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Pulsed NMR hyperfine field measurements have been made on ordered Fe;_Si, alloys for
0.181 =x=0.249. Using ordered compounds greatly improves the accuracy with which inter-
nal-field shifts due to the first nine neighbor shells can be measured. A number of effects
which were difficult to observe in dilute alloys are easily measurable. Dipolar structure and

saturation or shielding effects are seen for various neighbor shells.

We see no damping of the

spin density oscillations with alloying. This allows the determination of a lower limit for the
mean free path of the conduction electrons in the alloys. The third-, fourth-, and sixth-

nearest-neighbor Fe atoms give positive polarizations.

The measured hyperfine field shifts

are extrapolated and combined with dilute alloy data to obtain the spin-density oscillations

surrounding an Fe atom in pure Fe.

I. INTRODUCTION

In metals ferromagnetism is believed to be achieved
by the “local” atomic moments being aligned through
the intermediary of the polarized “itinerant” elec-
trons.! Many experiments and calculations have
been carried out in recent years to investigate this
interaction. For a discussion of these see the
Introduction in the following paper, hereafter re-
ferred to as Paper II. The experiments which yield

by far the most direct information about the spin
density of the itinerant s-like conduction electrons
are Mdssbauer?’® and NMR*~® experiments.

A properly chosen system (namely, an alloy sys-
tem where the solute atom has no moment and the
form factor of the Fe atoms does not change upon
alloying) can give detailed information about the

variation of the s-like conduction-electron polariza-

tion (CEP) with distance around an Fe atom.
We report on accurate measurements of the hyper-
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fine field shifts at Fe and Si atoms due to adding Fe
atoms into the first nine shells in ordered alloys
near Fe,Si. The experimental analysis is given in
Sec. III. The shifts are interpreted as due to s-like
conduction-electron polarization which is closely
related to J,,, (k,k’), the effective exchange inter-
action between localized and itinerant electrons.
The results in these alloys are very similar to
those obtained in dilute alloys of FeSi and FeAl,?2
which we feel are representative of CE spin-density
oscillations in the pure Fe lattice. Questions on the
evaluation and the validity of many assumptions
made in the dilute alloy work are directly answer-
able from this presentwork. Dipolar effects were
measured and are discussed in Sec. IV B. The
assumption of additivity which is usually made in
dilute alloy work was directly measurable here and
is discussed in Sec. IV C. There is no indication
of a damping or lessening of the amplitude and phase
shift” of the spin density oscillation due to disorder
caused by going off stoichiometry. This allows a
determination of a lower limit of the mean free

path for scattering and is discussed in Sec. IV D.
From these and the earlier measurements on dilute
alloys we are able to obtain a consistent model for
the origin of the hyperfine in Fe which incorporates
the latest band calculations by Fe.® This is dis-
cussed in Paper II. Comparison with improved
Ruderman-Kittel-Kasuya- Yosida (RKKY) and charge-
density oscillation theories is also made in Paper
II. From the present measurements we are able

to evaluate the hyperfine field contribution due to
the Fe neighbors and using this we can understand
and explain the observed variation of the hyperfine
fields to solute atoms in Fe as presented in Paper
1I.

The improved resolution we obtain here is large-
ly due to a separation of the effects of the different
neighbor shells by the use of an ordered structure.
Whereas in dilute alloys each atom feels equally
the effects of all shells (e.g., consider the first
six) here we have three separate atomic species
each of which is sensitive to the effects of only
two of these six shells as we go off stoichiometry,
This greatly improves the sensitivity. This tech-
nique of choosing a stoichiometric ordered com-
pound and varying the composition around stoichi-
ometry is of general applicability and should also
be useful in other type experiments, e.g., in NQR
experiments which measure the gradient of the
charge-density oscillations.

II. EXPERIMENTAL PROCEDURE

Samples of ordered alloys varying from 18.1- to
25-at. % Si (all compositions will be given in at. %)
were made in the following manner. A 5-1b ingot
of 99.9% purity Fe and high-purity Si was prepared
in an induction vacuum furnace. The ingot was then
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machined to obtain fine turnings which were then
ground down to pass through a 74-pu sieve. These
powders were next heat treated in an argon atmo-
sphere. They were first heated to 850 °C for about
four hours, then slowly cooled to 400 °C and held
there overnight. The furnace was then turned off
and allowed to cool to room temperature; this took
about eight hours. Part of the powdered samples
were chemically analyzed to determine the com-
position. For each alloy two independent chemical
analyses were made; they agreed to within 0.1 to
0.2 at.%. Previous Mossbauer experiments?‘?®
have shown that this heat treatment produces
essentially perfectly ordered alloys with the excess
Fe atoms of the D type (as measured with respect
to ordered Fe,Si) going randomly into the Si sites.

The pulsed NMR apparatus was essentially the
same as that described previously.® The spectrum
of each alloy was taken at 1. 2 °K by measuring the
echo height as the frequency v was varied. Before
taking the frequency spectrum, the maximum en-
hancement factor €, was measured near the center
of the spectrum with the technique described in
Ref. 9. In another paper being prepared on the vari-
ation of € and the relaxation times in these alloys
we show that for domain wall motion dominated by
damping (due to eddy currents), €, varies as the
v2, However if the stiffness term dominates (e. g. ,
wall surface tension or magnetostatic forces) then
€, varies as v¥%, These alloys seem to correspond
to the case where both these terms are comparable,
so €,, varies between the 3 and { power of the fre-
quency. This variation is well outside the accuracy
of the enhancement factor measurements. For a
given type site the maximum change in frequency
for a given line is ~2 MHz out of about 40 MHz,
so A€/e ~ & whereas the enhancement factors can
only be measured to an accuracy of about 10%.

