CORRELATED WALK AND DIFFUSION EQUATIONS

Equation (46) then yields

(v)=D[ (8 InD/dx)— (0 Iny/dx)+2d-1B], (62)
and with Eq. (15), we find
J=—D(149 Iny/d Inc) (9¢/dx)+2cDd'B. (63)
These equations agree with Eqgs. (55)-(57) since
(vpy=—D(0 Iny/dx)+2Dd"'B. (64)

Also they agree with equations found in Ref. 1. In this
reference, estimates of B also are given, and explicit
equations for (v) and J are found.

VII. DISCUSSION

The explicit expressions for J and (v) in terms of 4
and B as given in Egs. (55)-(57) are two very useful
results. They apply not only when there are chemical-
concentration gradients but also when there are other
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forces, such as those from a temperature gradient or an
electric field. In addition, an explicit expression (Eq.
25) for the correlation factor regardless of gradients or
driving forces was obtained. The derivation of this ex-
pression depended directly on the introduction of N,
the effective number of independent jumps.

Although the notation at times is rather involved,
the present treatment presents final expressions for D,
f, J, and (v) in a rather simple form. These expressions
are correct to first order in small quantities. Since the
correlation factor is completely contained in the ex-
pression for the effective jump frequency itself, each
effective jump is independent of the previous path of
the atom. This allows the actual complex motion of the
atom for a three-dimensional correlated walk to be ex-
pressed in terms of a one-dimensional random walk.
Also it leads to the not-so-obvious conclusion that the
same correlation factor f appears in the expression for
(X) as for (X2).
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Nuclear Resonance Study of Hyperfine Fields in Nickel-Rich Nickel-Cobalt Alloys
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The nuclear-magnetic-resonance line shapes of %Co and ¢!Ni have been studied in Ni-Co alloy powders,
using the free-precession method, by plotting the amplitude of the spin-echo signal across the inhomogene-
ously broadened lines. The %¥Co nuclear resonance has been studied in the concentration range from 1 to 41.2
at.% cobalt and the 8Ni from 1 to 14.89, cobalt. Both 6Ni and ®Co resonance frequencies increase roughly
linearly with increasing cobalt concentration. The higher concentration %Co studies were made at 77°K,
while the low-concentration ¥Co studies and the 6!Ni studies were made at 4°K. Well-resolved satellite
structure is observed. A line is observed approximately 10 MHz above the resonance frequency appropriate
to dilute #Co in nickel. This line is believed due to cobalt atoms with one cobalt neighbor in the nearest-
neighbor shell. A similar line is observed in the !Ni case approximately 5 MHz above the pure-nickel
resonance frequency. A discussion of the relation between hyperfine fields and local atomic moments is made,
and it is concluded that the conduction-electron polarization is a major contribution to the hyperfine fields
in these alloys. An oscillatory variation of the spin density about the solute atoms is indicated and appears

to explain the observed spectra.

I. INTRODUCTION

YPERFINE field studies in the Ni-Co alloy
system are interesting because the system is
typical of the binary ferromagnetic alloys. Hyperfine
fields in these ferromagnetic materials have been studied
by several people.' Contributions to the hyperfine field
at the nuclei in these alloys arise from the polarization
of inner core electrons of the parent atom by the un-
paired d electrons on the atom, from the interaction

1 W. Marshall, Phys. Rev. 110, 1280 (1958).

2W. Marshall and C. E. Johnson, in Metallic Solid Solutions,
A Symposium on their Electronic and Atomic Structure, edited by
J. Friedel and A. Guinier (W. A. Benjamin Inc., New York,
1963).

3R. E. Watson and A. J. Freeman, Phys. Rev. 123, 2027 (1961).

between the nuclear spin and the unquenched orbital
angular momentum of the parent atom, and from the
polarization of the conduction electrons. Thus, the
correlation of the hyperfine fields with local 34 atomic
moments in these materials provides information about
the conduction-electron polarization.

The cobalt hyperfine field has been previously deter-
mined in pure cobalt and in a 60-409, Ni (all percent-
ages are atomic) alloy by specific-heat measurements.!
The %Co nuclear resonance has also been studied in
pure cobalt’ and with small percentages of cobalt in

*V. Arp, D. Edmonds, and R. Petersen, Phys. Rev. Letters 3,
212 (1959).

