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A new method is developed which uses the hyperfine spectra of the Fe atoms in dilute Fe alloys to
obtain (i) the moment on a transition-metal-solute atom in Fe, (ii) the moment perturbations in the Fe
matrix, and (iii) the hyperfine-field shifts at the Fe atoms in the four-nearest-neighbor shells to the
solute atom. We find that this method has much more sensitivitiy than the comparable technique using
elastic diffuse neutron scattering. A moment perturbation varying as 1/r* is found to best fit the
spectra. For Co and Ni solute atoms we obtain moments of (1.9 4- 0.1)u; and (1.4 4 0.1)pp,
respectively. These agree with the neutron-scattering results but are much more accurately determined.
The moments at Rh and Pd in Fe are found to be (1.1 4 0.2)u,; and (0.7 4 0.2)p;, in agreement with
neutron-scattering results on more concentrated alloys. The hyperfine-field shifts are obtained in a much
more fundamental way than the previous analyses of FeCo spectra. This results in very different
hyperfine-field shifts than the previous determination. The average-moment and moment-perturbation
behavior is discussed from the point of view that the magnetic behavior of the 3d transition series is
determined by the coupling via exchange and interband mixing of mainly localized moments through a
small fraction of itinerant d electrons. This is in contrast to a charge-perturbation-type model where the
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moment behavior is attributed to arise from the different screening of the spin-up and spin-down d
electrons. The latter is not believed to be significant in determining the moment behavior. Using the
results of this analysis we derive from only hyperfine-field data the value of the core-polarization
hyperfine field in Fe. We find indications that this term may be larger than the values previously
obtained by band calculations. From the derived moments of Rh and Pd we can obtain a value for the
hyperfine field per py due to core polarization for the 4d transition series. We find reasonable
agreement with the calculated value. Earlier derivations of the moments of 4d and 5d solute atoms in
Fe, as obtained from their measured hyperfine fields, omitted the large self-polarization
conduction-electron term. This is considered here and corrected moment values are obtained.

I. INTRODUCTION

The moment distributions on the solute and sol-
vent atoms in binary alloys of transition metals
have been mainly investigated by elastic-diffuse-
neutron-scattering experiments. The early exper-
iments! were done on nondilute disordered alloys
and their interpretation were very model depen-
dent. Next experiments on dilute binary alloys
were performed.2 These had the advantage that
they were easier to interpret since at sufficient
dilution each solute atom disturbs the magnetic
moments of the solvent atoms only in its neighbor-
hood and the solute atoms can be regarded as iso-
lated from one another. The neutron experiments,
however, have inherent disadvantages in that they
measure only the Fourier transform of the mag-
netic-moment density and so far have only been
carried out with long-wavelength neutrons and thus
low spatial resolution.

Since hyperfine fields (hff) in Fe alloys originate
from the moments, the hyperfine spectra also con-
tain information about the moment distributions.
Thus having a model for the origin of the hyper-
fine field® it should be possible to drive the mo-
ment distribution from the hyperfine-field spectra.
We proceed to do this here and find that we can
determine the moment on the solute atom and the
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form of the moment perturbation in the Fe matrix
very accurately. This method appears to be much
more sensitive to the moment distributions than
the present neutron-scattering technique. At pres-
ent the method is limited to only Fe alloys.

One of the most thoroughly investigated transi-
tion-metal-alloy systems is FeCo. We give a
brief review of the history of hff measurements
for this alloy in Sec. II. We then discuss and in-
dicate the method on this system in Sec. III. In
this section we also apply the method to the dilute
alloys FeNi, FeRh, and FePd. In Sec. IV we dis-
cuss the origin of the moment variations. In Sec.
V we use the results of this analysis to derive the
core-polarization hff from experimental data only.
We find indications that it may be somewhat larger
than that obtained from band calculations. In Sec.
VI we evaluate the hyperfine -field contribution
from the core polarization of 4d-transition-series
moments. In Sec. VII we give a corrected deriva-
tion of the moments on other 4d- and 5d-transition-
series elements in Fe as obtained from the hyper-
fine field at the 4d or 5d solute atom.

II. HISTORY OF HYPERFINE SPECTRA OF THE
FeCo SYSTEM

The spectra of Fe-rich Co alloys has been mea-

sured by Mossbauer*~® and continuous-wave-""1°
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and pulsed-'~!®* NMR experiments. The resolu-
tion is inherently very poor (~16 kG) for the
Mossbauer technique and nothing much more than
a broadening and shifting of the outer lines can be
seen. However, by careful computer analysis the
centroid of the outer lines can be accurately mea-
sured and from this the variation of the average
hyperfine field & (x) as a function of the atomic
percent Co, x, can be obtained. These measure-
ments show that?~®

H(x)/Hg,=1+0.51x ,

as shown in the Appendix A. For dilute alloys this
average hyperfine field is given by

H(x)= Hgo+ ( Z)M,,AH';';) x,
n=l

where M, are the number of sites in the nth shell
surrounding a solute atom and AH¥" is the change
in the hyperfine field at the nth shell due to a solute
atom. Both the Co and Fe resonances have been
studied by NMR measurements!®'!> and they show
very similar behavior. Since the hyperfine field
at an iron atom is much better understood than
that of Co we will here concern ourselves only with
the Fe spectra. Part of the original difficulty in
the interpretation arose because the NMR Fe spec-
trum consists of a main peak and one well-re-
solved satellite at about 0.6 MHz above the main
peak. Since the hyperfine field in Fe is negative,
this satellite corresponds to a — 4. 4-kG hyperfine-
field shift due to a Co solute atom. This satellite
was shown to have further structure in Refs. 13
and 14 and from intensity considerations was in-
terpreted by Rubinstein!® to be due to Co atoms in
the first (N1) and second (N2) nearest-neighbor
shells, while Mendis and Anderson'® interpreted

it as due to N3. For these measurements the ob-
served intensity agreed with either interpretation
since there are 14 (8 +6) atoms in the first two
shells and 12 in the N3 shell and the experiments
were not accurate enough to distinguish between
them. Infact, the early NMR experiments were
sadly lacking in intensity in the satellites.'**®
The cw-NMR spectra only gave 1+0. 25x for H(x)/
Hg,. In Ref. 10 Mendis and Anderson discussed
the fact the cw-NMR experiments seem incapable
of detecting hyperfine-field shifts AH /Hy, great-
er than 2.4%. (However, Rubinstein et al.'” did
see the N1 satellite in FeMn; it has a 6% shift.)
The excellent resolution of these cw experiments
seems to be obtained at the cost of sensitivity.
Mendis et al.'° never saw the satellites due to N1
interactions in FeAl and FeSi alloys. They attrib-
ute this to some unknown field anisotropy which

is presumed to be especially bad for the N1 shell.
Therefore for some unknown reason the cw-NMR
technique as used so far does not give reliable in-
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tensity measurements.

In the earlier spin-echo measurements the full
complexities®'!® of the ferromagnetic NMR were
not understood and the spin-echo spectra were not
as reliable as possible. However, the technique
has improved with understanding and the method is
now reliable. Thus the more recent very careful
experiments of Budnick et al.'* gave integrated in-
tensities for the resolved satellite in the FeCo
spectra which are 1.5-2 times greater than the
earlier experiments'®!® and agree with the slope
of the Mossbauer experiments.

As will become clear in this analysis, we should
not necessarily expect the satellites in an alloy like
FeCo to be resolvable. It is more likely that the
shifts due to the first few near-neighbor shells are
very close in magnitude and that with the inherent
linewidths of the ferromagnetic alloys used in these
experiments it is not possible to clearly resolve
the satellites.