To obtain meaningful spectra, three conditions
should be met. The turning angles, a=yeB,T
(where B, is the rf field strength, 7 the pulse
length, and y the nuclear gyromagnetic ratio),
frequency slice (~ €B,), and exciting frequency
spectrum (~1/7) should be kept constant as the
frequency is varied. Over frequency intervals
large compared with the operating frequency the
increase in € (and thus @) should be compensated for
by decreasing B, so that the frequency slice is
constant. However, in these experiments we are
only interested in obtaining the variation in inten-
sity for a given type site and do not compare the
intensities at different sites. [This was done in
the MBssbauer experiments in Ref 2(a). ] Thus the
frequency interval is only ~g; of the operating fre-
quency so these adjustments are negligible., How-
ever, in experiments where one is interested in
comparing the intensities of different type sites,
these considerations become important. Other
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effects such as variations of skin depth with fre-
quency may also be important in these cases.
Ideally the resolution is improved by taking smaller
slices of the frequency spectrum; this means
small B, values. However there is a proportionate
loss in echo intensity as B, is decreased. We thus
operate at the maximum B, which does not lose too
much resolution. Further we require that all data
for a given type site be taken under the same oper-
ating conditions so that the instrumental broadening
is constant and we can thus separate out the broad-
ening due to alloying. The linewidths vary from
quite narrow lines (for 24.9-at.% Si full width at
half-height I ~150 kHz ~1 kG) to broad lines of

I' ~2 MHz ~ 15 kG. Experimentally we determined
that the value of 7, ~ 1usec for the first pulse was
a good compromise, It showed little loss in reso-
lution or intensity for the spectra of the 23. 7-at. % or
less Si alloys. The maximum echo signal for a
narrow line, I' << €B,, is obtained when the pulse
lengths of the two pulses are in the ratio of 1:2.1
with @; =5 rad. We used this pulse ratio. Thus
all the spectra were taken with 7; ~1 usec, @, ~5
rad. This corresponded to B, values between 0.15
and 0. 6 g depending on the value of €,, (€, varies be-
tween 40000 and 10000 for Fe nuclei in these al-
loys).

The variation of gain with frequency for the over-
all experimental apparatus was eliminated by simu-
lating the echo on a probe coil (whose resonant fre-
quency was far from the region of measurements)
which was loosely coupled to the pickup coil. The
simulated pulse had a shape similar to that of the
echo. The height of the simulated pulse was then
read from the attenuator of the 608D Hewlett Pack-
ard oscillator used to produce the simulated pulse.
Corrections were made for the variation of output
voltage with frequency of the 608D oscillator. A
v-! correction was made for the fact that the signal
strength is proportional to the magnetization which
varies as H,, and thus as the frequency. Since the
observed signal is due to the precession of the elec-
trons which are coupled to the nuclei through the
enhancement factor €, we should also have another
frequency correction factor. At the time of treat-
ing the earlier data it was not known how € really
varied with frequency so only one factor 1/v was
used. It is now believed that € varies between vY2
and v¥2, so a factor between v¥/2 and v™%/2 (say v'?
should have been used. However for any given
spectrum the range of Av is small compared with
the operating frequency so that the exact variation
of € with v is unimportant. Thus this correction
has a negligible effect on the data, so it was not
reprocessed with a v correction. The spectra
were all taken at 1.2 °K. The repetition rate for
a pulse sequence was 400 msec, which is about 20
times longer than the relaxation times at 1.2 °K in
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these alloys.
III. EXPERIMENTAL RESULTS

The structure of ordered Fe,Si is shown in Fig.
1. There exist three different type sites; the
number and type of neighbors in each shell for each
of the sites are listed in Table I. As Fe is added
to Fe;Si the excess atoms go randomly into the Si
sites.2® Since these added Fe atoms always have
eight first-nearest-neighbor (1nn) Fe atoms, we
will consider them D-type Fe atoms. Thus as we
add more Fe we measure the effect of putting
D-type Fe atoms in the various shells. Consider-
ing the first nine shells only we see that upon de-
viating from stoichiometry each type site is af-
fected by only three shells rather than the full nine.
Since the resonant frequencies for the three sites
are well separated (except A, and Si), the spectra
obtained by going off stoichiometry are thus easily
unfolded. Let us now discuss the spectra for each
type site.