® A. M. Portis and A. C. Gossard, J. Appl. Phys. 31, 205S
(1960).
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Fic. 1. The ¥Co line shapes at 4°K for low concentrations,
corrected, as discussed in text. (a) Low rf level; (b) high rf
level.

nickel®” by nuclear resonance. The 6Ni nuclear reso-
nance has been studied in pure nickel® and with small
percentages of nickel in cobalt.? In this work we have
used the free-precession method to study the *Co and
6INi nuclear resonances in the nickel-rich nickel-cobalt
alloys. The #Co nuclear resonance has been studied in
the concentration range from 1 to 41.29, cobalt, while
the ©INi resonance has been studied in the concentration
range from 1 to 14.8%, cobalt. We have determined the
shape of the inhomogeneously broadened resonance lines
in these alloys by measuring the amplitude of the spin-
echo signal as a function of the frequency across the
lines. The studies are particularly interesting in the
dilute alloys, as we have been able to resolve lines from
nuclei with various nearest-neighbor environments. In
Sec. II the experimental methods are discussed, and in
Sec. III the results are presented. In Sec. IV, in addition
to a discussion of the satellite structure of the resonance
lines at low concentrations of cobalt, a general dis-
cussion of the hyperfine fields in the alloy system is
given and a correlation is made with the local 34 atomic
moments measured by neutron diffraction.

II. EXPERIMENTAL
A. Samples

The samples used in this work were prepared by
induction heating of the appropriate amounts of cobalt

6 L. H. Bennett and R. L. Streever, J. Appl. Phys. 33, 1093S
1962).
( 7 R.) C. La Force, S. F. Ravitz, and G. F. Day, Proceedings of
the International Conference on Magnetism and Crystallography
(The Physical Society of Japan, Bunkyo-ku-Tokyo, 1962) and
J. Phys. Soc. Japan Suppl. 17, 99 (1962).

8 L. H. Bruner, J. I. Budnick, and R. J. Blume, Phys. Rev.
121, 83 (1961).

9 R. L. Streever, L. H. Bennett, R. C. La Force, and G. F. Day,
Phys. Rev. 128, 1632 (1962).
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and nickel. The alloys in the concentration range
1-14.89, cobalt were sprayed into fine particles 10 u or
smaller. They were then annealed for 1 h at 1000°C
under a hydrogen atmosphere. The alloys from 25.7 to
41.29,, were cast into ingots and then filed into fine
particles 50 u or smaller. These samples were then
studied as filed.

B. Equipment

The nuclear resonances were studied using the free-
precession method. An Arenberg Ultrasonics Laboratory
(AUL) pulsed oscillator (AUL 650-C) was used to sup-
ply the rf pulses. A separate receiving coil of one or two
turns was wound around the transmitting coil. For the
SINi studies a preamplifier (AUL 620) was connected
through a 50-Q cable to the receiving coil. The pream-
plifier was followed by a wide-band amplifier (AUL
600-C) and detector. The spin echo was observed on an
oscilloscope. For the #Co studies a television tuner
(Standard Kollsman, GK-2550) was used to convert
the rf signal down to about 20 MHz before it was passed
through the amplification-detection system. It was nec-
essary to match the pickup coil to the TV tuner in
order to avoid transmission-line problems which co-
curred at the higher frequencies. This was accomplished
by placing a 300-Q resistor across the pickup coil, which
was then connected with 300-Q TV antenna wire to the
300-© input of the TV tuner. This enabled the tuning
of the pulsed oscillator to be independent of the TV
tuner, and resulted in a detection system with essentially
a constant gain at any frequency.

All studies were made at low temperatures. The %Co
studies were made at 77°K, and the concentrations
below 6.8, were also studied at 4°K for improved sen-
sitivity. All nickel studies were made at 4°K. The 4°K
studies were made using exposed-tip helium Dewars.
The finger of the Dewar fitted inside the pulsed-oscil-
lator transmitting coil. The outside of the inner finger
of the Dewar was coated with platinum to reduce helium
loss and scribed in order to allow rf field penetration.
The alloy powder was sealed off in glass tubes (under
a helium-gas atmosphere for the 4°K measurements)
and placed inside the inner finger of the Dewar. For
the ®Ni studies the sample tube was about 15 mm in
diameter, while the coil diameter was about 27 mm.
For the °Co studies a Dewar with a smaller finger was
used. The sample diameter was about 10 mm and the
coil diameter 19 mm.