III. PROCEDURE FOR DETERMINING HYPERFINE-FIELD
SHIFTS

The Co atom should be a rather ideal case of a
solute atom which develops a moment in Fe. The
Co moment is expected to be mainly localized®®
and the magnitude of the Co moment is about the
same magnitude as that of the Fe moment. Thus
a Co atom should perturb the Fe matrix very little
We will consider only dilute alloys so that we can
assume that there are no interference effects be-
tween solute atoms. In practice we shall use al-
loys with about 1% of a solute atom in Fe so this is
a fairly valid assumption.

The procedure for determining the hyperfine-
field shifts due to a solute atom in the nth shell
fundamentally assumes that we know the conduc-
tion-electron polarization (CEP) surrounding a
moment in an Fe matrix. We then proceed as
follows:

(i) Neutron-scattering experiments? indicate
that the moments on Fe atoms surrounding a Co or
Ni atom increase. We therefore assume for the
moment perturbation surrounding a solute atom
an increase in the moment in shell m having a
radial variation of 1/»™.

(ii) Using the measured average-saturation-
moment data we can obtain a relation between the
moment on a Co atom in Fe, pc¢,, and the per-
turbed Fe moments (thus the power m).

(iii) The CEP surrounding an Fe moment in an
Fe matrix has been measured.?!® Using these
values and the known hyperfine field in pure Fe we
can derive expressions for the hyperfine-field
shifts due to a Co atom being in the near-neighbor
shells to an Fe atom. These expressions have
only two unknown parameters, pc, and m. We
thus have two independent relations between pc,
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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 N3 N6
My 8 6 12 24 8 6
(ry/7p)? 1 0.65 0.23  0.14 0.125 0.08
aHEe (kG/pg)  -12.1  =-2,7  -2,4  +0.6 +0.3 +0.6
and m.

(iv) Using the derived hyperfine-field shifts we
calculate on a computer the hyperfine-field spectra
of the Fe atoms and compare then to the measured
spectra. We find the analysis is very sensitive to
value of uc, and the radial fall-off power of the
matrix perturbation, ». Each of these parameters
is uniquely determined by the Fe spectra and the
average saturation magnetization.

(v) Finally, we have another check on the hy-
perfine-field shifts obtained by taking the sum
TMAHE/He,.

A. FeCo spectra

1. Perturbation of Fe moments surrounding a Co atom

We assume a functional variation of the Fe mo-
ments which varies as Ap, (r/7,)™, where Ap, is
the moment increase of Fe atoms in the first-
neighbor shell (N1) to a Co atom and 7, is the dis-
tance of the nth neighbor shell from the Co atom.
The values of (#,/7,)® through N6 are given in Ta-
ble I for a 1/7° falloff of the moment perturbation.

2. Relation between yc and Au, from average saturation
magnetization

The average saturation moment of dilute FeCo
alloys has been measured by Weiss and Forrer and
by Bardos.?® The data of Weiss and Forrer has a
slope of 0.43 and of Bardos a slope of 0.52; we
will thus take

P)=(1+0.47%x)uy,,

where x is the concentration of Co in atomic per-
cent. If an alloy contains N sites it has N(1 —x)
Fe atoms and Nx Co atoms. Thus for a moment
perturbation extending through the six-nearest-
neighbor shells (§8.,M, =64),

(1+0.47xNpp,=N(1 - 65x)pi5,

8
+NZ)M"x(uFQ+ Ap,)+Nxpe,
n=1

1
where M, is the number of sites in the nth shell
and Ap, is the increased moment in the nth shell
surrounding a Co atom. This reduces to
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8
0.47u;-,=—u1.-,+21M,,Au,,+uco . (2)
n=

For a 1/1'3 moment perturbation this becomes
e, =3.26-19.6Ap, , (3)

where pc, and Ap, are given in Bohr magnetons
pp and pp, was taken as 2.22up. It is easy to
evaluate Eq. (2) for any power of » using Ap,

= Ap,(ry/7,)". The values for 1/7* and 1/7* mo-
ment perturbation are listed in Appendix B.

3. Hpyperfine-field shifts

To calculate the hyperfine-field shifts we assume
that each atom in the lattice causes a CEP oscilla-
tion surrounding it. We will assume that in dilute
alloys (~1% solute) these oscillations can be lin-
early superimposed. This is really only valid
when the moment on the solute atom is close to
that of Fe since we know that saturation effects
do exist® and are quite large for N1. Thus this
assumption is not too accurate when the solute
atom’s moment is appreciably different from that
of Fe. We further assume that the solute atom
goes into the Fe matrix with a perturbation which
can be represented by only an increase in the mo-
ment of the Fe atoms surrounding the solute atom.
Since the band structures (or atomic structures)
of Co and Ni are very similar to that of Fe, we
expect this assumption to be best for these. The
more the transition series of the solute atom va-
ries from that of the host, the less valid we ex-
pect this assumption to be. We will see that this
becomes apparent for Pt in the 54 transition se~
ries.

The CEP hyperfine-field shifts in the nth shell,
AH,, surrounding an Fe atom in pure Fe have been
obtained® from measuring the shifts in FeSi and
FeAl alloys out to N6. The shifts in kg/pp are
listed in Table I. In order to obtain the hyperfine-
field shift at an Fe atom located in the nth shell
from a solute atom, we first determine the occu-
pational distribution surrounding this Fe atom.
For example, let us consider an Fe atom which is
a nearest neighbor (N1) to a Co atom as shown in
Fig. 1, call this Fe!. We see that besides having
a nearest neighbor Co, three of its Fe nearest
neighbors are N2 to the Co atom and three are N3
to the Co atom, while the other is N5 to the Co
atom. The moments and thus the core polarization
and CEP hyperfine field from each of the other Fe
near neighbors to an Fe® will thus be altered by
the Co atom. In Table ITI we list the environment
of each Fe atom in the first four shells surround-
ing a Co atom. We give the positions with respect
to a Co atom Nzn(Co) of the Fe atoms surrounding
an Fe" atom which is in the nth neighbor shell to
the Co atom. We assume that within the vicinity
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FIG. 1. Fe lattice containing one Co atom (O). The
numbers given on each site indicate the shell, with re-
spect to the Co atom, of that Fe atom (e). To obtain the
positions with respect to the Co atom of the Fe atoms
surrounding a nearest-neighbor Fe atom to Co focus
attention on the atom labeled Fe and read off its near-
neighbor shells, These positions are given in Table II.
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of each Fe" atom we have only one Co atom, i.e.,
dilute alloys. We consider only four shells be-
cause by this distance the CEP is small and the
number of atoms in N5 and N6 are only eight and
six and thus much less important than N3 and N4.
However, in reality these outer shells do contrib-
ute small shifts whose effects can clearly be seen
in the spectra of the 4d-transition-series alloys.
We will now calculate the shifts in hyperfine
field at an Fe atom due to the moment changes
in the four nearest-neighbor shells surrounding
the Fe atom. The hyperfine field at an Fe atom in
these dilute alloys is given by

HFe=Hcp+Hce ’

where H, is the field due to the core polarization
and H,, is due to the 4s-like conduction-electron
polarization. There is, of course, no volume
overlap contribution H, for Fe, Co, or Ni atoms in
each other since they are all closely the same
size.® The 4d- and 5d-transition-series atoms are
also small enough that there is no H, term. As
usual let us break up the H_, term into two terms,
one due to the Fe atom itself, H;, and the other
due to the surrounding neighbors, Hyp; we get

TABLE II. Occupational distribution of the atoms surrounding an Fe" atom that is
in the nth nearest-neighbor shell to a Co atom.

