through dCEP.

V. INTERPRETATION OF RESULTS

The outstanding featur s of the host moment
perturbations found in Sec. III are that they are
oscillatory in form (for elements to the right of
Fe the negative portion of the oscillation is far
out and thus has a small amplitude) with the first
nodes moving in a systematic way. The first nodes
are marked by arrows in Fig. 1. We show that
these features follow naturally if the host moment
perturbations are caused by the itinerant d; elec-
trons. The 1/r' falloff of the host moment per-
turbations for transition elements to the right of
Fe fits in this picture very naturally since the
form of a spin-density oscillation in the region be-
fore the first node varies roughly as 1/r'."The
SDO's surrounding a local moment are well known

to have an oscillatory form which falls off rapidly
with distance and oscillates roughly as a function
of 2k~r, ' even at intermediate r." If some inter-
band mixing is present the same general behavior
occurs; i.e., the oscillations are still a. function
of 2k~r and fall off rapidly with distance but de-
tails of the shape are different' and the polariza-
tion is more negative at small distances. In any
case the first mode occurs around 2k~r= const.

At the beginning of any d transition series the
d electrons are all itinerant and the d bands and
s band have about the same width. In crossing the
series the d-band widths become narrower due to
the increased binding as the nuclear charge in-
creases. For the 3d series this is manifest by the
fraction of d electrons which are itinerant de-
creasing as we cross the series. We know that all
the d electrons are itinerant through Cr." Then
at Mn some of the bands have become narrow
enough tha. t the intra-atomic exchange interaction
dominates and Mn develops a local moment. "
However in this case a large number of d's are
still itinerant so that the Fermi wave vector k~
for these d, 's is large and the first node for Mn

falls inside the nearest-neighbor (N1) distance.

This is similar to the situation for the d, -s inter-
action in Fe, '' and leads to Mn being antiferro-
magnetic. However for Fe, Co, and Ni most of
the d electrons have become localized with less
than about 5% being itinerant. Thus the k~ values
for these d, 's are small and the first node of the
dCEP falls beyond the N1 distance. This gives rise
to the ferromagnetism in these elements.

In dilute alloys of one transition element in

another, the number of d, electrons is appreciably
perturbed in the vicinity of the solute atom. This
then changes the shape of the polarization curve
of the d, electrons, via the d, -d,. exchange inter-
action, in the vicinity of the solute atom. The
nearby Fe atoms sense this directly as a change
in their moments since the excess (or deficit) d,
electrons take on a strong atomiclike character
when in the atomic cells of the nearby Fe atoms.
Although the host moment perturbations are made
up of contributions from all the nearby atoms and
are thus very complex in detail, when substituting
a solute atom to the right (left) of Fe we expect
a deficit (excess) number of d, electrons relative
to pure Fe, and since a smaller (larger) number
of d, electrons corresponds to dCEP curves whose
first nodes occur at larger (smaller) distances we

expect the first nodes of the dCEP curves of ele-
ments to the right (left) of Fe to move farther out
(closer in} than that in pure Fe. This is just the
behavior seen in the host moment perturbations in

Fig. 1 for both the 3d and 4d series. We also
might expect that some of the solute atoms to the
left of Fe might become antiferromagnetically cou-
pled in the Fe lattice when the excess number of
itinerant ds is large enough to cause the dCEP
first node at the solute atom to move ineide the
distance to the solute atom. We see that indeed
this happens for both Cr and V. In Table VII, we
list the solute moments p, z, the measured dP/dc,
and the total host-moment perturbations b p. „, as
obtained here from the hff data and average-satur-
ation-rragnetization data. We see that there ap-
pears to be definite systematic behavior of g~
and dp, /dc in these alloys. This naturally results
from the systematic behavior of the d, 's and d& s
in crossing a transition series. The hp, „values
thus also reflect this systematic behavior. How-
ever, we would like to emphasize that the 4p„
values do not represent the excess or deficit num-
ber of d, 's introduced into the lattice by the solute
atom. As in the case of the hff contributions of the
sCEP, it represents a lattice weighted average
of the form of the polarization of the perturbed
host lattice. For Ni and Co solute atoms, there
area deficit number of d, 's but we see that the net
polarization 6 p, „ increases because the dCEP
curve has a larger spatial extent. For Mn and V
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TABLE VII. Solute moments and host moment pertur-
bations in dilute Fe alloys.

Solute d P/dc(Pz) &a~(va)

Ni

Co
Mn

Cr
V
Hh

Ru
Mo

1.4
1.9
1.0

0.0 to -0.7
-0.2

1.1
1.0
0.2

1.00
1.04

-2.11
—2.29
—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

the excess number of d, 's introduced into the lat-
tice causes a net decrease inthe host magnetization
due to the negative portion of the dCEP curve mov-
ing in closer and thus becoming more prominent.
For Cr an appreciable negative Cr moment would
introduce some dCEP of opposing sign and thus
could reverse the sign of hp. „ from that of Mn and
V solute atoms.

