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The perturbation of *Cu hyperfine fields by nearby Mn impurities was measured by detecting copper
satellite-nuclear-resonance lines. Three satellites were found and were attributed to the resonance of
copper nuclei in second-, third-, and fourth-neighboring shells to an impurity. The hyperfine-field
perturbation of first-neighbor nuclei and the envelope of the oscillating disturbance at distant neighbors
can be estimated from other information. We have expressed the experimental results in a form which
can be readily compared with free-electron calculations of conduction-electron-spin polarization by
magnetic impurities. The Rudermann-Kittel-Kasuya-Yosida (RKKY) mechanism is apparently too weak
to account for the observed polarization, and we have calculated the conduction-electron-spin
disturbance which arises from hybridization of conduction states with the impurity d states. Near the
impurity this computed spin polarization is not particularly sensitive to details of the model. It depends
primarily only on the impurity density-of-states bandwidth, and agreement with experiment is very good

for a halfwidth of about 0.2 eV.

INTRODUCTION

When magnetic impurities are dissolved into
normal metals, the conduction-electron spin near
the impurity is polarized.! The exact radial and
temperature dependence of this polarization is of
considerable interest, and in this paper we report
NMR measurements of the spin polarization around
Mn impurities in copper. We have detected three
8Cu satellite resonances in dilute C«#Mn alloys
which we attribute to the resonance of copper nu-
clei in second-, third-, and fourth-neighboring
shells to isolated Mn impurities. The second-
neighbor satellite is positively identified but the
other two are presently only tentatively identified.
The positions of the satellites with respect to the
main copper resonance line were measured over a
temperature range of 77-300 K and in external
fields of 12 and 21 kG and were found to be propor-
tional to H/T. The approximate position of the
first-neighbor satellite can be inferred from other
data, but no clear resonance was detected there.
This particular satellite is subject to extreme
broadening because of the proximity of the strong
impurity magnetic dipole, and it would be difficult
to detect with our present NMR spectrometer. We
made only a cursory attempt to find it. A prelim-
inary report of the satellite detection was given in
a previous paper? along with the main %Cu reso-
nance linewidths and intensities in these CuMn al-
loys.

It has been observed®* that the conduction-elec-
tron-spin polarization around magnetic impurities
is a good bit larger than one would expect from an
sd interaction. In order to produce a polarization
of the magnitude observed experimentally in C«Mn,
an exchange energy of more than an electron volt
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would be required. This is several times larger
than the coupling energy one finds from other ex-
periments.! It is known that hybridization of con-
duction states and impurity d states can also cause
a sizeable conduction-electron-spin polarization.
We have computed this contribution to the spin po-
larization in CuMn using a free-electron model for
the copper conduction band and an adjustable im-
purity density-of-states band. In the region of the
first few neighbors to the impurity, the computed
polarization is roughly proportional to the width of
the impurity band and is otherwise surprisingly in-
sensitive to details of the model. For an impurity
band having a half-width of ~0.2 eV, the computed
polarization agrees with experiment in both sign
and magnitude.

In the remainder of the paper we give a brief re-
view of the NMR properties of metals with mag-
netic impurities and describe in detail the experi-
mental results and computation of the spin polariza-
tion. We also discuss briefly the results of the
model calculation with respect to other impurity
systems whose relevant NMR properties are known.

HOST NMR IN THE PRESENCE OF MAGNETIC
IMPURITIES

When a small amount of Mn is alloyed into copper,
most of the copper nuclei do not have a Mn ion close
by. Their magnetic hyperfine field is changed only
slightly by dipolar fields and conduction-electron-
spin polarization from many distant Mn ions. This
random superposition of fields broadens but does
not greatly shift the position of the copper-nuclear-
resonance line. Sugawara® has shown experimen-
tally that broadening of the host resonance line by
magnetic impurities can be represented by a Lo-
rentzian broadening function convoluted with the
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(approximately Gaussian) pure-copper NMR line.
He found that the Lorentzian half-width (at half-
maximum) was given by

A=acH/T , (1)

where ¢ is the atomic concentration of impurity.
Sugawara found a value of approximately 30 for «
in CuMn when T is expressed in K. Others®=® have
also reported line broadening of this magnitude,
and we found o =233 K.2

