PHYSICAL REVIEW B

VOLUME 13, NUMBER 9

1 MAY 1976

Static and dynamic magnetic properties of a localized moment: NMR of *Co in dilute MoCo
and WCo alloys*

A. Narath
Sandia Laboratories, Albuquerque, New Mexico 87115
(Received 15 December 1975)

Because of unusually small cobalt hyperfine fields it has been possible to study the static and dynamic
properties of the Kondo alloys MoCo and WCo in considerable detail by means of impurity NMR
techniques. Measurements are reported for the temperature range 1- ~ 500 K in magnetic fields to 130 kOe.
From the Curie-Weiss behavior of the weak-field resonance shifts Kondo temperatures © x = 45(3) K and
1.8(2) K are obtained for the two alloys, respectively. The corresponding hyperfine fields are H,; = —26 and
—1.5 kOe/pg. The g values are g = 1.3 and 1.4. A consistent interpretation of our data is achieved by means
of an ionic model with a T, orbital singlet ground state arising from the Co?* 3d’ (‘F) term in the presence of
crystal-field, spin-orbit, and local-moment—conduction-electron exchange perturbations. The small hyperfine
fields are attributed to spin-orbit induced orbital contributions, and the negative g shifts to the exchange
coupling. Measurements of the **Co relaxation rates T;' in WCo over a wide range of temperatures and
magnetic field strengths give evidence for competing local-moment fluctuation and direct conduction-electron
mechanisms. The former dominates at temperatures below ~ 50 K; in applied fields above ~ 100 kOe this
relaxation process can be explained satisfactorily by means of standard perturbation theory. With decreasing
field strength Kondo anomalies become increasingly important and the nuclear relaxation rate appears to

saturate as predicted by simple scaling arguments.

I INTRODUCTION

In contrast to the more usual nonmagnetic be-
havior of isolated cobalt impurities in metallic
hosts such as aluminum and the noble metals,
dilute MoCo and WCo alloys exhibit well-defined
local-moment properties. At high temperatures
their susceptibilities approximate Curie laws with
effective moments near' =2 3up; at low tempera-
tures typical Kondo anomalies are observed in
the magnetic and transport properties.**> Among
the interesting characteristics of these alloys
are suprisingly small cobalt hyperfine fields®
(10°-10* Oe/up) which are responsible for un-
usually slow local-moment-induced nuclear re-
laxation rates. As a consequence, the *°Co nu-
clear magnetic resonances (NMR) are experimen-
tally accessible over a wide range of temperatures
and applied field strengths, making it possible to
probe the local magnetic properties in consider-
able detail.

The work reported here is concerned with a
detailed °Co NMR study of the static as well as
dynamic magnetic properties of MoCo and WCo.

It is an extension of an earlier NMR investigation
(hereafter referred to as I)” which explored the
possibility of nonperturbative conduction-electron
spin-correlation contributions to the field-induced
magnetization of dilute magnetic alloys below the
Kondo temperature (64). Results of **Co, *:9 Mo,
and ¥*W NMR measurements reported in I pro-
vided no evidence for such anomalous behavior.
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Instead, the magnetic properties of MoCo and
WCo were shown to be strikingly similar to those
of AuV,%® an alloy whose high Kondo temperature
(6, ~300 K)'° places it between the magnetic
(Kondo) and nonmagnetic (spin-fluctuation) re-
gimes of the magnetic-impurity problem. The
absence of anomalous spin-polarization effects in
AuV had been demonstrated previously.®

The principal objective of the present study is
to clarify a number of points which were not
treated adequately in I, and thus to develop a
more detailed understanding of the magnetism
of cobalt impurities in these alloys. Many of the
earlier uncertainties are a consequence of the
low solubility of cobalt in molybdenum and tung-
sten'!*!? together with its high vapor pressure at
the solvent melting temperatures, which make the
preparation of homogeneous, single-phase alloys
extremely difficult. Among the unresolved ques-
tions is the origin of a second (nonmagnetic) 5°Co
resonance which was observed in all samples of
MoCo as well as WCo and whose intensity in-
creased very rapidly with increasing cobalt con-
centration, suggesting the formation of nonmag-
netic cobalt clusters. More importantly, at tem-
peratures below ~ 30 K the 5°Co resonance shift
in MoCo was found to be concentration dependent
and to deviate strongly from the expected (7 +6©y)"!
dependence, assuming ©y =24 K as given by the
magnetic-susceptibility measurements of Booth
et al.' Although more recent experiments sug-
gest a higher Kondo temperature (9, =60 K,2*
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and® 46 K)apparently in better agreement with the
NMR results, some uncertainty remains because
of the unknown influence of magnetic and/or non-
magnetic cobalt clusters on the measured bulk
susceptibilities. The °°Co and '%*W NMR shifts
in WCo were in reasonable agreement with pub-
lished susceptibility data (64 =11 K)'; however,
the poor resolution of magnetic and nonmagnetic
resonances in the available alloy samples made
such a conclusion tentative. The possibility of
magnetic-saturation effects on the observed low-
temperature resonance shifts and relaxation rates
in WCo was also not explored.

