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A detailed nuclear-magnetic-resonance study of the dilute magnetic alloys MoCo (T ~ 24 °K)
and WCo (Tx ~ 11 °K) has been carried out in the temperature range 0.5-300 °K and for cobalt
impurity concentrations of 0.1-1.0 at.%. Two distinct types of *Co impurity resonances were

observed in every sample.

The dominant resonance is characterized by a large temperature-

dependent negative frequency shift and is associated with the magnetic impurity sites. Severe
inhomogeneous broadening of the magnetic-site resonances indicates an inhomogeneous impurity
polarization resulting from long-range oscillatory spin polarizations of the conduction electrons.
A weaker, essentially unshifted resonance whose intensity increases with increasing impurity
concentration is associated with relatively nonmagnetic impurity sites in regions of high local
impurity concentration. At temperatures well above Ty, the magnetic-site resonance shifts ex-
hibit the same Curie-Weiss temperature dependences (with 8 =—7T) as do the respective bulk
susceptibilities. The slope dK/dx yields cobalt hyperfine fields of —23 and —3 kOe/ug in MoCo
and WCo, respectively. In the temperature range 0.5—4°K, the *°Co resonance shifts in MoCo,
and to a much lesser extent in WCo, become composition dependent unlike the bulk susceptibility.
The low-temperature (1—4 °K) *°Co spin-lattice relaxation rates in MoCo are directly propor-
tional to T and have magnitudes which correlate well with the observed resonance shifts using a
Korringa-like relationship. From an analysis of the experimental Korringa products, a posi-
tive 1—-2% orbital contribution to the measured resonance shifts is inferred. The molybdenum
and tungsten nuclear resonances exhibit inhomogeneous broadening and enhanced spin-lattice
relaxation rates. Within the experimental uncertainties, the widths and enhancement factors
scale linearly with the impurity susceptibility. Our results provide no evidence for the exis-
tence below Ty of significant nonperturbative long-range spin-correlation contributions to the

field-induced magnetization of isolated cobalt impurities in either MoCo or WCo.

In this regard

MoCo and WCo, despite their lower Kondo temperatures, resemble AuV (Iy ~ 300 °K).

I. INTRODUCTION

A well-known consequence of the s-d exchange
interaction — 2J S- ¢ between a localized impurity
spin (S) and the host-metal conduction-electron
spins (0) is the logarithmic divergence of the con-
duction-electron scattering amplitude below the
Kondo temperature T,.! Anomalies in the low-
temperature magnetic, thermal, and transport
properties which are associated with this diver-
gence have been identified in many dilute alloys. ?
In fact, since the s-d model is only valid in the
limit U/A> 1 (where U is the effective intra-atomic
Coulomb potential and A is the width of the impurity
state due to interactions with the conduction elec-
trons), the observation of these anomalies in a giv-
en alloy has traditionally been accepted as proof
for the existence of a localized magnetic moment
in the Friedel-Anderson sense.®* For the case of
an antiferromagnetic J,, the low-temperature (7
< Tg) properties of such moments are usually attri-
buted to a nondegenerate “quasibound” state in
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which the required spin compensation arises from
long-range spin correlations in the electron gas.
Unfortunately, as might be expected from the non-
perturbative nature of the problem, few rigorous
theoretical predictions exist for the low-tempera-
ture regime of the s-d exchange model. The inter-
pretation of observed magnetic-impurity properties
is further complicated by recent evidence which
suggests that Kondo-like anomalies may persist in-
to the nonmagnetic regime (U/A $1), where the s-d
exchange model is clearly inappropriate.® In this
case, the impurity is characterized by localized
spin fluctuations®~® whose mean lifetime decreases
rapidly with decreasing U/A. 1t is likely that a
Hartree-Fock treatment of the intra-atomic corre-
lation energy provides a physically meaningful first
approximation in this regime. It is conceivable,
therefore, that the low-temperature magnetic prop-
erties of many dilute alloys which exhibit Kondo
anomalies in their transport properties may not be
as strongly dominated by nonperturbative effects

as has commonly been supposed. This view is sup-
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ported by the results of a recent nuclear-magnetic-
resonance (NMR) study of dilute A%V alloys. *1°
The bulk properties of the AuV system had previ-
ously been interpreted successfully in terms of the
spin-compensation model leading to an estimate of
~ 300 °K for the Kondo temperature.!' The experi-
mental impurity-site nuclear resonance shifts (K)
and spin-lattice relaxation rates (7;!), on the other
hand, were shown'® to be consistent with a locally
exchange-enhanced Pauli-spin susceptibility treated
in the usual Hartree-Fock approximation. More-
over, the impurity-induced host spin polarization
was shown to have the familiar long-range oscilla-
tory Ruderman-Kittel-Kasuya-Yosida (RKKY)
form, 2! as predicted by perturbation treatments
of spin-dependent scattering potentials. No evi-
dence was found for the substantial negative-defi-
nite spin polarization which had been predicted’® on the
basis of the s-d model for temperatures below T'.
Note added in proof. A recent calculation [P.R.
Sievert, P. Bloomfield, and R. Hecht, Phys. Rev.
(to be published)] of the field-induced polarization
near an impurity site yields a negative-definite spin
polarization in addition to the RKKY polarization.

However, the negative-definite term has an exponen-

tial cutoff range of a few lattice spacings, and the
amplitude inside this distance is at least an order
of magnitude smaller than the mean amplitude of the
oscillatory RKKY polarization.