N1(Fe" Nn(Co) N2(Fe") Nn(Co) N3(Fe™) Nn(Co) N4(Fe") Nn(Co)
Fe"=1st nearest neighbor to Co
1Co 3Fe N1 3Fe N1 3Fe N2
3Fe N2 3Fe N4 6Fe N4 6Fe N3
3Fe N3 3Fe N7 3Fe N5
1Fe N5 3Fe N6
6Fe N8
3Fe N9
Fe"=2nd nearest neighbor to Co
4Fe N1 1Co 4Fe N2 4Fe N1
4Fe N4 4Fe N3 4Fe N5 8Fe N4
1Fe N6 4Fe N8 8Fe N7
4Fe N10
Fe"=3rd nearest neighbor to Co
2Fe N1 2Fe N2 1Co 4Fe N1
4Fe N4 2Fe N5 4Fe N3 6Fe N4
2Fe N7 2Fe N8 2Fe N6 4Fe N7
4Fe N9 6Fe N10
1Fe N11 4Fe N12
Fe"=4th nearest neighbor to Co
1Fe N2 1Fe N1 2Fe N1 1Co
2Fe N3 2Fe N4 3Fe N4 2Fe N2
1Fe N5 2Fe N7 2Fe N7 3Fe N3
1Fe N6 1Fe N10 3Fe N10 2Fe N5
2Fe N8 2Fe N12 4Fe N8
1Fe N9 4Fe N9
2Fe N11
3Fe N13
2Fe N14

1Fe N16
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HFe=Hcp+Hs+HE .

The first two terms are due to the moment on the
Fe atom itself and will be called Hy. The last
term is due to the moments on the surrounding Fe
atoms. For pure Fe, Hy was measured to be
-145 kG (+~10%) and Hg, is — 346 kG (the mea-
sured value — 339 kG is corrected by —+47M, to
obtain the true hyperfine-field value). Thus
HM=HC,+H3= —201 kG
or 90.5 kG/pp. The hyperfine-field shift at an
Fe" atom due to a nearby Co atom is thus com-
posed of the change due to the moment change on
the Fe" atom itself plus the changes in the CEP
contribution of neighboring atoms due to their mo-
ment changes (including the Co atom). Thus for
an Fe! atom which is the nearest-neighbor to a Co
atom, we get a hyperfine-field shift in kG of

AH¥1=_90.5(Ap,) —12.1(pc, — Kre)
-12.1(3Ap, + 3Aps+ Aps)
-2.7(3Ap, +34Au,)
+ 2 4(3Ap, +64Ap,)
+0,6(3Au, +6Aus+3Ap5+3Ap,) . (4)
For a 1/7° moment perturbation this reduces to
AHY1=—121.64Ap, -12.1(uc, - Bro) - (4a)
For a 1/7* moment perturbation this would be
AHY= -130.14p; —12.1(pc, = Kro) - (4b)

We can similarly evaluate the shifts for a second
through fourth Fe neighbor to a Co atom and get
for a 1/7° moment perturbation

AHY = -106. 281, - 2.7(kcy — Bro) » (5)

AHE3= =50.6Ap, +2.4(kc, — bre) , (6)
and

AHY = 25141, +0.6(kc, - Lrs) - (3]

We have assumed that the Co atom does not per-

turb the basic form of the CEP in the Fe matrix
and thus has the same form of CEP surrounding it

as any Fe atom. Equations (4)—(7) should be good
for very dilute alloys but will begin to break down
when there is more than one Co atom within the
four shells surrounding each Fe atom. A listing
of the shifts for a 1/7* and 1/»* moment perturba-
tion is given in Appendix B.

4. Calculation of spectra

The procedure is now to assume a value for pc,,
obtain Ap, from Eq. (3), and the hyperfine-field
shifts from Eqs. (4)-(7) and then for a given alloy
calculate the spectra on a computer to compare
withthe measured spectra. We have kept all spectral
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components which have areas greater than 0. Q02 that
of thetotal area. InFig. 2we show how the hyperfine
shifts AH% vary as afunction of g, fora1/»* and
1/7% moment perturbations. InFig. 3we show the
spectra calculated for matrix perturbations which go
at 1/7%, 1/7°, and 1/7* for the values of pc, which
give the spectrum closest to the experimental
spectrum. This value was pc,=1.9pp for all three
moment-perturbation distributions. The solid
lines are the calculated curves and the experimen-
tal points are those of Budnick et al.'* This spec-
trum is similar to many of the other measured
spectra but it is the most carefully taken spec-
trum. We assumed each lineshape to be given by
a Gaussian with a width=1.0 kG. A Lorentzian
lineshape did not give as good fits. We see in
Fig. 3 that the 1/7® perturbation with pc,=(1.9
+0.1)pp gives the best fit. In this case AH}. and
AH'{-?, are about the same giving rise to the promi-
nent peak in the spectrum. Also AH¥? and AH¥S
+AH%Y! happen to be about the same, giving rise

to the smaller peak at about 47.5 MHz. The bump
on the high-frequency side of the main line is due
to AHY. Thus all the features seen in the FeCo
spectrum are reproduced by a 1/7° moment per-
turbation. We found as shown in Fig. 3 that a
1/7? perturbation gave about the same shift for
AHE! and AHY! leading to a prominent peak at
about 2.5 kG and 1/7* does not give enough struc-
ture since the components are too evenly distrib-
uted. As can be seen from Figs. 2 and 3, AH¥
is very insensitive to the power of the moment

2.2 Z
3 /1
2.0 \ / \
\ \
2.0— \ /\ !
$ \ s
z 9 \ _/
A \\
7\
L7 / \
L6 | | | | l | !
o | 2 3 a 5 6 7
-A"F':m kG

FIG. 2. Variation of the hyperfine-field shifts as a
function of the Co moment at Fe atoms which are the
first- through fourth-nearest neighbors to the Co solute
atom. The solid and dashed lines are for moment per-
turbations which vary as 1/7® and 1/+%, respectively.
The number labels on the lines indicate in which shell
the Fe atom is with respect to the Co atom.
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perturbation. However, AHY. AHY2 are very
sensitive and AH ¥ is moderately sensitive to both
the size of pc, and the power dependence of the
perturbation. Thus the final spectra are very sen-
sitive to pc, and m. We also investigated the sen-
sitivity of the shifts to the value of Hy. We found
that for reasonable changes in Hy(+10%) the shifts
did not vary much. This is shown in Fig. 4 by the

- N
AHE IN kG
-2 0.2 4 6 8 10 12
FrTTTTTTTTTTTT T
N Feo.99 0.0
B Hco=19 g

I/rz

ECHO AMPLITUDE (ARBITRARY UNITS)

FREQUENCY IN MH:z

FIG. 3. Calculated and experimental spectra for FeCo
for different moment perturbations of the Fe matrix sur-
rounding the Co atom. The solid lines are the calculated
curves and the data points are those of Budnick, Burch,
Skalski, and Raj (Ref. 14). As discussed in the text, the
best fit is obtained for a 1/7° moment perturbation with
Bco=1.9+£0.1ug. The positions of the hff shifts for each
shell are indicated by the numbers.
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—_— H2= =170 kG

-_— Hz'-l45 kG

— A HY (IN k6)

FIG. 4. Variation of the hyperfine-field shifts as a
function of Co moment for Hy=-145kG (solid lines) and
for Hp=-170kG (dashed lines).

dashed curves where Hy= —170 kG. The H}" were
slightly adjusted so their values summed to - 170
kG. Thus the final FeCo spectrum does not change
appreciably for +10% changes in Hy. This is

about the limit of error we expect for Hg.