The nuclear signal was calibrated by means of a VHF
signal generator which was inductively coupled by
means of a one-turn coil to the pickup coil. A special
50-2 cable and switch was used to connect the VHF
signal generator to either a frequency counter or the
calibration coil. A 50-Q terminator on this switch-cable
combination ensured that the VHF signal generator
saw a 50-Q impedance independent of frequency. When
terminated in this manner, the VHF signal generator
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put out a calibration voltage independent of frequency.
The calibration voltage accuracy was 4=109%,.

C. Measurements

All measurements were made in zero applied field. If
one studies the behavior of the nuclear spin-echo signal
following two rf pulses as a function of rf pulse level
(keeping the pulse width and separation fixed), one
finds that the echo signal rises sharply at low rf pulse
levels. It reaches a maximum at a relatively low rf level
and slowly decreases as the rf level is further increased.!
The signals at low rf levels are mainly from nuclei in
domain walls, while the high rf signals are mainly from
nuclei in domains. At the lower concentrations the
resonances were studied at both high and low rf pulse
levels. In making the low rf level measurements, the
pulse amplitude was adjusted to the echo maximum at
each point in the line, while the pulse widths and sepa-
ration were kept fixed. The pulse widths were made
approximately equal, since in a ferromagnetic metal, as
a result of the skin depth and the distribution in en-
hancement factors, the 90° and 180° condition is never
satisfied for all the nuclei.

For the broader lines (greater than 2 MHz) the pulse
width was left at its minimum value of 1 usec, while for
narrower lines broader pulses were used. (For best re-
production of the line shape, the criterion is that the

10 M. Weger, thesis, University of California at Berkeley, 1961
(unpublished).

170 10 130
FREQUENCY (MHz)

150 170 190

distribution in frequencies within the pulse should be
less than the line width so that only a portion of the
inhomogneously broadened line is excited at each point
across the line.) The pulse separation was kept small
enough so that the echo decay due to T'; was negligible.
For the ®Co in nickel, T3 at 77° and low concentrations
varied from 40 to 180 usec," depending on the rf level,
and was longer at 4°K, so that a typical pulse separation
was about 20 usec. The T in pure nickel at 4°K is
15-25 msec,”? depending on the rf level, so that the
pulse separation used for the ®Ni studies was about 0.3
msec. After adjusting the pulsed oscillator to a particular
frequency and adjusting the rf to an echo maximum,
the preamplifier was tuned to a maximum echo signal.
The calibrator signal was then turned on and hetero-
dyned with the nuclear signal, and the frequency was
measured by switching the calibrator signal into a
counter. A 1000-Hz modulation was then put on the
calibrator signal, and the amplitude of the calibrator
signal was made equal to the amplitude of the echo,
both being observed on the oscilloscope. The calibrator
signal voltage was then taken as the amplitude of the
nuclear signal at that frequency. The high-rf studies
were made in a similar fashion, except that the rf was
kept at the maximum value that could be obtained
with the pulsed oscillator. The maximum rf level was