In marked contrast to the situation in AuV, evi-
dence has recently been reported® for the possible
existence of significant nonperturbative spin-polar-
ization effects in CuFe (T4~ 15 °K). For example,
it was argued that at temperatures well below Ty
only one-half of the field-induced impurity magne-
tization is localized on the iron impurity sites, the
remainder being distributed over near-neighbor
host sites. In other words, the local susceptibility
is claimed to increase much less rapidly at low
temperatures than the total susceptibility. How-
ever, results of a recent neutron diffraction study!”
on a 0.1-at.% CuFe alloy in an external magnetic
field using polarized neutron techniques have cast
some doubt on the existence of such anomalous po-
larization effects. In this connection it should also
be noted that the existence of a field-induced nega-
tive-definite spin polarization for the s-d model
below Ty has been questioned recently on theoreti-
cal grounds by the work of Ishii'® based on Yosida’s'®
singlet bound-state formalism. Because of the
considerable uncertainties which remain in both
theoretical as well as experimental treatments of
the magnetic impurity problem, it is nevertheless
unclear whether there exists a fundamental differ-
ence between the magnetic behavior of A«V and
CuFe.

In order to provide additional information rele-
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vant to these perplexing questions we have carried
out a detailed NMR study of dilute MoCo (T ~24 °K)
and WCo (Tx=~11°K) alloys. These alloys exhibit
pronounced Kondo-like properties. The magnetic
susceptibilities obey Curie-Weiss laws over a wide
temperature range with 6= — 24 and - 11 °K (inde-
pendent of composition), respectively.?*?! The ef-
fective moments L, =[g2S(S+1)]'/? are approx-
imately 2.4uz. Moreover, a well-defined resis-
tance minimum has been observed in both MoCo?
and WCo? below 50 °K. The feasibility of observ-
ing the *°Co NMR in MoCo and WCo was demon-
strated by the earlier work of Brog et al., 2 whose
NMR measurements, however, were restricted to
the high-temperature regime (7' >Ty). The interest
in these alloys stems in large part from the fact
that their Kondo temperatures are the lowest among
those dilute alloys in which the impurity NMR has
been observed. The potential disadvantage of a
transition-metal host is minimized in the present
case by the small electronic specific heats (and
hence small electronic state densities at the Fermi
energy) of molybdenum?* and tungsten. ?® In this
regard, these metals resemble nontransition met-
als such as the noble metals copper, silver, and
gold.

A brief description of our experimental techniques
is given in Sec. II. The results of our MoCo and
WCo studies are described in Secs. III A and III B,
respectively, and discussed in Sec. IV.

II. EXPERIMENTAL TECHNIQUES

Alloys containing 0.1-1. 0-at.% cobalt were fab-
ricated by powder metallurgical techniques, as de-
scribed by Booth et al., ?® and were subsequently
reduced to 325-mesh powders by crushing. The
starting materials were the elemental metals whose
purities were in excess of 99.9%. Some of the
specimens used in the present study were used pre-
viously®®2! for the magnetic susceptibility and elec-
trical transport studies.

The NMR measurements were accomplished with
either cw or pulsed spectrometers, depending on
the temperature. In the range 27-300 °K, the nu-
clear resonances were observed with a Varian
field-modulated wide-line spectrometer operating
near 8 and 16 MHz. Signal-averaging techniques
were employed where necessary to improve the
signal-to-noise ratio. Transient NMR experiments
in the range 0. 5-76 °K were performed with a
phase-coherent crossed-coil spectrometer in fields
to 60 kOe produced by a superconducting NbZr so-
lenoid as in our earlier studies®!° of the AuV sys-
tem. Field strengths were determined by measur-
ing the °°Ag NMR frequency in metallic silver using
the frequency/field ratio?®
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p199 (metal)/H=0.19915 kHz/Oe. (2.1)

Spin echos were produced with two equal-width rf
pulses. Adequate sensitivity was achieved by
means of a Princeton Applied Research CW-1 box-
car integrator or a Fabri-Tek 952/1062 high-speed
digitizer/analyzer. The former was most conve-
nient for resonances with short spin-lattice relax-
ation times (°°Co) while the latter was especially
useful for resonances with long relaxation times
(®Mo, ™Mo, and %w).

Stable temperatures of 0.5-1.2, 1.2-4.0, 27,
and 77 °K were provided by standard cryogenic
techniques using liquid *He, *He, Ne, and N,, re-
spectively. Below 4 °K, temperature measure-
ments were based on the appropriate vapor-pres-
sure scale. Temperatures in the 3He cryostat were
verified by the observed signal intensities. Tem-
peratures above 77 °K were achieved by passing
cold N, gas over the sample which contained an
imbedded copper-constantan thermocouple junction.

Resonance shifts were obtained at constant fre-
quency by comparing the measured field strengths
at maximum resonance intensity against the follow-

ing reference frequency/field ratios" 2%
Co: v®9(ref)/H=1.010 kHz/Oe, (2.2)
Mo: v®(ref)/H =0. 27736 kHz/Oe, (2.3)
v©®(ref)/H =0. 28319 kHz/Oe, (2.4)
W: v (ref)/H=0.177161 kHz/Oe. (2.5)

The techniques for measuring the linewidths and
spin-relaxation rates followed those described in
Ref. 10.

III. EXPERIMENTAL RESULTS

A. MoCo

1. Cobalt Resonance Shifts and Widths

The low-temperature °°Co (I=%) resonance pro-
files in MoCo are illustrated in Fig. 1 for three
solute concentrations. In every instance, maximum
signal intensities were achieved with rf field
strengths (H;) which were smaller by a factor I+3
=4 than would ordinarily be expected. This indi-
cates that the first-order quadrupole broadening
in our samples is sufficiently strong that only the
+% <~ —§ transitions contribute to the observed sig-
nal intensities. ?° The °°Co spin-echo spectra in
MoCo are reminiscent of the 5V spectra in AuV.%!0
In addition to the principal high-field resonance, a
weaker resonance is observed which is nearly un-
shifted relative to the reference. Within the ex-
perimental uncertainty, the intensity ratio of the
two resonances appears to be independent of tem-
perature. The persistence of the low-field reso-
nance at temperature above Ty is demonstrated in
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FIG. 1. Experimental ¥Co spin-echo spectra in
Mo;.,Co, at 1.2°K. The spectra were obtained with two
equal-width (7-usec) rf pulses at 40.00 MHz.