We list in Table III the best values obtained for
the hyperfine-field shifts in the first four shells
surrounding a Co atom. We have also listed the
value of the sum of the shifts 3,,M, AHY! /Hg,
which should be close to 0.51 as discussed earlier.
We see that our result, 0.51+0.05, fits this cri-
teria excellently. We also list two other solutions
that have been given by other authors.'®?' An
arbitrary condition that was imposed on these two
other solutions was that the shifts decreased in
value as the distance from the Co atom increased.
There is no justification for such a condition; in
fact it is quite unreasonable since the basic CEP
curve in the pure Fe matrix does not have this be-
havior but actually oscillates in sign. The value
obtained for pc, is in agreement with that derived
from neutron-scattering experiments, pc,=(2.1
£0.4pp%?; see Table IV. The moment perturba-
tion at the N1 Fe neighbors is 0.070u 5 and the dis-
tribution is shown plotted in Fig. 5.

The FeCo spectra are by far the most investi-
gated spectra of a solute atom which develops a
moment in Fe. Therefore for the other solute
atoms we will begin by assuming that the moment
perturbation surrounding a solute atom that devel-
ops a moment varies at 1/7°. This assumption is
probably very good for a Ni solute atom but may
be questionable for solute atoms from the higher
transition series where we might expect that the
perturbation be of longer range.
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TABLE III. Moments and hyperfine-field shifts AH¥" (relative to the field in pure Fe) at an Fe atom in the nth shell

surrounding a solute atom (in kG).

Solute  Hgop, (bg)  Aky(kp) Fo AHE AHE AH{Y Z M, OHYY/ Hy,
Co 1.9+0.1 0.070+0.005 -4.6+0.5 -6.5+0.3 —4.3:0.5 -1.9:0.2 0.51+0.05
Stauss® -12.35 -5.3 —4.4° ~—0.6° 0.58
Wertheim et al.® —-11.9+1.0 —10.2+2.0 —4,4° ~—0.6° 0.67
Ni 1.4+0.1  0.093x0.005 ~1.4:0.6 -7.7+0.3 =—6.7+0.5 —2.8+0.2 0.60+0.05
Rh 1.120.2  0.11+0.01 ~0.3+1.0 -9.1+0.6 —8.4x1.0 -3.5+0.4 0.7+0.1
Pd 0.7+0.2  0.07+0.01 +10.3+1.6 —-2.95+0.4 —7.0+1.0 —-2,6+0.4 0.2+0.1

2Reference 15.

B. FeNi spectra

We follow a procedure similar to that used for
the FeCo spectra but now assume the moment per-
turbation goes as 1/#°. The variation of the satu-
ration moment with Ni content x has been mea-
sured® to be

) =[1+(0.45£0.05)x]pr, .
Following the procedure of Egs. (1)-(3), we get
Png= 3.22-19.64p,), (8)

where py; and Ap, are in units of pg. We then
obtain the shifts at the first four Fe shells by using
Egs. (4)=(7). The shifts as a function of the value
of py; are shown in Fig. 6. The spectra which
agreed best with the experimental spectra of Ref.
14 had pyy=(1.4£0.1)pp and Ap,;=0.09u5. Both
spectra are shown in Fig. 7 where we used a
Gaussian lineshape and a width of 1.3 kG. Since
the moment on the Ni atom is less than that on the
Co, we expect some of the lines to be more broad-
ened for Ni alloys due to dipolar effects and shield-
ing or saturation effects.® The moment on the Ni
atom agrees with the neutron-scattering analysis
of Ref. 22. They are listed in Table IV. We list
the hyperfine-field shifts for the first four shells

in Table III. We also list

4
2 M, AHY" /Hg=0.60+0.05.
n=1l

This value is not as well known from other data as

TABLE IV. Derived moments of solute atoms in Fe
from Fe hyperfine-field spectra and from neutron-scat-
tering data (in pg).

This work Ref. 2 Ref. 22

Ko 1.9+ 0.1 2.1+0.5 2.1+£0.3

TN 1.4+ 0,1 0.9+ 0.15 1.2+ 0.3

Hrp 1.1+0.2 0.5+ 0.3 0.5+ 0.3
1.0+ 0.1%

*Obtained for ordered alloys, see Ref. 24.

® From Ref. 10.

°Reference 21.

for Co. We show Mossbauer data taken by the
author on alloys from 0- to 6-at.% Ni in Fe in Fig.
15 of Appendix A. The initial slope of the curve
drawn through the data is 0.5+0.1 which is in
agreement with the value of 3 ,.,M, AHY/Hzg,.
From Fig. 7 we see that the fit to the experimen-
tal curves gives all the dominant features seen in
the experimental curve. Considering all the re-
strictions (all satellites the same width, cut off at
four neighbors, etc.) on the analysis the fit is con-
sidered good. We also tried a 1/72 moment per-
turbation but it did not give as good a fit as a 1/#°
distribution.

C. FeRh spectra
We proceed in the same manner to obtain spectra
for Rh in Fe and compare it with the measured
spectrum of Ref. 14. However, it should be em-
phasized that many of the assumptions made in the
analysis are not as valid for the higher transition
series. These elements probably distort the band
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FIG. 5. Radial variation of the moment perturbation
surrounding a Co solute atom in an Fe matrix.
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FIG. 6. Variation of the hyperfine shifts as a function
of Ni moment for Fe atoms in the first four shells surr
rounding a Ni solute atom. The moment perturbation of
the Fe matrix is assumed to vary as 1/#%.

structure of the nearby Fe lattice more than the
3d-transition-series elements. Also we know that
these elements, as hosts, tend to give more non-
local effects than the first series of transition ele-
ments. On the other hand, the neutron-scattering
data?® for these as solute atoms in Fe looks similar
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FIG. 7. Calculated (solid line) and measured spectra
(data points) for Feg ggNig ;. A 1/7% moment perturba-
tion was used for the Fe matrix. The data points are
those of Budnick et al.!4

to that for Co and Ni. It indicates that the moment
of the solute atom is lower than that of Fe and that
the moments on the surrounding Fe atoms are in-
creased. As in the case of Ni we assume that the
moment perturbation goes as 1/#°. From Fallot®
we have the saturation magnetization of Rh in Fe
goes as

B)=(1+0.5x)p, .