A. A Sites (1nn, 4nn, 7nn)

From Table I we see that upon increasing the Fe
content from Fe;Si we get some A-type Fe atoms
with five or more Fe’s in the first-nearest-neighbor
shell (1nn) and 13 or more Fe atoms in the 4nn
and 7nn shells. We shall denote the A-type atoms
by A, where m gives the number of D-type Fe atoms
in the 1nn shell and » the number of Fe atoms in
the 4nn shell. In the stoichiometric alloy Fe,Si
we have only one A-type line, A% at 30. 03 +0. 02
MHz. This is rather close to the Si line at 31. 53
+ 0.02 MHz. However a fifth Fe atom in the 1nn
shell causes a large frequency shift of 7. 2 + 0. 05
MHz, so the Aj spectra are well separated from
any other lines. Thus the shifts due to adding Fe
atoms to the 4nn shells are best obtained from A;
spectra. For an alloy Fe,_Si, the A, probabilities
are given by

Paz () @O a-a97, s<m <8 @

The fraction Pj of each component A7 in an alloy
of composition Fe,_.Si, is given by

Pl = <n1—212) (@xy?*" (1 -42)™12, 12<sn<24. (2)
Figure 2 shows some typical unfolded A; spectra.
The spectra were unfolded by starting from the
right of a spectrum and with the use of a planimeter
stripping off the components such that the area of
the component A5 corresponded to the fraction P7.
The widths obtained using this procedure were
essentially the same for each component, indicat-
ing the model is correct. As x decreases each of
the widths of the individual components increases.
The broadening of the A, and A; components as x
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TABLE I. Number and type of neighbors for the 3 sites in Fe;Si. A and D indicate Fe atoms; the underlines are to
emphasize the Si positions.

Type 1nn 2nn 3nn 4nn 5nn 6nn 7nn 8nn 9nn
A-Fe 4D-48i 6A 124 12D-12Si 8A 6A 12D-12Si 24A 24A
D-Fe 8A 6Si 12D 24A 8Si 6D 24A 248i 24D
Si 8A 6D 128i 24A 8D 6Si 24A 24D 24Si

is decreased allows us to obtain an upper limit to
the shift due to the 7nn shell. The procedure for
such a determination is discussed in more detail
in Sec. II B, in obtaining the shift due to the 5nn
shell. From the broadening of the A, and A; com-
ponents we found that the shift caused by an Fe
atom in the 7nn shell was less than or equal to
|0.2] MHz. The relative intensity scales shown
for each alloy in Fig. 2 correspond roughly to the
A probability calculated from Eq. (1); however, no
real attempt was made to compare the absolute in-
tensities from the various alloys since it depends
strongly on sample properties and thus becomes a
very formidable task.

The Aq spectra of a given composition were of
course very similar to the A; spectra. However,
the Aq lines are less accurately determined since
their intensities are always much less than the A;
intensities over this range of composition. For
the most favorable case used, x =0.181, Eq. (1)
gives A;=0.27, A;=0.42, A;=0.24; thus we never
get much A, intensity.

Fig. 3 shows a plot of the frequency of each
spectral component as a function of composition.
Table II gives a summary of the shifts due to put-
ting the Nth D-type Fe atoms in the various shells.
We see from Table II that the sixth Fe in the 1nn

® Fe atoms - A sites
® Fe atoms - D sites
O Si atoms

FIG. 1. Structure of ordered Fe;Si.

causes a shift of about 1 MHz, or 14% less than
the fifth Fe did. In the 4nn shell each additional
Fe atom added beyond the 13th causes a shift which
is about 5% less than the previously added Fe atom.
There is even a saturation or shielding between
shells; i.e., the shift at an A;-type Fe atom due to
adding a 13th or 14th Fe atom in the 4nn shell is

[\

15 14 3 12

Ay K Aog Ae

o
T

8 21.6at.%Si
|

ECHO HEIGHT ( IN ARBITRARY UNITS )
o

36 37 38
FREQUENCY (MHz)

FIG. 2. Some typical A; spectra. The superscript
denotes the number of Fe atoms in the 4nn shell. The
curves are unfolded as discussed in the text. The pulse
lengths were 7y ~1 usec, T, =2.1pusec and maximum
turning angles were ay~5 rad, a,=>~10.5 rad.
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-0.56+ 0.03 MHz, which is about 14% less than the
comparable shift, - 0.65+0.03 MHz for an A, atom,
and an Ag-type Fe atom has about a 17% less shift
than the A; type.

Note that the shift due to an added 4nn Fe atom
decreases the frequency whereas an added 1nn Fe
increases the frequency. Since the hyperfine field

TABLE II. Shifts Ay for A sites due to the Nth D-type
Fe atom in 1nn, 4nn, and 7nn shells (Ay in MHz).

Shell Nth Fe atom

1nn 5 6

Ay +7.20+£0.05 +6.19 0,02

4nn 13 14 15 16

AA) —0.65+0.03 (av. for 13, 14)

AA)  —0.58%0.02 —0.55+0.04 —0.53+£0.10 —0.50£0.05
—0.54£0.03 (av. for 13-17)

Ag(AQ) —-0.45%0.05 (av. for 13-18)

7nn

A7 =10.2+0.4]|

is negative an increase in frequency corresponds
to a negative polarization. Thus the polarization
due to an Fe atom in this lattice is negative at the
1nn distance and positive at the 4nn distance.