Fig. 2 which shows a second-derivative absorption-
mode spectrum for the 1-at.% alloy at 77 °K. Fol-
lowing our interpretation of the AuV spectra, the
high-field resonance can be assigned to cobalt im-
purities in relatively dilute regions of the sample.
The servere inhomogeneous broadening of the res-
onances reflects local variations in the magnetic
hyperi’..c .ield. These are caused most likely by
long-range oscillatory RKKY spin-density distur-
bances resulting from the scattering of conduction
electrons by the impurity potential. The magnitude
of the broadening is comparable to that observed in
AuV. It has been established!® that the broadening
in AuV is much too great to result from direct
hyperfine interactions between the °!'V nuclear mo-
ments and the RKKY spin-density oscillations. In-
stead, the broadening was attributed to an inhomo-
geneous magnetic polarization of the impurities due
to the s-d coupling between the local d-spin magne-
tization and the RKKY conduction-electron spin
polarization. 3 This indirect mechanism leads to

a linewidth which is proportional to the square of
the local d-spin susceptibility, whereas the direct
RKKY width depends only linearly on the suscepti-
bility. Thus, whenever the local d-spin suscepti-
bility is sufficiently large, the indirect process be-
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FIG. 2. Second-derivative absorption spectrum of
%9Co in Moy, ¢9Coy,o; at 77 °K and 8.000 MHz. The field
modulation frequency was 40 Hz and its amplitude ~ 80 Oe.

comes the dominant hyperfine broadening mech-
anism. The low-temperature impurity susceptibil-
ity of MoCo (x=~290x10"* emu/g atom)?*?! is ap-
proximately six times larger than that of AuV (x
~47x10™* emu/g atom). 3! 1t follows that the in-
direct mechanism must be responsible for the 5°Co
linewidths in MoCo. Additional support for this
conclusion is provided by the high-temperature
linewidths (see Fig. 2) which decrease much more
rapidly with increasing temperature than is the
case for the resonance shifts. Because the host
in MoCo is a transition metal with a relatively
complex Fermi surface, a comparison of the *°Co
linewidths with predictions based on the free-elec-
tron model developed in Ref. 10. is unfortunately
not expected to yield meaningful results.

Because of their small shifts and widths, the
low-field resonances in Fig. 1 can be identified
with “nonmagnetic” cobalt sites in our samples.
Analogous resonances in AuV were shown!® to be
associated with nearest- or next-nearest-neighbor
vanadium pairs. It was speculated that the -¥¥3Yent
mixing of d orbitals centered on neighboring lattice
sites broadens the virtual d levels sufficiently to
reduce the magnitude of the local-spin susceptibil-
ity to a small value. Applying the same interpre-
tation to the MoCo data leads to the conclusion,
based on the observed intensities of the “nonmag-
netic” site resonances, that the cobalt impurities
are not randomly distributed in our samples. In
a random bcc alloy, the probability that a given
site has at least one impurity as a nearest- or
next-nearest neig.hbor is 0.014, 0.042, and 0. 13 for
impurity concentrations of 0.1, 0.3, and 1.0 at.%,
respectively. The corresponding experimental in-
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tegrated signal amplitudes, on the other hand, yield
relative nonmagnetic site abundances of 0.08, 0.12,
and 0.28. Although a model in which the critical
interaction radius is increased greatly could in
principle account for the observed signal ampli-
tudes, the sharp distinction between the two reso-
nances suggests that a tendency of the cobalt im-
purities to cluster is a more natural explanation
for the anomalously high abundance of nonmagnetic
cobalt impurities in our samples. Whether this
clustering takes the form of an increased probabil-
ity for near-neighbor pair formation in the becc
phase or the precipitation of a nonmagnetic cobalt-
rich second phase® can, unfortunately, not be de-
termined from the available data.

A summary of low-temperature magnetic site
%%Co NMR data at 40 MHz is given in Table I. The
quoted shifts refer to positions of maximum spin-
echo amplitude whereas the linewidths are full
widths between half-amplitude points. In order to
verify that the results are independent of external
field strength below ~40 kOe, a few of the measure-
ments were repeated at 15, 20, and 30 MHz. The
results were found to be identical to those obtained
at 40 MHz. An inspection of Table I shows that
impurity-impurity interactions not only cause se-
vere inhomogeneous broadening which increases
with increasing concentration, but also lead to con-
centration-dependent reductions in the magnitude
of the resonance shifts. These shift variations dis-
appear at sufficiently high temperatures, as can
be seen in Fig. 3. Whereas the macroscopic spin
susceptibility per cobalt atom varies as (T + 24)™!
and is essentially independent of concentration to
at least 1.6-at.% cobalt, 22! the resonance shifts
become nearly independent of temperature and
strongly dependent on concentration at temperatures

TABLE I. Summary of low-temperature *°Co reson-
ance shifts (K) and line-widths (W/H) at 40 MHz for the
magnetic impurity site in Mo_,Co,. The numbers in
parentheses are estimated uncertainties in the preceding
digit.

x@t. %) T(°K) K(%) W/H(%)
0.1 1.2 ~7.3(2) 3.0(2)
0.1 4.0 ~7.1(2) 2.7(2)
0.3 1.2 ~6.7(2) 4.8(3)
0.3 4.0 -6.5(3) 4.5(4)
0.5 0.5 -5.7(2) 7.1(5)
0.5 1.2 -5.7(2) 6.8(5)
0.5 4.0 -5.8(2)

1.0 0.5 —-4.7(2) 8.1(5)
1.0 1.2 -4.6(2) 7.5(5)
1.0 2.5 -4.7(2)