In addition to the magnetic hyperfine perturbation,
a %Cu nucleus is subject to quadrupolar interaction
with electric field gradients. The central 3 «—3
nuclear transition is very weakly affected by small
electric field gradients, but the noncentral NMR
transitions can be greatly broadened.® Even in
pure-copper metal, noncentral nuclear transitions
are so greatly shifted by electric field gradients
from dislocations, etc. that they are not visible in
normal NMR experiments unless sample filings are
carefully annealed.!® In this work we observe only
the central %*Cu nuclear transition and need only be
concerned with the possibility of second-order
quadrupolar broadening. This varies inversely with
the external magnetic broadening described above
by its different dependence of H. Electric field
gradients far from impurities are apparently too
small to affect the main copper resonance in ex-
ternal fields as large as 10 kG, because no H™-
dependent width is observed experimentally.

Host nuclei which are very close to an impurity
are subject to a substantial hyperfine-field pertur-
bation which depends on the relative positions of the
nucleus and impurity. Conduction-electron-spin
polarization by an impurity produces an isotropic
hyperfine-field disturbance which shifts equally the
resonant frequency of nuclei in a given neighboring
shell. If the frequency shift is large enough the
shell will split out of the main resonance into a sep-
arate satellite. From the concentration dependence
of the main-resonance intensity we have shown that
as many as five separate ®*Cu satellites may exist
in the CuMn systems we have studied.? Satellite
resonances are quite weak and have previously been
detected only in a few nonmagnetic dilute alloys.

In addition to this isotropic perturbation, nearby
host nuclei may be subject to an anisotropic second-
order quadrupolar interaction with electric field
gradients around the impurity and to the anisotropic
magnetic field of the impurity dipole. In powder
samples these two interactions can broaden satel-
lite resonance lines which otherwise would have the
same shape as the main resonance.

EXPERIMENTAL PROCEDURE AND RESULTS

Sample alloys were prepared from 99.999%-
purity Cu and 99. 99%-purity Mn by melting the con-
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stituents in sealed quartz capsules, shaking vigor-
ously for an hour or more, and quenching in water.
In order to minimize sample oxidation, the metals
and sample capsule were degassed by heating in
the presence of a getter before sealing. The Mn
concentration varied from 0.07 to 1.0 at.%. All
alloys were chemically analyzed and were dis-
carded if any departure from nominal composition
or any evidence of inhomogeneity was discovered.
The NMR samples were made from 400-mesh met-
al filings which were potted in epoxy.

The NMR experimental work was done with a
field-swept spectrometer operating at a frequency
of 13.6 or 24 MHz (corresponding to external mag-
netic fields of approximately 12 or 21 kG, respec-
tively). The spectrometer was locked to the reso-
nance absorption mode and the absorption derivative
recorded as H was swept through resonance. A
30- or 100-sec lock-in time constant was used, and
to minimize baseline drift problems the field-sweep
rate was set just slow enough to avoid distorting the
satellites.

Figure 1 is a recorder trace showing the main
8Cu resonance line and the satellites. Our field-
sweep range was insufficient to sweep over all
three satellites in one run, and in Fig. 1 the up-
field satellite trace is from another experimental
run on the same sample but at a slightly higher tem-
perature. We found the main-line properties at
24 MHz to be consistent with Eq. (1) using the cou-
pling constant given previously.? The up-field sat-
ellite was clearly visible in all samples and at all
temperatures and frequencies investigated. The
two down-field satellites could be clearly resolved
only in the two most dilute samples (0.07- and 0. 15-
at.% Mn) and at temperatures below 150 K. At
higher concentration and temperature the two sat-
ellites merged together and into the main line.

The existence of the far left-hand satellite was not
confirmed prior to the high-frequency work, and
it was not reported previously.

AH (G)

FIG. 1. Recorder trace showing satellites and main
line in a 0,15 -at.%-Mn sample. The temperature was
115 K for the left-hand part and 145 K right of the break.
The sensitivity was reduced by 100 in the main-line por-
tion.
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FIG. 2. Satellite positions relative to the main ®Cu
resonance, Circles are data at 13.6 MHz and squares
are at 24 MHz.