Our experimental techniques are briefly sum-
marized in Sec. II. The experimental results for
MoCo and WCo are presented in Secs. IIIA and
I B, respectively. An analysis of the data is
carried out in Sec. IV and our conclusions are
summarized briefly in Sec. V.

II. EXPERIMENTAL TECHNIQUES

A. Instrumental details

The NMR experiments were carried out with
pulsed (coherent spin-echo) or cw spectrometers,
as appropriate, and generally followed the tech-
niques described in I. A high-power frequency
multiplier'® was added for the high-field experi-
ments in order to extend the range of our earlier
2-40-MHz spin-echo spectrometer. Magnetic
fields, to 130 kOe, were provided by a Nb,;Sn
superconducting solenoid (Intermagnetics Corp.).
Field regulation and control were accomplished
by means of a multiturn copper magnetoresistance
probe wound on the sample Dewar inside the sole-
noid bore. Field-strength calibrations were based
on the 27A1 NMR in aluminum metal [v(A1)*"/H
=1.1112 kHz/Oe at 4 K]. At the higher frequencies
and low temperatures rf heating became a serious
problem and special precautions (e.g., reduced
pulse repetition rates, dilution of sample powders
with nonmetallic material, and direct contact of
the sample particles with the cryogenic fluid)
were necessary to assure reliable data.

Signal averaging was used extensively because
of poor signal/noise ratios resulting from the
low cobalt concentrations and severe line broaden-
ing. As discussed in I, only the +3 - - 3 transi-
tion is observed in the 5°Co experiments (presum-
ably because of first-order quadrupole effects
associated with random sample strains), thus,
further reducing the signal intensity. Resonance-
shift as well as relaxation (spin-echo phase-mem-
ory time T,) measurements utilized repetitive
field sweeps through resonance. For spin-echo
experiments the signal was detected with a Prince-
ton Applied Research cw-1 “boxcar” integrator.

The outputs of both cw and pulsed spectrometers
were accumulated in a Nicolet 1074 multichannel
analyzer whose sweep was synchronized with the
field sweep. Errors due to drifts in spectrometer
sensitivity were minimized in 7, measurements
requiring long averaging times by alternating the
time separation of the two sampling pulses in suc-
cessive sweeps between a particular value (7) and
a very small (7,=0) reference value. These
sweeps were stored in separate memory blocks;
the ratio of the two resonance intensities yielded
a direct measure of the fractional phase-memory
decay during the time interval 7- 7,. Sweep dura-
tions were typically 10 min and approximately 200
sweeps were required for adequate signal intensi-
ties at the highest temperatures. A complete de-
cay curve was established by repeating the experi-
ment several times using different 7 values. The
resulting curves were always exponential functions
of time within our experimental uncertainties. As
already discussed in I, it was not possible to de-
termine spin-lattice relaxation times (7,) directly
by means of pulse-saturation techniques because
of excessive quadrupole broadening.

Resonance shifts were determined at constant
frequencies from the measured field strengths at
maximum signal intensity using the *°Co reference
frequency/field ratio™

V e(®°Co0)/H =1.005 kHz/Oe . (2.1)

This ratio differs from the value 1.010 kHz/Oe
used in I. The magnitudes of the present shift
values (in percent) consequently exceed those
based on the older reference by 0.5. Our conclu-
sions are insensitive to this change.

B. Alloy preparation

The alloys studied in I were prepared by powder
metallurgical techniques® using mixed powders of
the elemental metals. Attempts to improve alloy
homogeneity, as judged by the *Co NMR linewidth
and the ratio of magnetic to nonmagnetic reso-
nance intensities, focused on several different
preparation methods. These fall into four gen-
eral categories: (i) arc melting of the elemental
metals in an inert atmosphere, (ii) sintering of
the powdered metals after high-pressure densifica-
tion, (iii) coprecipitation from acid solution fol-
lowed by hydrogen reduction, and (iv) mixing of
the molten oxides followed by rapid quenching and
hydrogen reduction.

The arc-melting technique yielded uniformly
poor results. In every case complex NMR spec-
tra were observed which gave evidence for multi-
ple nonmagnetic phases. Arc-melted MoCo alloys
used in the susceptibility experiments of Claus?®
yielded similar NMR results. Whether this be-
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havior is characteristic of arc-melted MoCo and
WCo alloys or is a consequence of cold-work in-
duced changes during alloy comminution is not
known. In this connection it should be noted that
the other preparation methods listed above yield
alloys that require little if any crushing for the
desired 300-400-mesh powders, thus minimizing
any cold-working problems.