1.0 4.0 —4,9(2) 6.3(5)
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below ~4 °K. Thus, the resonance shifts between
room temperature and ~ 77 °K are proportional to
the total impurity susceptibility but deviate mark-
edly from this relationship at lower temperatures.
This behavior is superficially similar to that ob-
served in CuFe.!® In the present case, however,
the effect does not appear to be an intrinsic prop-
erty of dilute MoCo, but rather is associated with
interactions among the cobalt impurities. Because
of the high probability of significant impurity clus-
tering in our samples, it is unfortunately not pos-
sible to extrapolate our data to zero impurity con-
centration. In fact, the large linewidth in the 0. 1-
at.% cobalt alloy and its relatively slow increase
with increasing cobalt concentration, together with
the anomalous nonmagnetic site resonance intensi-
ties discussed earlier, suggest that the local cobalt
concentration in our most dilute sample may be
appreciably higher than 0.1 at.%. It is conceiv-
able, therefore, that the cobalt resonance shifts
are proportional to the impurity spin susceptibility
over the entire temperature range in the infinite
dilution limit. To make such an analysis quantita-
tive would, of course, require that the experimen-
tal resonance shifts and susceptibilities be cor-
rected for any temperature-dependent orbital con-
tributions.

2. Cobalt Relaxation Rates

The °°Co spin-relaxation rates in MoCo are very
rapid, as expected from the large magnitude of the
resonance shifts. The spin-echo phase-memory
decays were observed to have exponential time de-
pendences characterized by time constants 7, which
varied with both temperature and impurity concen-
tration, as shown in Fig. 4. The data were ob-
tained at 40 MHz in external fields corresponding
to the position of maximum intensity for the mag-
netic site resonance. The experimental decay rates
have the form T'z'1 =A+BT. The intercept A repre-
sents an intrinsic nuclear spin-spin interaction rate
which increases with increasing impurity concen-
tration. The temperature-dependent term B can
be attributed to lifetime effects resulting from spin-
lattice relaxation processes. According to Wal-
stedt, 3 the rate BT exceeds the true spin-lattice
relaxation rate 77! by a factor (I+%)? in cases where
the first-order electric quadrupole broadening is
sufficiently strong that only the central (+5~——13)
transition is excited by the pulsed rf field. This
condition is clearly satisfied in the present case and
allows the spin-lattice relaxation rates to be cal-
culated according to T; T=16B™'. Wenote that the
experimental data are consistent with spin-lattice
relaxation rates that are directly proportional to
the absolute temperature in the range 1-4 °K. Di-
rect measurements of 7, by means of pulse satura-
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FIG. 3. Temperature dependence of *°Co resonance
shifts (defined by the position of peak resonance ampli-
tude) in Co,Mo,;_,. The solid line represents the temper-
ature dependence of the bulk susceptibility.

tion techniques could not be applied in the present
case because of excessive quadrupole broadening,
which made it impossible to achieve adequate sat-
uration of the resonance. The accuracy of the in-
direct technique as applied to dilute alloys has,
however, been established by previous experiments
in AuV ' and AIMn.* In both cases the two tech-
niques yielded identical results within the experi-
mental uncertainties. Finally, we remark that the
observed relaxation rates cannot be extrapolated
with confidence to zero impurity concentration for
reasons which were discussed above in connection
with the *°Co resonance shifts.

3. Molybdenum Resonance Shifts and Widths

The host nuclear resonance in a dilute magnetic
alloy provides direct information about the long-
range spin-density disturbances produced by the
impurities. In view of the striking effects of im-
purity-impurity interactions on the cobalt reso-
nances, the host NMR in MoCo is of particular in-
terest. As expected, the ¥Mo (I=%) and Mo (I
=3) resonances were found to be inhomogeneously
broadened due to the combined effects of electric
quadrupole and magnetic hyperfine interactions.
In the case of ®Mo, the first-order quadrupole
broadening tended to mask the magnetic broaden-
ing. For this reason, measurements of the host
linewidths were carried out on Mo whose quadru-
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FIG. 4.
Mo;_,Co, as a function of temperature. The data were
obtained at 40.0 MHz with 3 usec duration rf pulses.

The external magnetic field strengths corresponded to
the positions of peak magnetic site spin-echo amplitude.
The straight lines are best fits to the experimental rates,
whose uncertainties are approximately +5-10%.

Transverse relaxation rates of %°Co in

pole moment exceeds that of %Mo by a factor of
10.% The resulting first-order quadrupole spec-
trum is sufficiently broad that most of the observed
intensity arises from the + %« - } transition. The
second-order quadrupole broadening of the central
transition, on the other hand, is negligible in fields
above ~ 20 kOe allowing the magnetic broadening to
be clearly identified. Figure 5 shows ¥"Mo line-
width data for two alloy compositions as a function
of resonance frequency and temperature. The
zero-frequency intercepts are undoubtedly caused
by residual satellite contributions to the observed
line profiles. The data are consistent with a linear
dependence of the magnetic linewidths on magnetic
impurity concentration. The magnetic broadening
must represent an inhomogeneity in the local hyper-
fine interaction. It is too great to be attributed to
demagnetization effects since, for example, mTM/H
in the 1-at.% cobalt alloy has a magnitude of only
0.01%. Because of the poorly known quadrupole
line shapes, it is unfortunately not possible to
achieve an unambiguous separation of the observed
linewidths into electric and magnetic hyperfine con-
tributions except when the latter is dominant. The
assumption® that the electric quadrupole broaden-
ing is Gaussian and the magnetic broadening is
Lorentzian leads to the conclusion that the latter
scales linearly with the impurity susceptibility and
at sufficiently low temperatures reaches a magni-
tude of 0. 26% per at.% magnetic cobalt. The cor-
responding value for the ®Ag linewidth in AuV is
0.5%.'° In both alloys the impurity-site resonances
are broadened much more severely, as expected,
since the indirect mechanism discussed earlier is
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ineffective for the host.