The center-to-center separations of the three
satellites from the main line are shown in Fig. 2.
Within an experimental uncertainty of +5 G the sep-
arations are independent of Mn concentration and
proportional to H/T with proportionality constants
1.35, - 0.25, and —0.42 K. The peak width of the
up-field satellite is shown in Fig. 3. Experimental
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FIG. 3. Peak-to-peak linewidth of the up-field satel-

lite. Solid (dashed) lines are second- (third-) neighbor sat-
ellite widths where broadening in excess of the main line
is attributed to the impurity dipolar field.
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uncertainty is less than 25% except for the 1.0-at.
%-Mn sample for which the main-line overlap made
it difficult to obtain an accurate baseline. Within
the experimental uncertainty, the satellite width is
proportional to H/T and unlike the main line is not
strongly dependent on Mn concentration. The peak-
to-peak amplitude of this satellite relative to the
main line is shown in Fig. 4. It is divided by ¢y,
for normalization purposes.

Because of sensitivity to drift and possible sys-
tematic errors in baseline determination, the am-
plitudes shown in Fig. 4 are accurate to only about
a factor of 2. The two down-field satellites were
narrower and several times stronger than the up-
field one. Unfortunately, the proximity of the main
line made it impossible to determine an accurate
baseline for these two satellites, and we were un-
able to measure any meaningful widths or ampli-
tudes.

HYPERFINE-FIELD DISTURBANCE

The radial dependence of the host hyperfine-field
perturbation close to an impurity may be found by
identifying the shells responsible for the satellites.
We can positively identify the up-field satellite on
the basis of the width and amplitude data, but at
present we can only tentatively identify the other
two. Combined with additional information, how-
ever, the single identified satellite allows us to
assemble a qualitatively complete picture of the
host hyperfine-field perturbation.
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FIG. 4. The up-field satellite resonance derivative
amplitude relative to main line. Solid (dashed) lines are
the relative second- (third-) neighbor satellite amplitudes
which are reduced at finite H/T by impurity dipolar
broadening.
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Identification of the up-field satellite proceeds
directly from the observation that its width varies
as H/T. This indicates that the dominant satellite-
broadening mechanism is magnetic dipolar broad-
ening by the neighboring Mn ion. The dipolar-
broadening function depends only on distance from
the impurity and the thermal average impurity mo-
ment. The latter is known from susceptibility data,
and it is approximately proportional to H/T in this
temperaturerange. The satellite absorptionlineisa
convolution of the dipolar-broadening function with
the main-resonance absorption line, and its inte-
grated intensity is »;c times that of the main line.
Here n; (=12, 6, 24, 12, 24 for the first through
fifth shells, respectively) is the number of nuclei
in the shell. We computed the convolutions appro-
priate to the first few neighboring shells and found
that only a resonance of second-neighbor nuclei
could reproduce the data of Figs. 3 and 4. The
computed widths and amplitudes of the second neigh-
bor and the next best fit, the third neighbor, are
shown in Figs. 3 and 4. The computed satellite
resonances are asymmetric, but the distortion is
too small to be experimentally significant.

Both down-field satellites are much too narrow
to arise from a first-neighbor-shell resonance, so
they must be from third, fourth, or possibly fifth
shells. Satellites from more distant shells are
ruled out on the basis of main-line intensity data.?
A reasonable tentative identification is to assign
the wider split satellite to the third shell and the
closer one to the fourth shell.

The first-neighbor satellite position can be esti-
mated from NMR data in liquid-metal alloys. When
Mn is dissolved into liquid copper, the Cu resonance
line is shifted by the average hyperfine-field dis-
turbance. This average is strongly dominated by
the first-neighbor perturbation, and one can there-
fore determine the approximate first-neighbor sat-
ellite splitting from the liquid NMR shift.!! We
find that a first-neighbor satellite should appear at
a separation of (5.5 K)H/T from the main resonance
line. Below 300 K this satellite must be quite wide
and weak, and we were unable to locate any clear
resonance at this position. Some “bumps” were

TABLE I. Conduction-electron-spin polarization near
Mn impurities in Cu.
Neighbor kgr AHM/Hk
1 3.5 - (2300 K)/T
2 4.9 - (570 K)/T
3 6.0 (170 K)/T
4 6.9 (100 K)/T
>5 >8 (5. 7x10° K) cos (2k g7 +5)
T2k pr)
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seen in the expected region, but our signal-aver-
aging capability was too limited to obtain any infor-
mation which could be considered significant.