11 R, L. Streever, Phys. Rev. 134, A1612 (1964).
12 M. Weger, E. L. Hahn, and A. M. Portis, J. Appl. Phys. 32,
124S (1961).
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Vo[ T T T T T T T Ty low rf levels in annealed samples. The concentrations
[ i ] above 4.99, were studied only at high rf levels and the
r I results are shown in Fig. 4. The Ni studies in the 6.8,
st o] 10.0, and 14.89, samples were made in unannealed
i i ] powders (as produced by the spraying process). The
- 1t E reasons for this were two. First, at the higher concen-
ol N R | VA N trations the nickel signal was relatively weak, and the
S R signal from the unannealed samples appeared somewhat
- 4t . stronger than that from the annealed ones. This may
I [204] ] perhaps be due to the larger skin depth in the unan-
S 1 ] nealed samples. Also, we observed in the well-annealed
s 1t ]
. e I N N T T | ]
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L 4t i 1
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(@ FREQUENCY (MHz) (b} = 7
Fic. 3. Corrected ®'Ni line shapes at 4°K for low con- u —l
centrations. (a) Low rf level; (b) high rf level.
about 300 V peak to peak, corresponding to a field of B y
about 0.5 mT (1 T=10*G). 0 ! ! L L L
The spin-echo signal observed in a free-precession o T T T T ]
experiment is proportional to the macroscopic moment
M. Since this is proportional to the microscopic nuclear B 7]
moment times the polarization, we have divided the - 100% N
experimentally obtained echo intensities at each fre- - -
quency by that frequency to take into account the N N
additional nuclear polarization at higher frequencies.
As long as one keeps adjusting the rf level to an echo S ]
maximum or works at higher rf levels where the echo - -
signal is not a strong function of the rf level, it is prob- - i
ably not necessary to correct for the changing rf en- B
hancement across the resonance line. T
III. RESULTS 0 I 1 1 1
The results of the *Co studies for the concentration 1o -
4,99, and below are shown in Fig. 1. These concentra- » _
tions were studied at 4°K at both low rf levels (at the i
echo maximum) and high rf levels. The low rf signals ]
were from nuclei in domain walls, while the high rf B 7]
signals were mainly from nuclei in the domains. The - ~
higher concentration samples were studied only at high sk A
rf levels and at 77°K, and the results are shown in Fig.
2. The signals in these samples are believed to be mainly B 7]
from nuclei in the domains. The samples were all an- - -
nealed except for the concentrations 25.7%, and above, L .
which were studied as filed. The curves shown are all B _
corrected for the increased polarization at higher fre- o / . . . \

quencies, as discussed previously.

All of the 6INi studies were made at 4°K to compen-
sate for the weaker signal. The low-concentration
studies, shown in Fig. 3, were made at both high and

25 30 35 40 . 45
FREQUENCY (MH2)

Fi1c. 4. Corrected ®Ni line shapes at 4°K for higher con-
centrations, using high rf level.



NUCLEAR RESONANCE STUDY OF HYPERFINE FIELDS

20

<

—J -
(%]
w
E

o -l
-
w
@

i ]
=z
i

& - PRESENT WORK

W SPECIFIC HEAT (a)

= (b)

NMR (c)]

NMR (@)

10 -

SN FACE- | HEXAGONAL
- CENTERED|  CLOSE- .
CuBIC PACKED
I 1 ! 1 L | ] L
) 20 a0 60 80 100

_COBALT CONCENTRATION_(ATOMIC %)

F1c. 5. A plot of hyperfine field in tesla (one T=10% G) versus
cobalt concentration in atomic percent. Fields have been extra-
polated to 0°K. All the hyperfine fields are negative with respect
to the net magnetization (see text). (a) Reference 4; (b) Ref. 5;
(c) Ref. 13; (d) Ref. 9.

samples a strong resonance whose behavior was con-
siderably different from the nuclear resonance. This
resonance may be associated with electronic losses,
possibly due to domain-wall motion. This resonance was
considerably weaker in the unannealed samples. Unlike
the nuclear signal, which went through a maximum at
low rf levels, the “electronic” signal continued to in-
crease at as high an rf pulse level as could be obtained.
Furthermore, the “electronic” signal had a relatively
short T, (in the usec region) and extended over 40 MHz
or more. Because of the much shorter T, of the “elec-
tronic” signal, the best way to discriminate against it
was to keep the separation of the exciting pulses rela-
tively large. Above 5 at.9, little or no difference in line
shape was found between annealed and unannealed
samples.

In Fig. 5 we have plotted the hyperfine fields obtained
from the centers of gravity of the curves of Figs. 1-4.
The #Co data at 77°K have been extrapolated to 0°K
by knowing the difference in frequency of 19} Co in
nickel at 77 and 0°K (about 300 kHz) and the same
difference for ®Co in pure cobalt (also about 300 kHz).
We have included the #Co hyperfine field for the 60-
409%, Ni alloy, as determined by specific-heat measure-
ments.* Also shown are the ®Co hyperfine field in pure
cobalt,’ the *Co field for cobalt with 79 nickel,® and

13Y. Koi, A. Tsujimura, T. Hihara, and T. Kushida, J. Phys.
Soc. Japan 16, 574 (1961).
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the field for 19, $Ni in cobalt.? These were determined
by nuclear magnetic resonance. These values have been
extrapolated to 0°K by assuming the same temperature
dependence of frequency as in pure cobalt. In calculat-
ing the hyperfine fields, the values of the nuclear mo-
ments were taken to be 4.583 nm ! for that of #Co and
0.746 nm % for that of ®'Ni. The nuclear hyperfine fields
are negative (i.e., opposed to the electronic magnetiza-
tion direction) in pure cobalt'® and pure nickel.’® There-
fore, as can be seen from Fig. 5, they are negative across
the whole alloy system for both nickel and cobalt.