In contrast to the concentration-dependent shifts
of the *°Co resonances, no significant systematic
differences between any of the alloys and pure mo-
lybdenum metal were detected for the Mo and “'Mo
resonance shifts. In the temperature range 4-76°K
and concentration range 0.3-1.0-at.% cobalt the
%Mo and *"Mo shifts are given by +0.60(2)%, which
compares with a 4 °K Knight shift of +0.610(5% in
pure molybdenum metal. The far-field effect of
the cobalt impurities on the molybdenum resonance
profiles is therefore a symmetric magnetic hyper-
fine broadening in addition to the usual electric
quadrupole broadening.

4. Molybdenum Relaxation Rates

The inhomogeneous broadening of the host reso-
nance in dilute magnetic alloys is usually accom-
panied by an appreciable enhancement of the spin-
lattice relaxation rate which is approximately pro-
portional to the differential impurity susceptibility
and is therefore most easily observed at low tem-
peratures. 3® We have measured the ®Mo spin-lat-
tice relaxation rates in the 0.3-at.% cobalt alloy.
The result T,7=28(3) sec °K is independent of tem-
perature in the range ~1-4 °K. In this tempera-
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FIG. 5. Experimental linewidths (defined as the full

width between half-amplitude points) in Mo;_,Co, as a
function of frequency. The linewidths were based on
integrated echo amplitudes using 40-usec duration rf
pulses.
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FIG. 6. Experimental **Co spin-echo spectra in
W;_.,Co, at 1.2°K. The spectra were obtained with two
equal-width (7-psec) rf pulses at 40,00 MHz.

ture interval the impurity susceptibility, as mea-
sured by °°Co resonance shift, is also essentially
constant. These relaxation times compare with
T,T=36(1) sec °K in molybdenum metal. %

B. WCo
1. Cobalt Resonance Shifts and Widths

The *°Co resonance profiles in WCo are qualita-
tively very similar to those in MoCo, as is dem-
onstrated by the low-temperature spin-echo spectra
in Fig. 6. As before, magnetic as well as nonmag-
netic site resonances can be clearly distinguished.
Both resonances are inhomogeneously broadened
by magnetic hyperfine interactions, as evidenced
by linewidths which are directly proportional to the
resonance frequency. In the 1.0-at.% alloy, the
broadening is sufficiently severe at low tempera-
tures that the magnetic and nonmagnetic site reso-
nances are no longer resolved. From the observed
intensity ratios one may conclude that the degree
of clustering is stronger in WCo than in MoCo.

This conclusion is also supported by the smaller
concentration dependence of the magnetic site shifts
and linewidths. A summary of the low-temperature
data is given in Table II. Measurements at fre-
quencies below 40 MHz gave essentially identical
results. Despite the larger 7'=0 susceptibility of
WCo (x~800x10™* emu/g atom)? the shifts of the
magnetic site resonance are smaller than in MoCo
(i.e., the cobalt hyperfine field is much smaller).
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The low-temperature shifts are consistent with an
extrapolation of the previously reported? high-tem-
perature 3°Co resonance shifts using a Curie-Weiss
law with 6 =-11°K. It should be noted that only a
single resonance lacking any resolved structure was
observed in the temperature range 77-300 °K. The
only indication of the nonmagnetic site resonance
was a slightly asymmetric broadening of the low-
field side of the experimental line shape. However,
the absence of any concentration dependence in the
observed positions of peak resonance intensity sug-
gests that this broadening had no effect on the mea-
sured shifts. Thus, one may conclude that the
magnetic site shifts are proportional to the impu-
rity susceptibility (unlike the situation in MoCo),
provided only that the — 11 °K Curie-Weiss constant
describes the temperature variation of the impurity
susceptibility below 27 °K.% Because of the large
ratio of the *°Co linewidths to resonance shifts, the
error in the determination of K/ is unfortunately
much larger than in MoCo. For this reason, the
absence of interaction effects in the low-tempera-
ture shifts cannot be established with certainty.

It is noteworthy that the *°Co shifts in WCo decrease
substantially in magnitude between 0.5 and 4.0 °K.
The experimental sensitivity is unfortunately insuf-
ficient to establish whether a Curie-Weiss law ap-
plies in this range.

2. Cobalt Relaxation Rates

Because of the strong overlap between the mag-
netic and nonmagnetic site %Co resonances in WCo,
most measurements of the echo phase-memory
times were restricted to the most dilute alloy. The
decay curves, which were exponential, yielded the
T, values shown in Fig. 7. A few experiments
on more concentrated alloys verified the lack of
significant concentration dependences in the relax-
ation rates. At first sight, the observed tempera-
ture dependence seems anomalously weak when
compared to corresponding data for MoCo, even
when allowance is made for the difference in the

TABLE II. Summary of low-temperature *’Co reson-
ance shifts (K) and line-widths (W/H) at 40 MHz for the
magnetic impurity site in Wy_,Co,.

x (at. %) T (°K) K (%) W/H (%)
0.1 1.2 -3.9(3) 4.3(3)
0.1 4.0 -2.5(5) 2.9(5)
0.3 0.5 -4.1(2) 4.3(3)
0.3 1.2 -3.7(3) 4.6(3)
0.3 4.0 -2.0(5) 3.8(5)
0.5 0.5 -3.7(3) 5.6(4)
0.5 1.2 -3.5(4) 6.0(5)
0.5 4.0 -1.9(5) 4.8(5)
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FIG. 7. Transverse relaxation rates of *?Co in
Wy,999C00,001 @S a function of temperature. The data

were obtained with 6-usec duration rf pulses at 40.0 MHz.