In Table I we list the relative hyperfine-field
shifts AH,,(r)/H, which are derived from the satel-
lite splittings. AH,,(r) is simply the negative of the
appropriate satellite splitting, and H, (=0.0024H)is
the %Cu Knight shift.

At more distant neighbors, the conduction-elec-
tron-spin perturbation and AH,,(r) are known to os-
cillate in sign and become small far from the im-

purity. If we assume that in this region
_ . cos(2kgr +0)
AHM(T) - HO (Zklﬂ’)s ’ (2)

we can find H, from a moment analysis of the main
line. '®'® Equation (2) is strictly valid only asymp-
totically, but it should serve adequately as an es-
timate of the perturbation beyond the fifth neighbor.
By using the above form we implicitly ignore all an-
isotropic perturbations, but these are known to con-
tribute negligibly to the main-line-broadening func-
tion. ! The main line is broadened by fields from
impurities lying at random locations more distant
from the nucleus than r.. In this case 7, is approx-
imately the fifth-neighbor distance, but its precise
value is unimportant. To first order in concentra-
tion the Ith moment (I =2) of such fields is

cHy _ (cos’(x))
6m (31 = 3)(2kpr )"0

Here we have assumed a free-electron conduction
band. To find H, we compare the second and fourth
moments with experiment. The experimental
broadening function is approximately Lorentzian
near the center, but it must go to zero more rap-
idly in the wings. For simplicity one normally as-
sumes a simple cutoff H, > A. H, is related to 7,
but H, depends only on A as

H,=36V34/c

(AH) ~ (3)

For CuMn, A=(23 K)cH/T,? and we find H,
=(1.4x10° K)H/T. This estimate for AH,, at
distant neighbors is also listed in Table I.

CONDUCTION-ELECTRON-SPIN POLARIZATION BY
MAGNETIC IMPURITIES

The conduction-electron-spin disturbance As, ()
by an impurity is related to the host hyperfine-field
disturbance by

AS,(’V)/S, = Ath(T)/Hk ) (4)

where s, is the Pauli spin polarization. The ex-
perimental quantity on the right is tabulated in Ta-
ble I to allow direct comparison with theory. It is
irrevelant whether actual or pseudospin densities
are considered since the spin enhancement at the
nucleus cancels in Eq. (4).
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One mechanism by which a magnetic impurity
polarizes the conduction-electron spin is a spin-
spin interaction.

A=J)80r)-§

between the conduction-electron-spin density s(7)
and the impurity spin S. Since the spatial form of
J(r) is not known it is usually approximated by a &
function J6(r). This approximation is inadequate
except for the asymptotic region of large » where
the polarization is given by the well-known Ruder-
man-Kittel-Kasuya-Yosida (RKKY) form, !4

sty 5L 2 (5,) Somrigr) ®)

Q is the atomic volume of the host metal. If small
g shifts and nonlocal contributions to the impurity
susceptibility are ignored,

<S,>=‘lenH/2U-B=—2#B<S(S+1)>.((H/3kT (6)

In the temperature range of interest, (S(S+1)),
~25/4.% Using

S,=3ugH/(4EQ)

and Eq. (4), we find the asymptotic hyperfine-field
polarization

/AH,.,(r)) 21 (S(S+1)) gy cOS(2kp7)
Hk RKKY ™ kT (sz'r)s

If the spin polarization beyond the fifth neighbor
in CuMn is attributed to this mechanism, |J| =
eV. This value for J in CuMn was also obtained by
Behringer.!? That is several times larger than the
coupling energy found in other types of experi-
ments, ! and it seems probable that some other
mechanism is contributing significantly to the hy-
perfine-field perturbation.

Another mechanism by which a magnetic impurity
can polarize the conduction spin is hybridization of
the polarized impurity d orbitals with the conduc-
tion electrons. In a magnetic field the two conduc-
tion-electron-spin subbands are perturbed differ-
ently, and the difference results in a substantial
spin perturbation. In order to calculate the density
perturbation in the two conduction-electron-spin
directions we assume a free-electron conduction
band and the usual model for the Mn impurity den-
sity of d states having five nearly filled and five
nearly empty bands of opposite spin. 18 1f the im-
purity spin is polarized in the o direction the den-
sity of conduction electrons with spin +0 is per-
turbed by 54p,,(r), where

M

Apyy(r) = 7 I B2 dk {[n2(kr) - j2(kr)]

X sin? nz"(k) ny(k¥)j,(k7) sin2n3°(k)} . (8)
The phase shifts are related to the impurity density
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of d states by the Friedel sum rule!? which in this
case may be written

n3*(k) =7 [ " o3 (") dk’

p3°(k) is the impurity density of d states for one of
the filled (+ o) or unfilled (- o) bands.