IV. DISCUSSION
A. General Discussion of Hyperfine Fields

Before discussing the detailed hyperfine field distribu-
tion, we will give a general discussion of the hyperfine
fields and their relation to the local 3d atomic moments
in this system. For a system like Ni-Co, which lies on
the main linear portion of the Slater-Pauling curve, the
theory of Friedel'” predicts that the individual atomic
moments should be unchanged on alloying and should
be essentially equal to the pure-metal values. The theory
assumes that the excess nuclear charge is screened out
at the impurity-atom site alone, so that the d moments
remain essentially equal to their values in the pure
metals and are localized at the atomic sites. Collins
and Wheeler'® have used neutron-diffraction techniques
to study the magnetic-moment distributions in the
Ni-Co alloy system. Within their experimental errors
the magnetic moments remain essentially unchanged
over the whole alloy system and are ux;=0.6 and
pco= 1.7 in units of the Bohr magneton.

We try to fit the hyperfine fields at both cobalt and
nickel in this system to an expression of the form

H(c)=apa+ba(c). €Y

Here H 4 is the hyperfine field at atom A, p,4 is the mo-
ment of atom 4, and @(c) is the average moment of the
alloy.

A= cucot (1—¢)uni, where ¢ is the fractional con-
centration of cobalt. Taking uni=0.6 and uco=1.7, the
expression

HCO= - 4.0,(1,00— 88‘1(0) (2)

gives the experimental hyperfine field in teslas at 0°K
for cobalt in pure cobalt (—21.8 T) and for cobalt in
nickel (—12.1 T). A similar expression for nickel with
the same constants ¢ and

Hyi=—4.0uni—8.8% 3)

1“4 R. Freeman, G. R. Murray, and R. E. Richards, Proc. Roy.
Soc. (London) 242, 455 (1957).
( 156P). R. Locher and S. Geschwind, Phys. Rev. Letters 11, 333
1963).

16 H. F. Horst and R. F. Obenshain, Z. Physik 163, 17 (1961).

17 J. Friedel, Nuovo Cimento Suppl. 7, 287 (1958).

18 M. F. Collins and D. A. Wheeler, Proc. Phys. Soc. (London)
82, 633 (1963).
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gives the field in pure nickel (—7.7 T) and nickel in
cobalt (—17.4 T). This compares with the experimental
values (at 0°K) of —7.5 T and —19.0 T. The fact that
Egs. (2) and (3) give approximately the hyperfine fields
in this system over the entire concentration range shows
that the hyperfine fields can be given approximately by
an expression which contains a term proportional to
the local moment of the parent atom plus a term pro-
portional to the average moment.

It is interesting that these equations also give ap-
proximately the correct value for the hyperfine field
of copper in nickel. The nuclear hyperfine fields for both
copper and nickel in Cu-Ni alloys have been studied
by Asayama and co-workers.'?* They point out that
their results can best be understood by assuming that
copper itself carries no moment. Then using Eq. (1)
with the same constants and assuming p4=0and g=0.6
one obtains a field of —5.3 T at the copper nucleus for
a small amount of copper in nickel. This is close to
their experimental value at 0°K of —5.0 T.

Equation (1) appears to provide a phenomenological
correlation of the hyperfine fields with the local 3d mo-
ments in these alloys. The first term in Eq. (1) repre-
sents the contributions to the hyperfine field from the
spin of the parent atom. These contributions have been
discussed by various people!™® and include the core-
polarization contribution, the contribution from the
unquenched orbital angular momentum and the contri-
bution from the conduction-electron polarization. All of
these contributions would be expected to be proportional
to ua. The second term in Eq. (1) which is proportional
to @ would be zero for a magnetic atom in a nonmagnetic
host and represents the contribution to the hyperfine
field from neighboring atoms. If we assume this term
is due to conduction-electron polarization, then the
conduction-electron polarization by neighboring atoms
must be negative.