The external magnetic field strengths corresponded to
the positions of peak magnetic site spin-echo amplitude.

low-temperature resonance shifts. Most likely,
the WCo results reflect an increase in 747 with
increasing temperature resulting from the de-
creasing local susceptibility.

3. Tungsten Resonance Shifts and Widths

The absence of aquadrupole moment in #*W(I = 3)
permits the host magnetic hyperfine interactions to
be studied with higher precision than in MoCO. The
shift and linewidth data are listed in Table IIl. The
impurity-induced shifts of the 18W resonance are
seen to be nearly an order of magnitude smaller
than the line broadening. The temperature depen-
dence of these quantities in the range 1-76 °K is
plotted in Fig. 8 for the 0. 5-at.% cobalt alloy. The
observed temperature variations are seen to be ap-
proximately linear in (7 +11)™, except for small
deviations at low temperatures which are possibly
caused by the onset of magnetic saturation effects.

4. Tungsten Relaxation Rates

The temperature and concentration dependences
of the '®%W spin-lattice relaxation times are sum-
marized in Table III. The observed enhancement
factors are approximately proportional to the total
spin susceptibility of the impurities. The enhance-
ment vanishes at high temperatures, whereas at low
temperatures it assumes a constant value which
depends on the impurity concentration.

IV. DISCUSSIONS

On the whole, our experimental data provide
little, if any, support for the existence of signifi-
cant nonperturbative spin-correlation effects in the
field-induced magnetization of isolated impurities
in a Kondo alloy. The most unusual aspect of the
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present MoCo results is the breakdown at low tem-
peratures of the proportionality between the mean
%%Co resonance shifts and the impurity susceptibil-
ities. The strong concentration dependence of the
effect indicates that the anomalous shifts are caused
by impurity-impurity interactions. Because of the
clustering tendency of the cobalt impurities in our
samples, it is, of course, impossible to prove on
the basis of the available data that the anomaly will
disappear entirely for sufficiently large impurity
separations. In the case of WCo, the experimental
data have insufficient precision to demonstrate in-
teraction effects with certainty. However, some
indication that the low-temperature shifts are con-
centration dependent is provided by the systematic
trends shown in Table II.

It is easy to demonstrate that the interaction ef-
fects observed in the *°Co resonance shifts are not
a simple consequence of long-range negative-defi-
nite spin polarizations surrounding the impurities
at temperatures below 7. We note that the *°Co
resonance shifts in MoCo span a range of approxi-
mately 3% at the lowest temperatures, depending
on the impurity concentration. The magnitude of
the shift variation thus corresponds to nearly 40%
of the linewidth in the 1. 0-at.% cobalt alloy. On
the other hand, any displacement in the correspond-
ing “Mo shifts relative to pure molybdenum metal
is less than ~10% of the Mo linewidths. More-
over, according to Fig. 8, the ®*W shift in WCo
relative to pure tungsten metal is very nearly 10
times smaller than the linewidth. Regardless of
the details of the local hyperfine interaction mech-
anisms we may therefore conclude that any long-
range negative-definite polarization of the conduc-
tion-electron spins, if it exists at all in these al-
loys, is weak compared to the mean amplitude of
the oscillatory RKKY polarization, and thus cannot
account for the large variations in the impurity
shifts. The small variation in the *®W shift in
Wo. 005 COp.005 (Fig. 8) is entirely consistent with an

TABLE III. Summary of W resonance shifts (K),
linewidths (W/H) and spin-lattice relaxation times (7;)
in Wy_,Co,.

x (at. %) T (°K) K (%) W/H (%) T;T(sec°K)
0.0 1-76 +1.043(1) 39(2)
0.1 1.2 +1.071(5)  0.19(2) 36(2)
0.1 4.0 +1.079(5)  0.16(2) 38(2)
0.3 1.2 +1.12(1) 0.36(4) 25(2)
0.3 4.0 +1.12(1) 0.36(4) 25(2)
0.5 1.2 +1,12(1) 0.51(5) 16(1)
0.5 4.0 +1.12(1) 0.48(5) 16(1)
0.5 27 +1.083(5)  0.18(2) 36(3)
0.5 76 +1.059(2)  0.08(1) 40(4)
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FIG. 8. Temperature dependence of 183y resonance
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RKKY polarization, since the discreteness of the
lattice generally leads to slightly different contri-
butions from positive and negative terms in the po-
larization, particularly at the relatively high im-
purity concentrations used in our experiments. The
fact that the %W shifts and widths have essentially
identical temperature dependences lends support

to this view. Thus, as far as possible short-range
nonperturbative polarization effects below Ty are
concerned, their range must lie within the “wipe-
out” radius. In CuFe this radius corresponds to
approximately 12 near-neighbor shells'®; in MoCo
and WCo the wipe-out range is considerably smaller
as evidenced by the low-temperature signal inten-
sities in the most concentrated alloys.

A quantitative analysis of the observed host NMR
unfortunately is not feasible because of the large
number of unknown parameters. Among these is
the relative weight of s- and d-spin contributions
to the RKKY polarization. It should be noted that
these two interactions are believed to give contri-
butions of nearly equal magnitude but opposite sign
to the Knight shifts in the elemental metals.3® The
measured Knight shifts in molybdenum and tungsten
are dominated by the d-orbital hyperfine shift,
whose magnitude exceeds that of the spin-dependent
shifts by a factor of 5-10. In view of the relatively
severe broadening of the host resonances in MoCo
and WCo, it is clear that a similar cancellation
does not occur in the impurity-induced RKKY po-
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larization. This is not surprising since a transi-
tion-element impurity is characterized by an /=2
potential. In a transition-metal host the resulting
d-resonance scattering should lead to an RKKY po-
larization having pronounced d-spin character.