The conduction-electron-spin polarization in the
o direction is

Asa(r) =% [Apo(r) - Ap-a(/r)]
=Sa[Apa(T) - Ap-a(r)] ’ (9)

and the thermal average in the z direction is given
by

As (r) =(S, ) [Ap,(r) = ap_(r)] . (10)

Using Eqs. (4) and (6), the hyperfine-field perturba-
tion can be written

AH,(7) _4_E—(S(S+1)>
7o o kT PEm .
where
Plkgr) =29[Ap,(r) - Ap_o(r)]

(20)™ =3 py,(7) is the unperturbed conduction-elec-
tron density per spin, and the two parts of P(kz7)
have simple physical meanings. 2Q4p,,(r) is the
fractional charge polarization of the conduction-
electron +0 spin subband by each (partially) occu-
pied impurity d band of that spin.
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FIG. 5. Conduction-electron charge-density distur-

bance per 95% occupied impurity d band. The d-band
shape shown in the inset is the central portion of a Lo-
rentzianwith a constant subtracted so that pg(k) goes to
zero at four times the Lorentzian half-width. Data are
calculated from Table I using Eq. (11). The dashed line
represents the envelope of distant oscillations given in
Table I.
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Daniel and Friedel'” have shown that when 7 is
much greater than the inverse of the impurity band-
width, the density oscillations Ap,,() are propor-
tional to sinn3°(k;z) and are independent of other de-
tails of the impurity band. The region of physical
interest is much closer to the impurity however,
and there the asymptotic formula is known to be in-
correct.'® We have computed the fractional density
disturbance Ap,,(r)/3py, for a number of different
impurity bands, and two representative sets of re-
sults are shown in Figs. 5 and 6. We have assumed
that the impurity fits into the lattice without distor-
tion, and have taken the impurity-band shape as a
function of k/k so that the results depend only on
Rgr.

The impurity band was taken to be the central
portion of a Lorentzian from which a constant is
subtracted to make the density of states go to zero
for £>0. Cutting off the band is necessary to avoid
an unphysical divergence at low 2. We chose the
subtracted constant so that the density of states goes
to zero at 1, 2, and 4 times the Lorentzian half-
width. The conduction-electron-density distur-
bance in the near-neighbor region was found to be
qualitatively different from the asymptotic formula.
The +o0 density disturbance is very weakly depen-
dent on the precise location of the impurity band
provided 80% or more of the band area lies below
kg. If 20% or less of the — o impurity band area
lies below &y, the — o conduction-electron-density
disturbance contributes little to P(kz7). Conse-
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FIG. 6. Conduction-electron charge-density polariza-
tion per 95% occupied impurity d band. The d-band shape
shown in the inset is the central portion of a Lorentzian
with a constant subtracted so that pg(k) goes to zero at the
Lorentzian half-width.
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quently, the computed spin-density polarization de-
pends primarily only on the shape and width chosen
for the + o impurity density-of-states band.

In Figs. 5and 6 we show the fractional density
polarization computed for +o impurity bands cut off
at 1 and 4 times the Lorentzian half-width and lo-
cated so that 95% of the area lies below k5. The
experimental points are taken from Table I, using
Eq. (11) and neglecting Ap_,(r). For impurity bands
of total width 2w < 0.2k, the spin disturbance
scales roughly as w for all band shapes. Best over-
all agreement with the experimental points occurs
when w is about 0.04%k. This corresponds to a
half-width at half-maximum of about 0.01%kf or an
energy of order 0.2 eV. The impurity bandwidth
in CuMn is not known, but most experimental evi-
dence indicates a width of about this magnitude. !