The polarization of the conduction electrons by the
s-d exchange has been discussed recently by Overhauser
and Stearns.?’:?? For the case of iron, the s-d exchange
results in a positive conduction-electron polarization at
any given iron atom due to its own spin, but this is
largely cancelled in pure iron by a negative polarization
arising from all the neighboring iron atoms. A similar
mechanism in the Ni alloys would account for the nega-
tive contribution from neighboring atoms. Anderson®
and Clogston and Anderson? have also discussed the con-
duction-electron polarization resulting from s-d mixing,
and have shown that the positive contribution is largely
cancelled out by a negative conduction-electron polari-

19 K. Asayama et al., J. Phys. Soc. Japan 18, 458 (1963).

20 K. Asayama, J. Phys. Soc. Japan 18, 1727 (1963).

21 M. B. Stearns and S. S. Wilson, Phys. Rev. Letters 13, 313
(1964).

22 A. W. Overhauser and M. B. Stearns, Phys. Rev. Letters 13,
316 (1964).

23 P, W. Anderson, Phys. Rev. 124, 41 (1961).

24 A, M. Clogston and P. W. Anderson, Bull. Am. Phys. Soc.
6, 124 (1961).
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zation arising from a shift in energy levels of the con-
duction bands according to a compensation theorem.
Both s-d mixing and s-d exchange may be important.
In any case, the close proportionality of hyperfine fields
to local moments in the pure metals, and the fact that
the core-polarization and orbital contributions approxi-
mately account for the observed hyperfine fields in the
pure metals, suggest that positive and negative con-
tributions to the conduction-electron polarization tend
to cancel out in the pure metals and the net conduction-
electron polarization at any nucleus is nearly zero.

It is interesting to pursue this idea further. Taking
the case of cobalt we can rewrite Eq. (2) as follows:

Heo(6)=—12.8uco+8.8[ poo—ia(c) ]. 4)

The second term, which is zero in pure cobalt, may
represent the positive and negative conduction-electron
polarizations. This would leave a contribution of —12.8
T/us, which would be due to the core polarizations and
orbital terms. This is reasonable since the theoretical
core polarization might be about —16.0 T/uz (Ref. 3),
while the orbital contribution might be about 3.0
T/up (Ref. 2). For cobalt in nickel the second term in
Eq. (4) would be positive, suggesting that the sign of
the net conduction-electron polarization at the solute
atom in question in the dilute alloy may depend on
whether its moment is greater than or less than the
average moment.

B. Detailed Discussion

A detailed interpretation of these spectra is difficult,
but we propose the following one. Consider the %Co
results of Fig. 1 (note that there is relatively little dif-
ference between the low and high rf-level results), and
also the high-concentration results of Fig. 2. The broad
line at 130 MHz we attribute to ®Co atoms with one
cobalt atom in the nearest-neighbor shell. We have
measured the éntegrated intensity of this line compared
with the total infegrated intensity and have found it to
be consistent at each concentration with this assump-
tion. The effects of neighbors in more distant shells are
then assumed to give rise to broadening and structure
around 120 MHz. In fact, the spectra at every concen-
tration can be understood if we assume that the effect
of each cobalt in the nearest-neighbor shell is to increase
the frequency by =10 MHz, so that lines due to 1, 2,
3 cobalt neighbors appear at ~130 MHz, 140 MHz,
150 MHz, etc. By 259, Co the effects of neighbors in
second and third shells appear to have broadened the
120 MHz line sufficiently that all the lines due to various
numbers of nearest neighbors are of approximately the
same width, and the intensities of these lines go simply
as the statistical probability. At 259, the 3-neighbor line
should be at a maximum, as observed. On this model,
the pure Co frequency will be 120 MHz above that for
Coin Ni, or 240 MHz. This is in reasonable accord with
the actual frequency, considering that the linear effect
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of nearest neighbors probably does not hold over the
whole range.

The broadening of the 130-MHz line, even at low
concentrations, is probably due to the effects of anisot-
ropy in the shifts produced by the neighbors. For a
unique magnetization direction (determined by crystal
anisotropy) we would expect the anisotropy to give rise
to a splitting?® where actually a broadening is observed.
The broadening at low powers may be due to the fact
that a rather broad region of the wall is excited and the
spins turn in going across the wall. Even at the wall
center or in domains the shift anisotropy will lead to
a broadening if the magnetization direction is not deter-
mined by the crystal anisotropy, but is determined by
the directions of domains of closure at the particle sur-
face?® (the skin depth in these powders is comparable
to the dimensions of the domains of closure at the
surface). This probably explains why the spectra at
high and low rf powers are not appreciably different.