B. D Sites (2nn, Snn)

From Table I we see that increasing the Fe con-
tent from stoichiometry adds Fe atoms into the 2nn,
5nn, and 8nn shells surrounding a D-type atom. We
shall denote the D-type atoms by D,,, where here m
gives the number of Fe atoms in the 2nn shell. The
shift due to the 5nn atoms is so small that it is not
resolvable but we can obtain an estimate of it from
the broadening of the D, component in the spectra.
For Fe;Si, D, is asingle sharp lineat 46.53 + 0. 02
MHz. Fig. 4 shows some typical unfolded D spectra.
Less-well-resolved spectra of these lines were pub-
lished earlier®; .however, there the dipolar struc-
ture of the D,, (m =1) components was not taken into
account and the fits obtained were not of the quality
of those presented here. In Fig. 4 we see that there
is clearly evidence of dipolar structure due to the
Fe moments added in the second shell. This dipolar
structure depends on the number of Fe’s in the 2nn
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12 T T T [ [ Pm:<§> (1_4x)6-m(4x)m . (3)
5 23.7at. % Si "
- 8 E — Do The spectra were unfolded by starting from the left
”n r —=-b and stripping off each component such that the area
= A N D2 of each component D,, corresponded to the fraction
% L | - D3 P,, while keeping the widths of all components essen-
> 0 tially the same. The fits are excellent as seen in
E i Fig. 4. In Table III the values for the hyperfine
,“_: 6 field shifts and dipolar splitting 6 are listed for
@ i each Fe atom added to the 2nn shell. The values of
5 4r 0 obtained agree well, within the experimental un-
i certainties, with the estimated 6 above. Again, we
Z 2r also see the saturation or shielding effect of Fe
= i atoms. The percent decrease in the shift is also
':E Y listed for each Nth Fe atom added. It is especially
o B large for the 2nn shell, being about 30% for the
w second and third Fe atoms added to the shell.
T 3 We can obtain an upper limit to the shift due to
o the 5nn shell from the broadening of the D, com-
5 2 ponent, This is a rather accurate determination
w since, as seen in Fig. 4, the D, line is quite well
I resolved. The upper part of Fig 5 shows the broad-
ening, with respect to the 24.0-at. % alloy, of D,
0]

45 46 47 48 49

FREQUENCY (MHz)

FIG. 4. Some typical D spectra. The subscript gives
the number of Fe atoms in the 2nn shell. The structure
in Dy, Dy, and Dj is due to dipolar splitting as discussed
in the text. The pulse lengths and turning angles were
the same as for Fig. 2.

shell and is given by the usual dipolar shift formula
Yru(l-3 cos? 8)/73, where 6 is the angle between
the direction of magnetization and the vector to the
added Fe atom in the second shell (§=0 or 37), vr.
is the nuclear gyromagnetic ratio, and p is the
magnetic moment of the added D-type Fe atom,
(There is no dipolar broadening for the 1nn shell
since there cos 6=v3/3.) The estimated value of
8=vpou/73 for the 2nn shell is ~0. 14 MHz, since
p=~2,4u5" and »~2.83 A.!! In Fig. 4 we see that
we can easily resolve the structure due to the dipolar
field, in fact it must be considered to obtain good
fits, The probability of having » Fe atoms in the
2nn shell for an alloy Fe,_,Si, is given by

TABLE III. Shifts Ay for D sites due to Nth D-type Fe
atom in the 2nn and 5nn shells (Ay in MHz).

Shell N
2nn 1 2 3
Ay +1,07+£0.02 +0.70+0.03 +0.51+0.05
[ 0.16 +0.01 0.11+0.02 0.15+0.04
% decrease 35% 30%
Snn
As —0.22+0.05 (from broadening of D)

as a function of composition for the alloys of 19, 8-
at.% Si and greater. Assuming a Gaussian line

20

o
T

RELATIVE BROADENING (T, /To4gq)

o 0.5 1.0

Ag (in units of 0.22 MHz)

FIG. 5. The upper half shows the broadening of the D
line of the alloy Fey ,Si, relative to D in the 24.9-at.%
Si alloy. The lower portion gives the calculated broaden-
ing of a Gaussian-shaped line due to a shift A; (in units
of the half-width at the 1/e height) per Fe atom in the
5nn shell. The arrows show the experimentally observed
broadenings.
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shape we then calculate on a computer the broaden-
ing for each alloy due to a shift A, (in units of the
half-width at the 1/e height, 0.22 MHz for the
24,9-at.% Si), for each Fe added in the 5nn shell.
This neglects any saturation effects, which is prob-
ably safe for the 5nn shell especially since the 1nn
shell is completely full of Fe atoms. The satura-
tion effect per Fe atom for the 4nn shell when the
number of Fe’s in the 1nn shell was coustant was
seen to be only about 5% per added Fe. The lower
part of Fig. 5 shows the calculated broadening as

a function of A;. The observed broadening for
each alloy is shown by the arrows. The observed
broadening thus corresponds to a Ag of about
0.98+0.05. We now suggest that the observed
shift is essentially due entirely to the 5nn shell

and that it decreases the frequency of D, for the
following reasons: (i) To anticipate the final re-
sult, the next shell having an influence on the D
sites, the 8nn shell, appears to be near a node.
The next shell after that which gets added Fe
atoms in the 13nn shell whose effect should be ne-
gligible. (ii) In Fig. 3 we see that the slopes of
the D, frequency lies are positive whereas those
for Si and A7, sites are negative. We can understand
part of the negative value in terms of the lattice
parameter change with alloying as discussed in
Sec. IVE. However, we would like to minimize
the difference in the slopes of the A and D frequency
lines. Accompanied by the broadening discussed
above is also a shift of center of the line. It is
therefore most likely that the shift due to the 5nn
shell is in the direction to make the slopes of the
D, lines more negative. A negative value of A is
in the correct direction. The frequency values
shown plotted in Fig. 3 thus contain this assump-
tion that A; decreases the frequency. The correc-
tions to the position of the D, line are small, the
largest being only 0.4 MHz for the 18.1-at. % Si
alloy. We thus assume that broadening of the D,
lines is due to the 5nn shell which produces a nega-
tive frequency shift. This corresponds to a posi-
tive polarization which seems reasonable in com-
parison with both the magnitude and sign of the 4nn
shift.