VI. COMMENTS ON BEHAVIOR OF Ni ALLOYS

It is conspicuous that in the past' '" Ni has usu-
ally been cited as exhibiting the prototype behavior
of a completely itinerant ferromagnet whereas here
we propose that it has mainly localized d elec-
trons. The previous interpretation arose for a
number of reasons, mostly connected with the
small moment and the fact that some of the local-
ized spin-down states are straddling the Fermi
level. ~ Since the moment of Ni is smaller than
that of Fe, a greater fraction of the moment is due
to d, 's with the result that in some measurements
their influence aPf ears to be more important in
Ni than in Fe.

Dilute Ni- and Fe-based alloys show strikingly
different average saturation magnetization and

neutron elastic-diffuse-scatter ing behavior.
Whereas many Fe alloys with nontransition solute
atoms show simple dilution and very little host-
moment perturbations; the analogous Ni alloys
show average moment decreases of an amount per
solute atom which are about equal to the difference
in the number of outer valence electrons of the
solute atom" and the number of 4s ele "trons on the
displaced Ni atom, and large host-moment per-
turbations on the nearby Ni atoms. " In the past,
this decrease in average moment per solute atom
has often been interpreted as indicating that the
outer valence electrons were going into the d bands
of Ni and filling up the holes in the spin-down
bands. ' Such simple reasoning is, however, in-
consistent with the fact that the electron screening
requires that each atomic cell be essentially neu-

tral and therefore the valence electrons of the
solute atom are not available to fill the Ni d bands.
Furthermore, evidence that the d bands are not
filled when the moment disappears in NiCu alloys
gnomes from low-temperature specific-heat mea-
surements" which show that there is a much grea-
ter density of states than expected from just s
electrons and thus there are still d states at the
Fermi level when the ferromagnetic state disap-
pears. All of the above results can be understood
by considering that the behavior of these Ni alloys
is mainly due to the hybridization of the s, d;, and
d, electrons of Ni combined with the location of the
unfilled localized states of Ni. Using the formulas
developed by Moriya~ we have shown in Ref. 59
that the average saturation magnetization data can
be understood as resulting from the hybridization
interactions of the s, d;, and d, electrons causing
the moments to decrease on the Ni atoms in the
vicinity of the solute atom. Since the localized
states of Fe are far from the Fermi level there
are little or no moment perturbations on Fe atoms
in the vicinity of the solute atom and thus Fe shows
only simple dilution. On the other hand Co has an
even greater density of states of d, spin-down
electrons near the Fermi level than Ni, so we
expect that the moment decrease per solute atom
in Co alloys may be greater than in Ni alloys.
This appears to be so for Al and Si solute atoms. "

Since the host moment perturbations cause large
hff core polarization contributions, we expect the
Ni hff spectra for the Ni-based alloys to be very
different from the analogous Fe hff spectra. As
yet very few Ni hff spectra have been measured, "
but it would be of great interest to have these for
a series of alloys, e.g. , especially Cu, Zn, Al,
Si, Co, and Fe, to compare with the magnetization
and neutron scattering measurements. That the
Ni spectra are indeed appreciably different from
the Fe spectra is seen in Ref. 61 where spectra
of Al, V, Cr, and Co alloys are reported. An

attempt to interpret these spectra using two terms,
one an average local moment and the other an
average alloy moment was made in Ref. 61. How-
ever only general prominent features were dis-
cussed and no attempt was made to calculate the
detailed spectra, shapes. These data were also tak-
en before the complexities of ferromagnetic NMR
were understood, '"and thus the angle of turn
of the nuclei was not held constant across the
spectra. As we discussed in I, this can lead to
incorrect intensities in the satellites. It is of
special interest that Co and Fe solute atoms in Ni
should play a similar role to Al and Si in Fe-based
alloys. This arises because the solute hff, mag-
netization, and neutron scattering measurements
all indicate that there is little if any host moment
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perturbations when Co or Fe are alloyed with Ni.
Thus the SCEP for ¹ishould be directly obtain-
able from CONi or FeNi alloys.

VII. CONCLUSIONS

A method has been developed to obtain the so-
lute- and host-moment perturbations from hyper-
fine field spectra of dilute Fe-based alloys with
Sd and 4d transition elements. The resulting host
moment perturbations show very simple oscil-
latory behavior which can be interpreted as due

to the change in number and thus polarization of
itinerant d electrons in the vicinity of the solute

atom. The justification is given for treating these
spin-density oscillations as arising from the po.-
larization induced in the itinerant d electrons by
the localized d, moment via Coulomb exchange
and interband interactions. It is shown that the
Curie temperature of Fe is in good agreement with
this interpretation. In the following paper (III)
the spatial behavior of the solute- and host-mo-
ment perturbations is Fourier transformed into
momentum space and is seen to give results in

good agreement with the measured neutron dif-
fuse-elastic-scattering cross sections of these
alloys.
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