DISCUSSION

In view of the rather simple model, the agree-
ment with experiment indicated in Figs. 5 and 6
must be considered excellent. For a reasonable
impurity-band half-width of about 0.2 eV, both the
sign and approximate magnitude of the hyperfine-
field perturbation are obtained. It is interesting to
compare the predictions of this model with other
experimental information about spin-density oscil-
lations. One can show easily that if Ap_ () always
contributes negligibly, Eq. (11) remains valid for
magnetic impurities of any spin. The implication
is that the ratio of the conduction-electron-spin-
density oscillations to the impurity-spin suscepti-
bility is a function only of the impurity bandwidth.

Unfortunately, far too little is known experi-
mentally about the bandwidth and spin polarization
in magnetic impurity systems to provide any defin-
itive test of this conclusion. The only 3d impurities
which are strongly magnetic in a simple metal host
are Cr, Mn, and Fe. The relative impurity band-
widths are not known, and previous experimental
information on spin polarization is limited to NMR
line-broadening and liquid-state Cu-NMR-shift
measurements. These data give somewhat ambig-
uous results. The liquid-state shifts!! are propor-
tional to the impurity susceptibility, indicating that
P(kgr,) is independent of the particular impurity.
The Cu linewidths in solid CuCr!® and CuFe*'® are
relatively larger than in CuMn however which would
indicate that P(kz7) is larger in the first two sys-
tems. Lang et al.® have recently suggested that
impurity interactions in nonsolid solutions like
CuCr and CuFe may significantly increase the NMR
linewidth, and this could be the source of the ap-
parent discrepancy between the solid and liquid
data.

The only other magnetic impurity systems in
which satellite resonances have been reported are
CuCo and AIMn. Neither of these is really a
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strongly magnetic impurity, but each has a very
large spin susceptibility, and it may still be rea-
sonable to use Eq. (11) to describe the polarization.
It would be more appropriate to use a model im-
purity density of states which fluctuates rapidly be-
tween different spin configurations. Since Ap,(7)
is not very sensitive to minor changes, these fluc-
tuations may not qualitatively change our results.
The relative hyperfine-field shift AH,,/H, of the
first-neighbor satellite in CuCo at low temperature
is —1.65. Satellites shifted by 0.82 and - 0. 31
were tentatively identified as second and third or
fourth, respectively.? The low-temperature Co
susceptibility in this system is difficult to measure
accurately because of the influence of magnetic
pairing and ferromagnetic impurity clustering. yx is
about 2x10%/mole 2'% but the uncertainty is at
least 20%. In addition, perhaps as much as a third
of the susceptibility is associated with the orbital
motion of the d electrons.?® Under these circum-
stances we can find only a rough estimate of P(kz7)
in CuCo. Taking the spin susceptibility to be
2Xx10™ cm®/mole, the above hyperfine-field shifts
are equivalent to charge polarization P(kzr)=
-1.00%, 0.51%, and - 0.21%, respectively. If the
tentative satellite identifications are correct, the
latter two shifts are in clear disagreement with the
computed polarization. If the second two satellite
identifications are reversed, the charge polariza-
tion is consistent with Ap,(¥) for a Co band which

|

is a bit wider than the Mn impurity band in Cu.

Two satellites found in A/Mn have relative hy-
perfine-field shifts of —1.09 and - 0. 32 at low tem-
perature.? Neither was positively identified, but
the first is probably a first-neighbor satellite.

This identification is consistent with Al NMR shifts
observed in liquid A/Mn alloys.? The low-temper-
ature susceptibility is 1.5x10° cm®/mole.?® As-
suming the orbital susceptibility is negligible, we
find charge polarizations P(kz7) equal to —0.65%
and - 0.20% for the above two satellites. The first
three near-neighbors in Al are located at k¥ =5.0,
7.1, and 8.7 which are unfortunately close to the
nodes of the computed polarization. The experi-
mental polarization is not inconsistent with Apy(7)
if the Mn bandwidth is somewhat wider than in Cu,
but otherwise we can say very little. The unidenti-
fied second satellite could be either a second or
third neighbor or a superposition of both.

Obviously, more experimental and theoretical
work is required on this problem. The good agree-
ment between the experimental and theoretical po-
larization for CuMn is encouraging, but the ambigu-
ities and possible disagreement with other results
need to be resolved.

Note added in proof. J. B. Boyce and C. P.
Slichter [Phys. Rev. Lett. 32, 61 (1974)] recently
reported satellites in CuFe. The first-neighbor
satellite is in good agreement with our model.
Other satellites were not positively identified.
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