C. Si Sites (3nn, 6nn, 9nn)

From Table I we see that the Si sites are sen-
sitive to the 3nn, 6nn, and 9nn. We shall denote
the Si atoms by Si,, where m gives the number of
D-like Fe atoms in the 3nn shell and » the number
of Fe atoms in the 6nn shell. Fe,Si shows a single
sharp line for the Si atoms at 31.53+0.02 MHz,
corresponding to an internal field of 37. 2 kG;
typical spectra are shown in Fig. 6. The bumps
in the wings of the SiJ and A'? spectra of 24.9-at. %
Si are due to frequency sidebands as discussed in
Ref. 9. The spectra for alloys of lower Si content
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—Si ATOMS
-------- As TYPE Fe ATOMS

24.9 at.%Si

ECHO HEIGHT ( IN ARBITRARY UNITS )

27 28 29 30 31 32
FREQUENCY (MHz)

FIG. 6. Some typical Si and A, spectra for various
composition alloys. For Si sites the subscript gives the
number of Fe atoms in the 3nn shell and the superscript
the number of Fe atoms in the 6nn shell. The pulse
lengths and turning angles were the same as for Fig. 2.

show a definite contribution near 31 MHz which,
from its intensity, is easily identified as due to the
6nn shell. Since the 3nn shell has twice as many
atoms as the 6nn shell, Si has about twice the in-
tensity of Si} in this alloy range. The shifts due to
Fe atoms in the 3nn and 6nn shells both decrease
the frequency, and so the Si spectra of the alloys
off stoichiometry overlap with the A, spectra. How-
ever, from the A; spectra we have confidence that
we know the shape of the A, spectra very well so
we are able to unfold the low content Si spectra
very reliably as shown in Fig. 6. The dipolar
shift 6 for the 3nn shell should be about 0. 05 MHz.
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TABLE IV. Shifts Ay forSi sites due to D-type Fe atoms
in 3nn, 6nn, and 9nn shells (Ay in MHz).

Shell For Si For Fe

3nn —2.08+0.05 -1.35+0.03 (for 1-3nn)

ANy -2.0 £0.1 -1.3 £0.06 (for 2-3nn)
6nn -0.72x0.05 —0.47+0.04 (for 0-3nn, 1-6nn)
A% —-0.61x0.03 —-0.40£0.02 (for 1-3nn, 1-6nn)
9nn :-10.16+0.02] =10.1020.01] (from broadening of Sif)

It may cause the asymmetry in the Si component
of the 23.7-at.% Si alloy; the magnitude and di-
rection are correct (see Fig. 6). Otherwise it was
not discernible. We unfold by stripping from the
right using the calculated areas and a constant
width for each Si component of a given alloy, as
discussed before. The broadening of the well-re-
solved SiJ component (see Fig. 6) was used to
obtain an upper limit to the shift per Fe atom in
the 9nn shell. The manner of determination was
similar to that used to obtain the 5nn shift as dis-
cussed in Sec. IIIB on D sites.

Table IV gives the measured shifts for the dif-
ferent shells and the frequency values are shown
in Fig. 3. We again see an intershell saturation
effect, i.e., the shift due to an Fe in the 6nn shell
is smaller when there is an Fe in the 3nn shell than
when there is not. There also seems to be a slight
intrashell shielding in the 3nn shell although it is
much smaller than that observed for the 1nn and
2nn shells. Column 2 gives the shift in frequency
as seen by the Si nuclei. We convert this to the
equivalent hyperfine field at an Fe nucleus by using
the hyperfine structure constants. Values for the
hyperfine fields at a nucleus due to one ns electron
have been given and discussed by Shirley and Wes-
tenbarger!®® and by Kopfermann. *® Weuse ex-
trapolated values which agree with these works.

As pointed out in Ref. 12(b), the agreement is
quite good. It is difficult to assign an error to the
accuracy of the hyperfine-field constants for ele-
ments other than those discussed in Ref. 12(b)
(which have essentially no error). We use for Si,
Hy8'=0.50 MG and for Fe, H,,F*=2.0 MG. [The
Al value of Ref. 12 (0.49 MG) is consistent with
the measured hyperfine field of — 55 kG !® observed
for dilute Al in an Fe matrix, Assuming the field
at an Al atom is entirely due to conduction-electron
polarization (CEP) from all its Fe neighbors, we
would obtain ~- 50 kG.] We make the reasonable
assumption that the s-conduction electrons take

on the wave function character of the s valence elec-
trons characteristic of an atom when in the vicin-
ity of its nucleus. Thus if we had a polarization

p of the s- conduction electrons, the field at the

Si nucleus would be pH, 5!, corresponding toa fre-
quency vg, =yg p Hy,*'. Similarily, at an Fe nucleus
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we would observe vp,=Ypp Hys*°. Thus Vp,=7Yge
H,F°vg,/vsH3s> =0.65vg,. The corresponding fre-
quency shifts at an Fe nucleus are listed in column
3 of Table IV.