Although the mechanism of the anomalous low-
temperature impurity shifts in MoCo remains un-
explained, the data suggest two possible origins for
the different temperature dependences of the reso-
nance shifts and impurity susceptibilities:

1. The broadening of the **Co NMR might be-
come strongly asymmetric at low tempera-
tures, leading to a loss of high-field signal
intensity. In this case the first moment of
the resonance profile would not correspond
to the position of maximum spin-echo ampli-
tude.

2. Interactions among the impurities might re-
duce the effective impurity hyperfine field.
For example, distortions in the impurity wave
function could conceivably change either the
magnitude of the intrinsic core-polarization
hyperfine field or the strength of the local
s-d polarization. Alternatively, the impurity
magnetization might spread to near neighbors
at low temperatures as a result of interac-
tions.

The first explanation can probably be rejected. In
the first place, the experimental resonance profiles
give no evidence for significant asymmetric broad-
ening. Second, an analysis of the observed inten-
sities leads to the conclusion that essentially all
the impurities were seen in our low-temperature
experiments. The other explanation involves dis-
tinct changes in the electronic structure of the im-
purity. As noted earlier, any radial extension of
the impurity magnetization must be limited to a
small number of near-neighbor shells to be consis-
tent with the absence of significant host resonance
shifts. In this connection it is interesting to note
that the high-temperature data yield unusually
small impurity hyperfine fields. For MoCo, the
experimental value of dK/dy yields Hy,= — 23 kOe/
up; corresponding data for WCo give ~ - 3 kOe/ 5.
These values compare with the expected ionic d-
spin (core-polarization) hyperfine field for 3d tran-
sition elements H{»~ - 100 kOe/u . % Thus, even
at temperatures above Ty, either a relatively large
local s-d polarization and/or a spatially extended
impurity magnetization is required to explain the
impurity resonance data.

Some additional insight into the low-temperature
behavior of the cobalt impurities is provided by the
%%Co spin-relaxation rates. As noted earlier, the
spin-lattice relaxation rates may be calculated from
the observed temperature dependence of T,, at
least in MoCo where the °°Co resonance shifts are
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essentially constant below 4 °K and the tempera-
ture-independent contribution to T, is small. The
resulting values of 7T are listed in Table IV to-
gether with the observed shifts. It is seen that the
relaxation rates are approximately proportional to
K®. This correlation suggests that the relaxation
rates and shifts are determined by the same hyper-
fine interaction. The negative sign of the resonance
shifts shows, of course, that the d-spin (core-po-
larization) interaction provides the dominant mech-
anism. The relationship 7,7 =const is indicative
of a relaxation mechanism involving spin-flip scat-
tering of itinerant electrons by the nuclear spins.
Following the interpretation'® of the 'V relaxation
rates in AuV, we assume that the amplitude of the
local transverse spin fluctuations can be evaluated
in the Hartree-Fock approximation. In that case
the d-spin shift and relaxation rate are related by
the Korringa-like®® expression

KT\ T=8F;'K(a)™, (4.1)

where
8=(v,/v,? (/4nky) .

The inhibition factor F, arises from the fact that
spin fluctuations in orbitally degenerate states (in
the absence of strong spin-orbit interactions), in
effect, contribute independently to the relaxation
even in the presence of intra-atomic (Hund’s rule)
exchange interactions. %' The usual assumption
that the e, and ¢,, d orbitals have equal weights at
the Fermi level yields F,=¢. The factor K(a) cor-
rects for differences between the exchange enhance-
ments (due to local Coulomb interactions) of the
square of the static impurity susceptibility and the
imaginary part of the wave-number and frequency-
dependent transverse susceptibility. **'** If the im-
purity states are well localized, K(a)=1, indepen-
dent of the magnitude of the local exchange enhance-
ment. On the other hand, for extended impurity
potentials K(a) <1 and decreases rapidly with in-
creasing exchange enhancement. * An example of

a spatially extended impurity potential is provided
by PdRh. In the dilute limit the '®Rh data give K
=-15% and K(a)=0.05.%* The experimental K*T,T/

(4.2)

TABLE IV. Low-temperature spin-lattice relaxation
times and resonance shifts for **Co in Mo,_,Co,, together
with the d-spin and d-orbital shifts inferred from the ex-
perimental data.

cat. % T,T K%  KT,T/ K (B  Kyw(®
(msec °K) 58

0.1 2.6(3) —17.3(2) 0.59 =—9.5(6) +2.2(7)

0.3 3.5(4) =-6.7(2) 0.67 —8.2(5) +1.5(7)

1.0 6.9(6) —4.7(2) 0.65 —5.8(3) +1.1(5)
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58 ratios for MoCo are listed in Table IV. They
are of order unity and essentially composition in-
dependent. This supports the conclusion derived
from the “Mo resonance shifts that the impurity
potential is quite localized in these alloys. The
fact that K?T,T/58 is slightly smaller than unity can
be explained, as in AuV, by assuming that the mea-
sured shifts contain a significant positive contribu-
tion (Kyy) arising from field-induced orbital para-
magnetism of the impurities. Non-d-spin contribu-
tions to the spin-lattice relaxation rates, on the
other hand, are probably small because each term
in the relaxation rate depends quadratically on the
respective interaction matrix element. A lower-
limit estimate of Ky, (for the above choice of F,)
can therefore be obtained by assuming K(a)=1 and
calculating the d-spin (core-polarization) shifts K,
(assumed to be negative) from the experimental
spin-lattice relaxation rates using (4.1). The or-
bital shifts are then obtained by subtracting K, from
the measured shifts. The results of this analysis,
which are presented in the last two columns of
Table IV, may be compared with the 51V shifts in
dilute AuV, K, =-3.3% and Kyy =+1.8%. The low-
temperature orbital shifts in MoCo are not substan-
tially different from the high-temperature estimate
of +0. 8% which results from extrapolating the K-
versus-(T +24)™ plot (Fig. 3) to infinite tempera-
ture. In general, it is clear that the analysis of the
*9Co relaxation data again leads to the conclusion
that impurity-impurity interactions in MoCo cause
a reduction in the magnitude of the d-spin (core po-
larization) resonance shift as the impurity suscepti-
bility increases with decreasing temperature. It

is puzzling that these interactions have no apparent
influence on the measured impurity susceptibility.
Since the analysis of the resonance data is not nec-
essarily unique, further speculations are unwar-
ranted.