This, however, is not as accurately determined
as for Co and Ni. From Egs. (1)-(3), we get

rn=3.33-19.6Ap,. 9)

The AHY" are obtained from Eqgs. (4)—(7) and are
shown in Fig. 8. We show the calculated (solid
line) and measured'* spectra of Feg gg Rhy g5 in
Fig. 9. We see that in the measured spectrum the
main line is very asymmetrical. From the be-
havior of the low-frequency side it appears that the
Fe line with no Rh near has about the same width
as the main peaks in FeCo while the satellites
seem considerably broadened. This is not surpris-
ing since we already noted that the higher-transi-
tion-series elements often seem to produce rather
long-range distortions and also as the solute mo-
ment varies more from that of Fe we expect larger
dipolar and nonsaturation effects.® (However, we
do not find that a 1/1'2 moment perturbation is bet-
ter than a 1/7°, but the contrary.) We have taken
this into account in the calculated spectrum by as-
signing the main unshifted peak about the same
linewidth as for the FeCo alloy (I'=1.0 kG) while
the satellites were given a width of 2.3 kG. The
areas of each component were adjusted to be the
correct calculated area for a 1.5% alloy. All com-
ponents with areas greater than 0.006 of the total
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FIG. 8. Variation of the hyperfine-field shifts as a
function of Rh moment for Fe atoms in the first four
shells surrounding a Rh solute atom. The moment per-
turbation of the Fe matrix is assumed to vary as 1/#3,
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area were kept in the calculated spectrum. From
Fig. 9 we see that the high-energy side of the
main peak is considerably broadened. This is
probably mainly due to shifts of the N5 and further
out shells which we have left out, these become
more evident the larger the shifts. The best fit
was made with pgpy=(1.1£0.2)up and Ap,=(0.11
+£0.01)s. The AHY" values are listed in Table
III. We also list

4

M, AHY/He,=0.7£0.1 ,

n=1
but in this case we have no Mossbauer measure-
ments for comparison. The value of pgrp=1.1
+0.2up is a little larger than that obtained from
the neutron analysis of dilute alloys. This gave
(0.5+0. 3)pp; however alloys of a higher concen-
tration® gave ppy=(1.0£0.1)ps. This is probably
a more reliable value.

Another complication that may exist for the
higher-transition-series solute atoms is that as
previously mentioned their moments may be more
spatially spread out than the Fe moments. In that
case the CEP oscillations will be weaker in ampli-
tude and the shifts will be less (more positive) than
those calculated for N1 and N2 and greater (more
negative) for N3 and N4. [See Ref. 3(b) for a dis-
cussion of this effect.] Such an effect was investi-
gated by reducing the CEP amplitude (keeping the
same shape) caused by the Rh atoms. No improve-
ment in fitting the spectrum was obtained by this
type of consideration. Thus, although we do not
believe the assumptions that go into the analysis
are as good for the higher transition series, it
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appears as if the analysis is still quite valid for
the 4d transition series.

D. FePd spectra

The FePd alloys are interesting because the
saturation-magnetization curve has a negative
slope as opposed to the positive slope for all the
other alloys considered so far. (See note added in

|proof.) 1t varies as®®

E(x) = (1 - 0. lx)up, 5

but it is not measured very accurately, only to
about +0.05x. Using Eqs. (1)-(3) which assumes
a 1/#° moment perturbation gives

Lpa= 2.00-19.6Ap,. (10

Following the same procedure as before, this gives
the AHY" shown in Fig. 10 and listed in Table III.
We see that small or negative slopes of the satura-
tion moment result in positive values (the low-fre-
quency side) for AH ¥l This is the situation simi-
lar to most of non-transition metals in Fe. The
calculated (solid line) and measured spectra are
shown in Fig. 11. We find the best fit for pp,
=(0.7+0.2)pup and Ap, =(0.07+£0.01)up with the
width of the unshifted peak=1.0 kG and the shifted
peaks=2.4 kG. We have not shown the N1 satellite
at +10.6 kG or 45.2 MHz; on Fig. 11 it would be
only one-half a division high and frequency side of
the main peak; part of this may be due to omitting
the spectrum. We see the fit is not too good in the
region on the high-energy side of the main peak;
part of this may be due to omitting the higher
neighbor shifts. However, the fit to the general
shape is quite good. We find

Fe Pd

Py " Fg

Nn
-AH

n in kG
FIG. 10. Variation of the hyperfine-field shifts as a
function of Pd moment for Fe atoms in the first four
shells surrounding a Pd solute atom. The moment per-
turbation of the Fe matrix is assumed to vary as 1/+3,
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are those of Budnick et al. (Ref. 14).

4

2 M,AHY /He =0.2+0.1 ,

n=l
but again we have no experimental value for a com-
parison. The moment value of (0.7+0.2)up is in
agreement with the upper limit of the value (0.3
+£0.3)up derived from the neutron-scattering data®
from the dilute alloys. A value of ppy=(0.4+0.1)
X 1Lg was obtained in more concentrated alloys.®
These values are listed in Table IV,

E. FePt spectra

The average saturation-magnetization behavior?
of FePt has been very accurately measured and is

given by
L) =(1+0.85x)uF, .

For a 1/7’:‘l moment perturbation of the Fe matrix
this leads to

Lpe=4.11-19.6A4, . 1

We tried to fit the measured spectra of a Feg g9
Pty,q1 alloy of Ref. 14 but could get no satisfactory
fits. The best fits were obtained with moments
that seem much too high, ppy~1.2p5. The same
trends in poor quality of fit are seen in the FePt
spectrum as are beginning to be seen in the FeRh
and FePd spectra, i.e., a broadening on the high-
energy side of the main unshifted line. However,
in the FePt spectrum it is so pronounced that a
satisfactory fit is unobtainable. Changing the dis-
tribution of moments in any reasonable way from

a 1/7® dependence does not improve the fit. Ap-
parently a Pt solute atom perturbs the band struc-
ture of the nearby Fe atoms so badly that the as-
sumptions of additivity and superposition of the
CEP contributions are not valid in this case.

Thus we conclude that the above procedure is
very good for the 3d transition series where the
band structure and moment are similar to that of
Fe. It is not valid for the 54 transition series but
appears to be quite applicable to the 44 transition
series.

IV. DISCUSSION OF ORIGIN OF MOMENT VARIATIONS

In Table IV we list the moments obtained in this
work and those obtained from analysis of the neu-
tron-scattering experiments. The agreement is
quite good if the moments obtained from the higher
concentration alloys are considered to be more
reliable than those from the neutron scattering
data of Ref. 2.

The explanations? of the moment variations ob-
tained by neutron-scattering experiments follow
the treatment by Friedel where it is assumed that
the moment variations are a result of the charge
perturbation, AZ =2, ;e — Zpnst; Which is present
due to the solute atom. The impurity potential is
assumed to be spin dependent and therefore gives
rise to the solute-atom moments. However, this
model is often far from successful. For example,
Ref. 26 shows that the magnetic disturbances of
nontransition solute atoms in Ni all have similar
spatial form with a considerable extension of the
host magnetic perturbations. Thus Comly et al.?¢
conclude that this “precludes any direct link be-
tween electrostatic screening charge and magnetic
disturbance.” The charge-perturbation point of
view is further refuted by hyperfine-field data
which shows that in dilute Fe alloys essentially
the same hyperfine field (or spin) perturbation,
(~7-8% Hg,), exists at a Fe atom which is the
nearest neighbor to any nontransition solute atom
irrespective of the solute atom’s column in the
periodic table (Zg;, ). Furthermore, the field
at the solute atom can be quantitatively fit very
satisfactorily by a model® that does not involve
the charge perturbation AZ. Thus for nontransi-
tion solute elements both neutron-scattering and
hyperfine-field measurements indicate that all
charge perturbations lead to similar spin perturba-
tions. Upon introducing a solute atom into a ferro-
magnetic metal both a charge perturbation and a
spin perturbation (via exchange 27 and interband
mixing®®) are introduced and although there should
be some cross interaction apparently it is sup-
pressed by electron-correlation effects?® so that
each perturbation acts quite independently of the
other. We recognize, of course, that charge per-
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turbations do exist and are dominant in some ef-
fects which depend mainly on charge screening,
but spin perturbations and the behavior of moments
do not appear to be in this category.