D. Relative Intensities of SiJ and 4}

The relative areas of the A'Zand Sif lines for
Fe,Si are nearly equal, as seen in Fig. 6. We show
that this agrees excellently with value expected from
the measured enhancement factors. The emf in-
duced in a coil of area A by the precessing nuclear
magnetization is §=4nw,MA, where M is the nuclear
magnetization of the sample given by M= xH;,,
=Ny2r*I(I+ 1) H,,,/3kT. w, is the resonance fre-
quency and N is the number of nuclei with spin.
However, we do not observe the nuclear magneti-
zation but the electronic magnetization produced
by the coupling between the nuclei and electrons
through the enhancement factor. The simulated-
echo procedure eliminates one frequency factor;
thus the ratios of the observed voltages for the 4,
and Si lines in Fe,Si are given by

N
Vo _Nulals€s _g g8 -1 024003, (@)
Vay NaYreVa,€a, €ay

since the measured value of €A4/ €5=6.6x0.2. The
ratio of the measured areas of the Si and A, lines
is 1.03.

E. General Considerations

In order to express the shifts in terms of per-
centage shifts for a pure Fe-like lattice we ex-
trapolate from a Dy-Fe atom in Fe4Si to the field
Hg. which would be expected for an Fe atom entire-
ly surrounded by other Fe atoms. In Fig. 7 we show
the extrapolation used for the 2nn shifts. We use
—0.15 MHz as an average value for the 5nn. We
assume the effects of higher shells (i.e., 8nn and
13nn) are negligible (see Fig. 8). We get Hp,

. Lo INTER- SHELL (4NN)
N
- 2NN
I os 8
Z o6f —He &
b g =
< 04 —14 <
© =
g ~—
~ 0.2 —2 -
q <
0o | | | | | | | i 0
[o] I 2 3 4 5 6 7 8
No. OF D-LIKE ATOMS INSHELL
FIG. 7. Saturation or shielding effects for various
shells. The curves labeled 1nn and 2nn are due to intra-

shell saturation. The curve marked intershell gives the
nn shifts for different numbers of Fe atoms in the 1nn
shell.
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FIG. 8. Percentage shifts per D-like Fe atom in the

first 9nn shells. The number beside the data points indi-
cates which Fe atom in the shell is causing the shift as
explained in the text. The solid line corresponds to the
estimated shift caused by the last atom in a full shell,

as would be obtained in dilute alloys. The value at the
origin is estimated in Paper II in the text to be about
+60%.

=48.5 MHz from D, type atoms. We apply a similar
procedure to the A-type atoms. In Fig. 7 the curve
marked 1nn shows the measured and extrapolated
values used for the 1nn shell. We also show the
measured and extrapolated intershell values of the
4nn shift due to adding the 13-15 D-type Fe atoms
into the 4nn shell, for various numbers of Fe atoms
in the 1nn shell. The intershell saturation due to
1nn is seen to be much larger than the 4nn intrashell
shielding (see Table II). We use — 0.3 MHz for the
4nn shift and - 0.1 MHz for the 7nn shift. We as-
sume the effects of the 10nn, 12nn, and higher shells
cancel out and obtain Hp, =48.8 MHz. We shall use
Hg =48.6 MHz to obtain the percentage shifts.
Table V gives the percentage shifts through the 9nn
shell. Wehave plotted these values in Fig. 8, where
the number beside the data points indicates which Fe
atom in that shell is causing the shift. For 4, it
indicates the number of Fe atoms in the 1nn shell.
Since the hyperfine field is negative an increase in
frequency means a negative shift. The solid curve
is the estimated extrapolated value of the shift
caused by the last Fe in a full shell; that is, it
should be closely related to the shift measured

in a dilute alloy.

IV. DISCUSSION OF EXPERIMENTAL RESULTS

We shall interpret the internal field shifts as
due to CEP effects of the 4s-1like conduction elec-
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trons. We want to emphasize that this type of
analysis should only apply to alloy systems where
the solute atom has no moment and the form factor
of the Fe atoms does not change upon alloying. As
more fully discussed in Ref. 2(b)these conditions
are known to be true for dilute Al and Si alloys'*’
of Fe and also hold fairly well in the ordered Fe,Si
and Fe,Al alloys.'® If the solute atom has a mo-
ment or the Fe moment distribution changes very
much, it becomes very difficult to separate the
effects of changes in core polarization from CEP
effects.