The interpretation of the **Co relaxation rates in
WCo is complicated by the fact that the resonance
shifts are temperature dependent in the range 1-
4°K. The decrease in |K| with increasing temper-
ature is therefore most likely accompanied by an
increase in TyT. This would account for the small
slope of the T;‘—versus -T plot shown in Fig.7. Since
the temperature-independent contribution to Tg‘ in
Wy, 999 COg, g0y is probably very small we may assume
that Ty=167T,. In order to demonstrate that the mea-
sured rates are qualitatively consistent with the
model used above, we apply (4. 1) to the lowest tem-
perature (1.2 °K) relaxation rate. This gives K,
~5.9% which, when compared with the experimental
shift K= - 3. 9%, yields Kyy~+2.0%. This value is
in reasonable agreement with the limiting high-tem-
perature shift?® of approximately + 1. 0%.

Supporting evidence for the existence of apprecia-
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ble ®Co orbital resonance shifts in MoCo and WCo
is provided by the large temperature-independent
contributions to the impurity susceptibility which
have been identified in both alloys.?® A fit of the
Curie-Weiss form

X=(1-¢) Xpost + € [xo+ “’Eff/akB (T-0)], (4.3)

where c¢ is the impurity concentration, yielded xo
=6x10" and 11 x 10™* emu/g atom for MoCo and
WCo, respectively. If x,is identified with the local
orbital susceptibility xyy, and the corresponding
orbital resonance shift is calculated according to

Kyy= (HBN)-I vaHt(:gl;bj ) (4.9

the hyperfine field required to explain an orbital
shift of 1% in MoCo is found to be 0. 093 x10° Oe/ 1 .
This value is significantly smaller than the free-
atom hyperfine field®® of 0.599x10% Oe/u . Thus,
even if x, is not entirely determined by the field-
induced orbital paramagnetism of the impurities,

it is probable that the cobalt orbital hyperfine field
(and hence {(r"3))is smaller in MoCo than in the free
atom. This conclusion implies that the impurity d
orbitals in the alloy are spatially expanded relative
to the free atom. Similar behavior has also been
noted in AuV, *° where x,~15x10™ emu/gatom and
Kyy ~+1.8%. Infact, a significant reduction in the
orbital coupling constant would help to account for
the apparent ineffectiveness of the orbital relaxation
mechanism in dilute magnetic alloys as evidenced
by the excellent correlation between the magnitudes of
the measured negative resonance shifts and the
spin-lattice relaxation rates. 10,34 Finally, we note
that large orbital susceptibilities appear to be a
general property of magnetic impurities in metals.
For example, in addition to AuV, MoCo, and WCo,
large temperature-independent contributions to the
impurity susceptibility have been identified in the
magnetic alloys MoFe, MoMn, and RhMn. *

In summary, despite the qualitative nature of the
interpretation of our MoCo and WCo NMR data it is
clear that our results give no convincing indication
that nonperturbative spin-polarization effects have
an important influence on the magnetization of iso-
lated cobalt impurities in either MoCo or WCo.
Although the possibility of an anomalous shovt-vange
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polarization cannot be rejected entirely, the avail-
able data indicate that such effects are not very im-
portant. In view of the strong impurity-impurity
interaction effects observed in MoCo, it is tempting
to speculate that related effects may be responsible
for some of the anomalous low-temperature prop-
erties of CuFe. At the very least, the present work
suggests that great care must be exercised in at-
tempting to derive meaningful information about the
properties of isolated magnetic impurities from
dilute alloy data. Finally, we remark that the qual-
itative behavior of the low-temperature nuclear res-
onances in MoCo and WCo is remarkably similar to
that in AuV despite the very different Kondo temper-
atures. In particular, the observed relationship
between K and T, suggests that the independent-
particle prediction

2
<Z‘x'<q, 0, o>) > wiv (g, q'y wg)
q

=(21+1) (2n) 172 (4. 5)

characterizes the local spin response to sufficiently
weak magnetic fields even in the regime where the
s-d model is presumed to be valid. Because of the
lack of rigorous theoretical predictions for the low-
temperature regime (7 < Ty) of the magnetic-im-
purity problem, it unfortunately remains unclear
whether Hartree-Fock demagnetization or many-
body spin-compensation effects dominate the ob-
served reductions in the effective impurity moments
in these alloys as T/Tj approaches zero. It is
hoped that further experiments on MoCo and WCo,
presently in progress, at lower cobalt concentra-
tions and in higher magnetic fields will yield more
definitive answers to some of the questions which
the present study has left unanswered.
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A self-consistent treatment of the Kondo problem as described by the s-d exchange model
is presented. The treatment is based on the Roth prescription for linearizing the equations

of motion for the Green’s functions.

The result for the ¢ matrix is the same as in the Nagaoka

theory. The treatment, however, yields different results for higher-order thermal averages.
Some difficulties associated with the Roth scheme are also discussed.

I. INTRODUCTION

The Kondo problem as described by the s-d ex-
change model has been treated by Nagaoka' using
the method of decoupled equations of motion for
Green’s functions. Although the Nagaoka treatment

is attractive from the viewpoint that the formalism
is simple and familiar, the key approximation is a
somewhat arbitrary decoupling procedure. The
heuristic justification for the decoupling approxi-
mation is that it takes into account the correlation
between spins of the impurity and conduction elec-