The behavior of moment perturbations arise
from the strong tendency for each solute atom to
retain an electron structure in its vicinity similar
to that in its elemental solid state. This is mod-
erated, however, by the necessity of the solute
atom to contribute to the conduction band and share
its outer valence electrons with the nearby host
atoms. In general, because charge effects envolve
at least one electron per atom, charge screening
is quite short ranged (mainly within the nearest-
neighbor distance). On the other hand, since a
moment’s influence depends mainly on the number
of itinerant d electrons, *® if there are a small num-
ber of itinerant d’s, the interactions can be quite
long range, extending over several near neighbors.
Two host alloy systems, Fe and Ni, have been
studied rather extensively and we will discuss their
magnetic behavior.

A. Nontransition solute elements

These atoms develop no moment and show very
different behavior in their average saturation
magnetization and the extension of the host-moment
perturbations in Fe and Ni. This different be-
havior can be understood by considering the den-
sity of states of these hosts at the Fermi level. In
Fig. 12 we show schematically the density of states
for the majority and minority spins of Fe as ob-
tained from recent band-structure calculations. 3°
We assume for the present discussion that the
rigid-band approximation is adequate and indicate
also on Fig. 12 the position of the Fermi levels
for Fe, Co, and Ni. We see that for Fe the Fermi
level falls at a position such that the density-of-
states curves for the spin-up and spin-down d elec-
trons are rather flat and about equal in number.
On the contrary for Ni the spin-up d bands are full,
so that only the spin-down d electrons have appre-
ciable density of states at the Fermi level. Thus
upon alloying Fe with nontransition metal solutes
both spin-up and spin-down states are equally
filled by any excess electrons that may be shared
by the solute atom with the host Fe atoms. Thus
no moment changes occur on the Fe atoms sur-
rounding the solute atom and experimentally we
observe that the average saturation magnetization®
follows simple dilution and from neutron scatter-
ing that the moments surrounding the solute atom
are not appreciably perturbed.3! Since the solute
atoms have no moment this leads to a hff shift at
the nearest-neighbor Fe atoms which is indepen-
dent of the charge perturbation due to the solute
atom. This hff shift thus mainly arises from the

MAJORITY SPINS
Co Ni

Fe
J—/if\'

MINORITY SPINS

TN

€

Ng (E)

N—

FIG. 12. Sketch of density-of-states curves of major-
ity and minority spin as obtained from Fe band-structure
calculations (Ref. 31). The Fermi levels for Fe, Co,
and Ni are depicted by the vertical lines. The density of
states for the itinerant d electrons in Fe is indicated by
the darkened area.

absence of a CEP contribution of the Fe atom that
was replaced by the solute atom.

Ni alloys behave very differently from the Fe
alloys. The average saturation-magnetization
measurements show that the average moment de-
creases at a rate dependent on the difference in
the number of outer valence electrons of the solute
atom and the Ni host.® This occurs because all
these excess electrons tend to fill the spin-down
bands of the surrounding host Ni atoms. The ex-
tent of the moment perturbation will depend on the
extent of the d-electron CEP and since this is
rather long ranged for Ni (due to its small number
of itinerant d-electrons), the moment perturbations
are rather extensive, as has been shown by neu-
tron-scattering experiments.?® Moreover, since
the number of itinerant d electrons is mainly de-
termined by the Ni host we expect all the nontransi-
tion-metal solute atoms to show a universal be-
havior in the host moment perturbation; this is
also observed to be the case experimentally.?®
The hff shifts in Ni alloys with nontransition so-
lutes cannot be simply interpreted as in the case
of Fe alloys. Since the moment is perturbed on
Ni atoms near a solute atom its hff shifts are due
both to CEP terms and a core-polarization term.

B. Transition-metal solute atoms

In alloys of Fe and Ni with other transition ele-
ments the behavior of the alloys is a compromise
between that of the pure solute and pure host.

The average moment behavior is understandable
from a simple consideration of the density-of -
states curves. In Fig. 13 we show the average
total number of spin-up, n;, and spin-down, ],

d electrons which would be obtained in going from



2322

U
5+ fo /
3+ "o}
—=
2 // \\\
Vv N
G
n ~
I \\N
o N
Fe Co Ni
8 9 10

Average Number of 3d +4s Electrons

FIG. 13. Number of spin-up and spin-down electrons
and their difference according to a rigid-band approxi-
mation for the 3d transition series.

Fe to Ni in Fig. 12. The number of spin-up elec-
trons decreases only slightly between Ni and Fe
and then starts to decrease rapidly beyond Fe due
to the large peak in the density of states below the
Fe Fermi level of the spin-up electrons. The
number of spin-down electrons decreases rapidly
in the region of the large peak between Ni and Fe
and then starts to level off as the Fe Fermi level
is approached. The difference between n; and ng
gives the alloy moment p. This is shown by the
dashed curve in Fig. 13. It, of course, closely
resembles the Slater-Pauling curve which corre-
sponds to the average moment behavior. As dis-
cussed in Ref. 3(b), as we cross the 3d transition
series from left to right we expect the d electrons
to be initially all itinerant. Then as the d levels
are more tightly bound due to the increased nuclear
charge we get to a region where some of the d
electrons become localized (between Cr and Mn)
but where there are still a large enough number of
itinerant d electrons that the first node of the CEP
curve of the itinerant d’s is inside the nearest-
neighbor distance and thus the atoms are antiferro-
magnetically coupled (Mn). For Fe and beyond
there are few enough itinerant d’s that the first
node of the itinerant d’s CEP curve is beyond the
nearest neighbor and thus the atoms are ferro-
magnetically coupled. Fe is near the borderline
and in this sense a weak ferromagnetic with a ten-
dency to easily go antiferromagnetic. Co and Ni
should have progressively less itinerant d’s and
therefore should be more stable ferromagnets.
Thus we expect that Mn alloys with Ni might begin
following the dashed curve of Fig. 13, but soon
deviate from it with a reduced average moment
when the Mn atoms tendencies begin to dominate.
Similarly the MnCo alloys should follow over an
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even shorter range before deviating from the
Slater-Pauling curve. This is the observed be-
havior. Systematically we expect Cr and V to show
a more pronounced behavior in this direction such
that they would tend to be antiferromagnetically
coupled even as dilute alloys. In agreement with
this picture Cr is observed to have little or no mo-
ment in Ni and V has a negative moment.? A simi-
lar behavior is expected in Fe, only the tendency
of antiferromagnetic coupled solute atoms to the
left of Fe should be greater since Fe has more
itinerant d electrons than Ni. In agreement both
Cr and V are antiferromagnetically coupled? in Fe.

In general the extent of the moment perturbation
in the host upon alloying will depend on the number
of itinerant d’s in the vicinity of the solute atom.
Thus Ni or Co in Fe will tend to increase the host-
perturbation range because of the decrease in num-
ber of itinerant d’s, whereas Fe or Mn in Ni will
tend to cause a smaller range to the host perturba-
tion than the nontransition-solute atoms. These
are just the type of host-moment perturbations that
are observed to occur from neutron-scattering ex-
periments. 226

Thus the behavior of solute moments and host-
moment perturbations are very naturally explained
by a model in which mainly localized moments are
coupled by a small number of itinerant d-like elec-
trons® and the dominating source of the interactions
are exchange interactions and interband mixing.
The above picture is oversimplified in that we are
discussing general trends. In a particular case
the details of course depend upon the details of the
band structure which may involve more complica-
tions than are represented by a rigid-band model.