The ‘“dilute alloy” curve of Fig. 8 has a very
similar behavior to that measured for dilute FeSi
alloys.?'* We will therefore now combine the two
measured curves to try to obtain a best curve for
the CEP surrounding an Fe atom in a pure Fe lat-
tice. In Table VI we list the extrapolated shifts
from this experiment, the data from the dilute alloy
Mbssbauer?® 4 measurements, and the best
average NMR data from Ref. 4 and more recent un-
published measurements. No value is listed
in Column 2 for N1, because part of the shift mea-
sured as 4, in the ordered alloys is undoubtedly due
to a change in moment of the A-type atoms as Fe
is added in the 1nn shell. Since we do not know
how the A atom moment changes with the number
of 1nn Fe atoms, it is difficult to evaluate this con-
tribution. This difficulty does not arise for any
of the other shells since the moment change of
the D and Si atoms upon adding Fe is negligible
and the 4nn and 7nn shifts are obtained from a
given A, configuration so there is no moment change.
On the other hand, the value of A, obtained from the
dilute alloys is very accurately determined and thus
we list this as the pure Fe value in column 5. The
A, value obtained in these measurements may be
lower than that obtained in the dilute alloys because
as seen in Table I the D-type atoms have all
A-type atoms in the 1nn shell. These A-type atoms
probably do not shield as well as Fe atoms in an
Fe lattice (which are very close to D-type atoms).
Thus the shielding or saturation effects observed
here for the 2nn shell may indeed be larger than
would exist in pure Fe and thus yield too small
a value for 4,. We therefore tend tc favor the
dilute alloys value for this case. The A; values
are seen to be very close for all three experiments.
The A, and higher percentage shifts are much more
accurately obtained in this experiment so we weight
them heavily in obtaining the pure Fe values given
in Column 5. These are shown plotted in Fig. 9.
Using the hyperfine coupling constant Hf:: 2.0 MG,
we can calculate the polarization p, at a given shell
distance from an Fe atom by py = AyHg,/(nHL?),
where 7 is the number of conduction electrons per
Fe atom. The right-hand scale in Fig. 9 corre-
sponds tothe values of p, calculated with »=0. 8.
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TABLE V. Percentage shifts caused by an Nth D-type Fe atom in the various shells (Hf, =48.6 MHz).
5-1nn 6-1nn
A -14.820.1 —12.8+£0.04
1-2nn 2-2nn 3-2nn
Ay —2.20 +£0.04 —1.4410.06 -1.05+0.1
1-3nn 2-3nn
Ay +2.8+0.1 +2.7+0.1
4-1nn
(13-14)-4nn
Ay +1.33+0.06 5-1nn
13-4nn 14-4nn 15-4nn 16-4nn
+1.19+0.04 1.13+0.08 1.09x0.2 1.03£0.1
6-1nn
(13-18)-4nn
0.92+0.1
Ay +0.45+0.1 (from broadening of D)
0-3nn, 1-6nn
Ag +1.0+0.1
1-3nn, 1-6nn
+0.8%0.1
4 =<10.4+0.08]
Ay =10.2+0.03]

Using the values in column 2 Table VI we esti-
mate the frequency of the Si atom in Fe;Si assum-
ing that the field is entirely due to the CEP from
the Fe neighbors. Considering whether the shells
contain A- or D-type Fe atoms and assuming that
the CEP is proportional to the moment we obtain
Vg = — 25 MHz (the negative sign indicates the field
is opposite to the magnetization). This is in rea-
sonable agreement with the observed frequency of
31.5 MHz.

A. Isotropy of Fermi Surface of 4s-like Electrons

We see in Figs. 8 and 9 that all the experimental
points appear to lie on a smooth curve. Since these

TABLE VI Values used for derivation of pure Fe
percentage shifts for various neighbor shells from FeSi
alloys.

Experiment Best Fe value
Dilute alloys

Shell Fe;Si NMR  Mdssbauer % Shift
A ~-8.0 —-8.0 -8.0
Ay -0.6 -1.8 -3.0 -1.8
Ag +1.7 +1.5 +1.6 +1.6
™ +0.6 0.0+0.5 +0.4
A +0.3 -0.3+0.3 +0.2
A +0.5 +0.2+0.3 +0.4
A =10.4I (probably close to +0.3)
Ay =10.2| (probably close to —0. 2)

points represent many different crystallographic
directions, the smoothness indicates that the value
of the Fermi wave vector, kg, is nearly the same
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FIG. 9. Extrapolated percent hyperfine field shifts
for each neighbor shell in pure Fe as a function of the
distance of that shell from the origin (solid curve). These
shifts are interpreted to be a measure of the variation of
the spin polarization of the 4s-like electrons with distance
from a Fe atom. The dashed curve shows the RKKY
approximation for k,=1.28 x10% cm™! and J,,4(g=0)=0.9eV
(see Paper II).
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in these directions and that thus the Fermi surface
is quite isotropic. A; and A; are in the same di-
rection (111), as are A, and A4 (100). No 4s-like
Fermi surfaces have been obtained in the latest
band structure calculations, ® in fact the meaning
and determination of the 4s-like Fermi surface in
the hybridized region is obscure, but it would be
of interest to investigate this problem further.

B. Dipolar Effects

We clearly observed dipolar effects in the 2nn
shell which were in excellent agreement with the
estimated value, see Table III. Cranshaw et al. "
interpreted the results of a clever Mdssbauer ex-
periment on an Fej ,Sij.o¢ alloy as due to a large
pseudodipolar moment of - 8.0uy at second neigh-
bors arising from the asphericity of the spin den-
sity caused by an impurity atom. Since we observe
a dipolar structure which corresponds excellently
to that expected from an added Fe moment of the
D-type atoms in a 2nn shell, we conclude in dis-
agreement with Cranshaw ef al. that the pseudo-
dipolar effects are negligible in these alloys and,
since the situation is analogous, also probably in
the dilute alloys. We know that the dilute Si alloys
strongly tend to order; this may have given some
difficulty in the experiments of Cranshaw et al.