The effects of second and third neighbors, although
small, are not necessarily negligible. The partially re-
solved line at 117 MHz has about the right integrated
intensity to be due to cobalt atoms with one cobalt in
the second-neighbor shell (and none in the first). The
third-neighbor shell shift must be close to zero, perhaps
~0.2 MHz higher in frequency.

The ©Ni results appear to be similar to the *Co
results. The line appearing at 34 MHz corresponds to
the ®Co line at 130 MHz, while the line at 27 MHz cor-
responds to the ¥Co line at 117 MHz.

The spatial variation of the 4s spin density away
from the solute atom may be similar to that discussed
for iron by Overhauser and Stearns,?® the Co acting as
a positive excess moment in the Ni lattice. From Eq.
(4) of the preceding section and the accompanying dis-
cussion, we estimate the net conduction-electron polari-
zation field at #Co for dilute Co in Ni relative to the
nickel to be about +9.7 T. The field shifts at cobalt
nuclei in first- and second-neighbor shells to the cobalt
atom are, from our assignments of the satellite lines,
—1.0 and 0.3 T, while the shifts at nickel nuclei are
—1.5 and 0.4 T. The field shift at the third-neighbor
shell appears to be close to zero, perhaps slightly nega-
tive. Therefore, the spin density must oscillate in going
out from the solute atom.

Since the number of conduction electrons per atom
for Ni should be =~0.4, we might expect kr for nickel
to be =~1X10*t® cm™, which is close to the value for
iron. The first-, second-, and third-neighbor distances
in nickel are 2.5 A, 3.5 A, and 4.3 A, corresponding to
2krR of 5.0, 7.0, and 8.6. Consequently, a shift at the

2 A, M. Portis and J. Kanamori, J. Phys. Soc. Japan 17, 587
(1962).
26 J, Friedel and P. de Gennes, Compt. Rend. 251, 1283 (1960).
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nearest-neighbor shell of the opposite sign to that at the
central atom, a shift at the second-neighbor shell of
the same sign as that at the central atom, and a shift
close to zero for the third shell is reasonable (see Fig.
2 of Ref. 22).

V. CONCLUSIONS

In addition to the contribution to the hyperfine field
from the parent atom, there is found to be a large con-
tribution from neighboring atoms. Assuming the con-
tribution from neighboring atoms to arise from conduc-
tion-electron polarization, the polarization induced by
any given atom at a nearest neighboring atom must be
negative (with respect to the 3d spin). The spatial
variation of the 4s spin density appears to be similar
to that observed in iron.?"2

Note added in proof. Mary Beth Stearns has done a
computer analysis of our experimental ®Co resonance
spectra at several concentrations using a method similar
to that described in Ref. 21. Details of the analysis will
be published later. She assumed that the resonance
spectra is composed of a series of elementary lines; each
elementary line being due to a different nearest-neighbor
configuration. Nearest-neighbor contributions to the
resonance spectra were considered up to the fifth-
nearest-neighbor shell. Each statistically significant
component was assigned a shift and width appropriate
to the 19 alloy (about 1 MHz for the %Co case). Addi-
tivity of effects from atoms in the same neighbor shell
was also assumed. She found a reasonably good fit to
the 29, %Co in nickel spectra by taking the shift due
to one ®Co atom in the nearest-neighbor shell to be —3
MHz or —39%, of the hyperfine field at the ®Co nuclei
in the 19 sample. The shift due to one %Co atom in the
second nearest-neighbor shell was found to be 410 MHz
or +99, of the hyperfine field at the ®Co nuclei in the
19, sample. Smaller but finite shifts from the more dis-
tant neighbor shells were also found. Approximately the
same shift assignments gave a good fit to the 5 and 79
#Co in nickel spectra. Her results indicate that the line
occuring at about 130 MHz at low concentrations is
mainly due to the ®Co atom in the second nearest-
neighbor shell while the partially resolved line at 117
MHz is mainly due to one *Co atom in the nearest-
neighbor shell. Similar considerations should apply to
the ®Ni case. Consequently it appears that our detailed
interpretation proposed in Sec. IV B may be in error.
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