V. EVALUATION OF H_, AND H; IN Fe FROM
EXPERIMENTAL DATA

Thus far the value of the core-polarization hy-
perfine field in Fe has been obtained from only
band-calculation estimates. It is therefore of in-
terest to obtain a purely experimental value if
possible. Having a model for the origin of the hy-
perfine field we can use it and measured hyperfine-
field data to evaluate the various hyperfine-field
contributions. The model is that

H,=H +H +Hy+H, , (12)

where H, is the hff at a solute z in Fe and H, is the
volume-overlap contribution.® Choosing Fe sys-
tems where H,=0, since Hy is measured, we can
combine any two pairs of hyperfine field data and
solve for H,,+H,. Two of the best sets of pairs for
such an analysis are the field at Co in Fe and pure
Fe and the field at Ni in Fe and pure Fe. Since the
fields at Co and Ni in Fe are measured for very
dilute alloys the number of s electrons can be
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assumed to be the same in the alloys as in pure
Fe. Also since in these cases the CO and Ni atoms
have moments closer to that of Fe than in the pure
metals Co and Ni, systematic errors will tend to
cancel out.

The field at Co in Fe is given by

HE T =HR+HS + HE® . (13)

In very dilute alloys a Co atom will be entirely
surrounded by Fe atoms, so using the scaling
equations®® of

H:p = (“z/uFe)pre ’

(H‘ /Hfse)(u:/uFe)HF (14)
and

Hi=(H:/HIOHE®

we get
Co
in Feo_ P-c ( Fo H Fe
He, o H H—i':: H )
+ —iﬁ-EM AHF*(up.+Ap,) , (15)
4s n=1
where HZ  is the hyperfine-coupling constant of

element Z. All the other quantities have been pre-
viously defined. The values of any quantities not
given earlier are listed in Table V. We have used
a 1/7® distribution for the Ap,’s. All quantities
but A% and H® are known, so substituting in their
values Eq. (15) becomes

-150=H s+1.1HF° .

Combining this with Hg,= HFe HI°+HE® we get
HY°=+510 kG and H.¢= —710kG. From the equiv-
alent evaluation for Ni in Fe we get HI°=+560 kG
and H 2= - 760 kG. These values are listed in
Table VIas HY o Another pair of hyperfine data
which can be used is that for pure Co and Fe.

Here we assume that the number of s-like conduc-
tion electrons is the same for the two metals and
that the Hy term in Co is given by the scaling

TABLE V. Quantities used in the evaluation of H¢y Fe
and HF® and H}.

z HirFel(kG) H%,(MG) TR
Fe —346 2.0 2,22
Co —-295 2.2 1.9
Ni —241 2.4 1.4
Rh — 557 4.4 1.1
Pure Co - 222 2.2 1.715

*The measured values have been corrected by the
Lorentzian term — 4 M,.
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equation® of
HY HE:/HI,G)(UCO/V-FQHE =~-123kG.
We then have for Co,
Hey= oo/ Bre)H o + (HS/H LD
X(heo/Lr)HE+HE®) | (16)

Using the values in Table V we obtain Hg=+730 kG
and H £,°= -930 kG. We have neglected any orbital
contribution in deriving the above values. We can
obtain an estimate of this effect by approximating
the orbital contribution by

Hp= 'lz'lJ-zAg(l/'Va)eﬂ ’ amn

where Ag is the deviation of the gyromagnetic ratio
from 2 and (1/7%),, was taken as 4.53a;°, the Fe**
value,?® and Ag=0.15 and 0.07 for Co and Fe re-
spectively. This gives

HS,~+35KG, HES~+20KG .

Correcting for these contributions in Hy, and H,
we find H,, ,= ~700 kG and H, ,=+480 kG. These
values are listed in Table VI. However, none of
the systematics of the hyperfine fields seems to
indicate that much orbital correction is present.
It is difficult to judge exactly how accurate the hy-
perfine-coupling-constant values are and since H
and H; depend sensitively on these values it is dif-
ficult to know how much reliability should be given.
However, the H., on.n Values all seem a bit larger
then band- calculatmn values

The values of H? and HE? obtained from various
band calculations are listed in Table VII. We see
that with the exception of the Muto et al.3 the cal-
culations give about - 350 to —400 kG for H . (A
value of H 7= —400 kG results in H} %+ 200 KG.)
The results of Muto et al. have been strongly
criticized in Ref. 38 for an arbitrary choice of the
hybridization contribution and 3d wave functions
and for using an inaccurate form of perturbation
theory. The band calculations do not take into
account any correlations between electrons but in
many cases this seems to be a small effect, e.g.,
Li and Ni; however, for P it was found to be
large." Thus there appears to be some discrep-
ancy between the band-calculation values and the
values derived from experimental data only. It
is difficult to assess which is more reliable, but
since the values determined from only hyperfine-
field data are so dependent on the hyperfine-field
constants, we will defer this decision and use the
band -calculation values in the rest of this paper.
If these turn out to be in error the derived values
can be easily altered at a future date.



2324 MARY BETH STEARNS

TABLE VI. Quantities evaluated from hyperfine-field
data.

Data HE 4 (kG) HJ%(kG)
Hg,, HWFe —-710 +510
Hy,, HIgT® - 1760 +560
Hge, He, (nO orb.) -930 +730
Hpy, Hg, (orb. corr.) -1700 +480

Fe Fe
Hoy~-1700 kG Hg®=~+500 kG

VI. EVALUATION OF H¢ FROM HYPERFINE-FIELD
DATA

It is also of interest to obtain an estimate of the
hyperfine field induced in an atom of the 4d transi-
tion series in Fe due to the core polarization from
its own moment. Using the spin-polarized Hartree
Fock method,** H¥ has been calculated® to be
~ - 370 kG/ g for 4d ions as compared with —110
kG/ s for the 3d series from Fe ions. By using
the moment value determined here for Rh in Fe
and the measured hyperfine-field values of these
solute atoms in Fe, we can obtain

HP=HP+HS®, (18)

we emphasize that all these values are for Rh in
Fe. We then have

4

HBAFe=H (H?;‘/I{fs’)ZZM"AH:e(uF,+ ap,) .
n=,

(19)

All quantities except H}" are known and those
that have not previously been listed are given in
Table V. Substituting these known values into Eq.
(19) we get Hjj"= — 210 kG. Dividing by pg, we get
Hy"~_190 kG/uz. These values are listed in
Table VIII.

These values are listed in Table VIII.