C. Saturation or Shielding Effects

We have seen from Tables II- IV and Fig. 7 that
there are definite and strong shielding effects of
one Fe atom by another. Both intrashell and inter-
shell shielding effects were observed to be present.
This indicates that the linear approximation usually
used in deriving spin density effects is not valid.
From Fig. 7 we see that the shielding effects be-
come smaller as the shell is filled. For the 1nn
shell we estimate that there should be about a 12%
greater shift due to a second atom being removed
from the shell as compared with the shift of the
first. In the 2nn shell this is increased to about
a 25% greater effect. The 2nn shell having a
greater shift is not unreasonable since we might
expect the shielding effects to be greater the fewer
atoms there are in a shell. However, as mentioned
earlier the 2nn shielding may be exaggerated in these
ordered alloys, since the D-type Fe atoms have A
Fe atoms in their 1nn shell and thus perhaps less
shielding by 1nn than in pure Fe. A saturation
effect was first measured in the Mdssbauer experi-
ment of Feg 4,Siy o6 by Cranshaw et al.'” They ob-
served about 30% greater shift for the second atom
than for the first atom removed from the 1nn shell.
This is about twice as large as the effect observed
here for going from six to five atoms in the 1nn
shell, and about three times as large as the value
we extrapolate for removing the second atom. The
discrepancy may be attributable to the lesser ac-

4079

curacy of the MGssbauer technique or also to the
fact that dilute FeSi alloys do not completely dis-
order.2® The analysis of line shapes from dilute-
alloy NMR or M0Ossbauer experiments usually ne-
glects saturation and assumes additivity of the ef-
fects of atoms in the various shells. While we see
that this leads to some error it is probably the only
practical approach in order to keep the number of
parameters to a reasonable level.

D. Another Nonlinear Effect: Damping of RKKY Oscillation

A second kind of predicted nonlinear effect is due
to the impurity sites introducing nonperiodicity in
the lattice and thus a spread in & values for the
simple Bloch wave characteristic of the perfect
lattice.” DeGennes showed that this introduces a
phase shift and damping factor of the RKKY oscil-
lations. The damping factor goes as e~’’*, where
A is the mean free path of the conduction electrons
which is inversely proportional to the impurity con-
centration. Neglecting the phase shift we would
expecttoseethe Ay’sdecrease as Ay~"/* aswe de-
crease the Sicontent. For example, we would expect
the A;lines in Fig. 3 toconverge as we goto smaller
Si content. Note that this effectis clearly separable
from saturation effects which change the spacing
between the configuration lines in Fig. 3, but keeps
them parallel. No converging effect is discernible
in the data. Here the most sensitive shift to ob-
serve such a damping is A, of the A; spectra.
From the observed A, values we can estimate a
lower limit to the mean free path such that no damp-
ing effect would be observed here. We estimate
that at most the decrease in A, might be about 8%.
From this we estimate a lower limit for X of about
120 lattice constants per at.% Si. This value agrees
well with the value of ~130 lattice constants per
at. % Si estimated using a free-electron-gas model:
M(A)=4.7x10%/p, EF, where p, is the residual re-
sistivity in uQ cm/at, % taken as 7 u® cm/at. %

Si, '® and Ep is the Fermi energy in eV, ~5eV from
the Fe band calculation, ®

E. Variation of Frequencies with Alloying:
Volume Dependence of the Hyperfine Field

There is a further separate effect evident in the
data which is manifest in Fig. 3 by the slope in the
lines; that is, the change in frequency of a given
type configuration with alloying. This effect is
different from the saturation or shielding effect
of one Fe atom by another in the same alloy, which
was discussed in Sec. IV C. The saturation effect
is manifest in Fig. 7 by the change in spacing be-
tween the lines for a given type site; e.g., the
difference in spacing between Dy— D, and D, - D,
lines, etc., due to different numbers of 2nn’s
around D-type atoms (inthe same alloy). The change
in frequency of a given configuration with alloying is
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believed tobe related to the volume change upon alloy-
ing. Incorrelating these frequency changestothe
volume (or pressure) changes we find that a much more
complex treatment than that existing in the litera-
ture is necessary. To make this analysis, a def-
inite hyperfine field model is required, so this
effect is discussed in Sec. VI of Paper II rather
than here.

V. CONCLUSIONS

The hyperfine field shifts of different type sites
in the ordered FeSi alloys have been measured and
combined with dilute FeSi alloy data to give the
4s-like CEP distribution as a function of distance
around each Fe atom in a pure Fe lattice. The
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smoothness of this distribution indicates that the
Fermi surface of the 4s-like electrons is fairly
isotropic. Dipolar and saturation or shielding
effects were clearly seen; the dipolar effects were
of the magnitude expected with no pseudodipolar
effects. A lower limit of the mean free path of

the conduction electron in these alloys was obtained
from the lack of a damping effect of the RKKY oscil-
lations. It agrees well with that obtained from
resistivity measurements on these alloys.

Using the CEP data obtained here and the latest
Fe band calculations we are able to obtain a con-
sistent model for the origin of the hyperfine field
in pure Fe and at solute atoms in dilute alloys of
Fe. This is presented in the following paper.
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