This HY value includes the quantity H¢ i» Fe,
which is the hyperfine field resulting from the po-
larization which a 4d atom with a moment of pg
would impart to the 4s conduction electrons of Fe.
In order to evaluate H:2 '* ¥® we make the assump-
tion that the usual type scaling law holds for
H:d in Fb, thus

HY " Fe= (HE/HIDH pro KG/pp .  (20)

There is not much justification for this assumption
since the self -polarization of the s-like conduction
electrons may be different for an Fe atom than for
a Rh atom due to different radial positions of the
3d and 4d unpaired electrons. But assuming this
difference is small, we use Eq. (20) and evaluate

|

HY¥ " Fefor H¥® =1 200 kG. Then subtracting
these values of H* " ¥® from the H} value ob-
tained earlier we find the value for H listed in
Table VIII. The value of H: (~ -390 kG/puj) ob-
tained in this manner is reasonably in agreement
with the calculated H* value for 4d ions (=370
kG/pg).% We expect it to be slightly larger in go-
ing from an ionic to a metallic environments as
occurred for the case of Fe.

vII. EVALUATION OF MOMENTS OF OTHER 4d AND
5d TRANSITION SOLUTE ATOMS IN Fe

In earlier papers3**’ the moment of 4d and 5d
transition solute atoms in Fe were evaluated from
the hyperfine fields measured at the solute atoms.
In both these papers H 11 was mistakenly taken as
- 370 kG/pp, that is, the H% ' F° term was not
properly included. The H* !» ¥¢ term, which is
positive, should have been added to H & which
would have led to larger derived moments. This
results in moments for Rh and Pd which are in
closer agreement with those obtained here from the
Fe spectra. The same error was made for the 5d
transition series, i.e., the value*' used as H3
=-1180 kG/up is H3 not Hif. We correct that
treatment now by using an expression for H i’
equivalent to Eq. (20). For this revaluation we
will neglect the field contribution due to the mo-
ment perturbations in the Fe matrix, i.e., we set
the Ap,’s=0in Eq. (15). Since the Ap, are posi-
tive this procedure will give slightly too large val-
ues for the moments. This effect is small and
estimated to be less than 0.1 in all cases. We
thus use

z z
HZ=H';‘;+HS +HYt ,

where each term can be calculated from Egs. (14).
We list in Table IX the measured hff at the solute

TABLE VII. Core contribution obtained in band calcu-
lations for Fe.

HE?
H;’(kG) Exchange Hyb.

Atomiclike + s-d exchange

Watson and Freeman®

3d%4s? -320 +195
3d® - 350

Atomiclike + s-d exchange

+hybridization
Muto, Kobayasi, and Hayahawa® — 1145 +650 +150
Wakoh and Yamashita® - 355 - 32
Duff and Das® —400 +33

3Reference 34.
PReference 35.

°Reference 36.
9Reference 37.
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TABLE VIII. Values of Hi® and HEd derived from hy-
perfine-field data.

Hi (kG/up)
—-190

H:‘ inFe (kG/“B)
+200

Hig in F'(kG/HB)
-390

Rh

atom Hy, the derived value of A% and the derived
values HZ. Then using H¥ =~ - 390kG/uz and

H‘z‘; =~ -1180 kG/up we can derive the solute atom
moment pz. These values are given in the fifth
column of Table IX. In the last column we list the
values obtained from the neutron-scattering data.
An error of about +0.25 should be assigned to all
the moment values obtained in this way for the 4d
solute atoms.

Using the H fe,, value determined for only hff data
would have results in larger values of H& but not
much different moments since it is H}® that comes
into the moment determinations.

VIII. SUMMARY AND CONCLUSIONS

A method has been developed to analyze the Fe
spectra of dilute alloys of Fe which indicates that
the transition-metal solute atoms Co, Ni, Rh, and
Pd cause a perturbation in the surrounding Fe mo-
ments which varies as 1/#°. The moment values
on the solute atoms are also obtained. A con-
sideration of neutron-scattering and hyperfine -
field data indicates that the moment perturbation
arises mainly from d-d exchange interactions and
interband mixing rather than from charge-screen-
ing effects by itinerant d electrons. A variation of
this method has been extended to transition solute
atoms to the left of Fe in the Periodic Table. In
these further analyses it becomes clear that the
host-moment perturbations are caused by the spin-
density oscillations of the itinerant d electrons.

DISTRIBUTIONS AND... 2325
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FIG. 14. Average hyperfine fields and isomer shifts
as a function of atomic percent Co for FeCo alloys.

The Ruderman-Kittel -Kasuya-Yosida®’ (RKKY)-like
spin-density oscillations® have a behavior that
varies very much like ~ 1/7° near the first node
and this is the reason we observe a 1/7® host-mo-
ment perturbation. The description of these fur-
ther results will be given in a forthcoming publica-
tion.

The hyperfine-field shifts of Fe atoms in the
first four shells around a solute atom are obtained
in a much more fundamental way than previous
determinations. As might be expected, we find
quite different values than previously obtained for
some of the shifts since here we start with the ob-
served CEP shifts in pure Fe and do not arbitrarily

TABLE IX. Derived values of the moments on 4d and 5d transition elements in Fe.

He

z —Hi FokG) ~ HE (kG) HE %= — 430 kG/kp) Neut.®
Nb 265 210 130 0.2

Mo 270 240 150 0.1 —-0.1+0.6
Ru 510 290 180 1.0 0.9+ 0.5
Rh 560 320 200 1.1 0.5+ 0.3
Pd 540 350 220 1.0° 0.1+0.2

0.4+ 0,1%
(HY > — 1180 kG/pg)®

Re 770 780 490 0.0 -0.3+0.6
Os 1140 890 560 0.4 0+£0.5
Ir 1400 995 630 0.7 0+0.5
Pt 1290 1160 730 0.5 0+0.3

*Reference 2. PReference 41.

°See Note added in proof.
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FIG. 15. Average hyperfine fields and isomer shifts
as a function of atomic percent Ni for FeNi alloys.

assume that the shifts decrease with distance from
the solute atom.

Having determined the moments of the solute
atoms in these dilute alloys and knowing the origin
and scaling rules for each term in the hyperfine
field, we can then self-consistently use the hyper-
fine-field data to evaluate the core polarization and
CEP self-polarization terms in Fe. We find indi-
cations that the core-polarization term obtained in
this manner may be larger than that obtained from
band calculations. However, this depends strongly
upon the reliability of the hff constants.

We can also evaluate the core-polarization con-
tribution per pjp for a 4d-transition-series atom.
We find a value in reasonable agreement with the
calculated value for this series.

Note added in proof. Upon more careful investi-
gation of past measurements on Pd in Fe we find
that Pd has a room-temperature solubility in bcce
Fe of only about 1 at.%. The most dilute alloy
which Fallot?® measured was 2.15 at.%. Thus
most likely Fallot’s samples contained regions of
fcc Fe embedded in bcc Fe. The volume of the fcc
regions would be proportional to the Pd content and

since fcc Fe is not ferromagnetic this would tend
to make the average moment of the Pd alloys fall
with increasing Pd content. Since the slopes of the
average magnetization curves for all other solute
atoms to the right of Fe in the Periodic Table are
positive, it is most likely that Pd also has a posi-
tive slope for small enough Pd concentrations.
Thus the analysis given here for Pd is most likely
wrong and its behavior in Fe is expected to be very
similar to that of Rh.

APPENDIX A

We give some unpublished data on some systems
relevant to this paper which were previously mea-
sured by the author. These data are shown in Figs.
14 and 15. All the data were taken with MGssbauer
apparatus and computer analyzed with programs
previously described in Ref. 19. The isomer shifts
were measured relative to that in Armco Fe.

APPENDIX B

The equivalents to Eq. (3) for a 1/7% and 1/7*
dependent moment perturbations are

Beo=3.26-22.7Au,, 1/7
Beo= 3.26 —15.6Au,, 1/7%.

The hyperfine-field shifts for a 1/»% moment
perturbation are

AHy = =130.0Ap, —12.1(c, - tr) |
AH,=-120.74p - 2.7(ke, — KFe) ,
AH;=-68.94p +2.4(uc, — LFe) ,
AH,=-43.74p,+0.6(uc, = Ure) -

The hyperfine-field shifts for a 1/7* moment-
perturbation are

AH,=-115.54p1, =12, 1(pc, — KFe) ,
AHy=—95.74p, —2.7(c, - trd) ,
AHy=-39.7Au +2.4(Uc, — UFe)
AH,;= -14,9Ap, +0.6(pc, — Ur,) -
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