The powder-metallurgical sintering technique
proved to be superior for MoCo alloys. Com-
pared to the alloys used in I, improved solute
dispersion, particularly at low concentrations,
was achieved by mixing the molybdenum powder
(325 mesh, 99.999% purity) with an aqueous solu-
tion of CoCl, instead of powdered cobalt metal.
[The CoCl, solution was prepared by dissolving
cobalt metal (99.999% purity) in aqueous HCI.]
After drying, the CoCl,-coated molybdenum pow-
ders were reduced in H, at 800 °C for 4 h. They
were subsequently pressed into 3 -in. diameter
discs in a 40000-1b press and homogenized in a
H, atmosphere for 72 h at 1350 °C followed by 72
h at 1500°C. The %"Fe Mossbauer effect (ME) was
found to be an effective diagnostic tool, particular-
ly when used in combination with the **Co NMR.
This is illustrated in Fig. 1 which compares spec-
tra of two different 0.1-at% MoCo alloys with
those of the intermetallic compound Mo;Co,. (The

o
1
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V(mm/sec) RESONANCE SHIFT (%)
FIG. 1. Comparison of cobolt ME and NMR spectra for

(@), () 0.1-at.% MoCo alloys as described in text, and
(¢) MogCoy.

o
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compound was prepared by thermal decomposition
of CoCO; in a stoichiometric mixture of MoO, and
CoCOQ, at 825°C, followed by H, reduction at
1000°C for 48 h.) The samples contained a small
amount of 57Co activity and were used as ME
sources together with a single-line potassium
ferrocyanide trihydrate absorber. The ME and
NMR were studied in identical (i.e., radioactive)
alloy samples. A separate Mo,Co, sample, not
containing the 5’Co activity, was prepared for the
NMR experiment. Figure 1(a) shows results for
a MoCo alloy prepared as described above. The
ME gives a single-line spectrum with a shift v,
=-0.095 mm/sec and a width I', =0.26 mm/sec.
The NMR exhibits the cobalt local-moment reso-
nance shifted to high fields (i.e., negative shift)
and a very weak unshifted signal. The latter is
the nonmagnetic cobalt resonance discussed in I.
Alloys homogenized at lower temperatures typical-
ly contained a higher faction of nonmagnetic cobalt
solute. This is illustrated in Fig. 1(b) for a sin-
tered alloy which had been heat treated for 56 h
at 600°C. A definite shoulder is observed in the
ME spectrum corresponding to v, =+0.32 mm/sec,
I',=0.45 mm/sec and an intensity which is 16% of
the total. [The main peak yields v, = - 0.094
mm/sec and I, =0.26 mm/sec, in close agreement
with Fig. 1(a).] The second peak in the ME spec-
trum evidently corresponds to the unshifted *°Co
NMR signal. Comparison of the alloy spectra with
Fig. 1(c) suggests that the nonmagnetic component
is caused by the formation of the intermetallic
compound Mo;Co,. The Mo,Co, ME spectrum con-
sists of a doublet (presumably of quadrupolar ori-
gin) with v,=0.32 mm/sec and Ay=0.02 mm/sec.
As indicated in Figs. 1(a) and 1(b), the NMR ap-
pears to be more sensitive to the nonmagnetic
component than is the ME. Since the particle size
exceeds the rf skin depth at the 40-MHz frequency
used in these experiments, the apparent disparity
is most likely due to concentration gradients in
our samples. The probability of compound forma-
tion is highest near the surface of the powder par-
ticles because of the initially high cobalt concen-
tration in this region. The fact that particles ob-
tained by crushing the sintered alloy specimens
are essentially identical to the particles in the
starting material would thus account for our re-
sults. This interpretation is strengthened by the
observation that the ratio of nonmagnetic to mag-
netic NMR signal intensities increases with in-
creasing frequency (i.e., with decreasing skin
depth).

The best WCo alloys were prepared by means
of the coprecipitation technique. Tungsten metal
(99.999% purity) was dissolved in a 1:1 mixture
of concentrated HF and HNO, to which the desired
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FIG. 2. Comparison of **Co NMR spectra in W Co. The
alloys (a) and (b) were prepared by the coprecipitation
technique; alloy (c) was prepared by the standard sinter-
ing technique-

quantity of aqueous CoCl, was added. The acid
solvent was evaporated and the resulting bright-
yellow material ground into a fine powder (325
mesh). Reduction was accomplished in a stream

of H, using a quartz-tube furnace at 1000°C. After
the first 4 h the partially reduced grey-black pow-
der was reground and the reduction continued for
another 20 h. The improvement in alloy homogene-
ity, compared to the sintered alloys studied in I,

is demonstrated by the *°Co NMR spectra in Fig.

2. The intensity of the nonmagnetic-site reso-
nance (which presumably is associated with a
W,Co, second phase) as well as the width of the
magnetic-site resonance are seen to be significant-
ly reduced.

III. EXPERIMENTAL RESULTS
A. MoCo

The temperature dependence of the *°Co reso-
nance shift, K=AH /H, was measured in the range
1-420 K. The results for a 0.1-at.% alloy are
plotted in Fig. 3 as a function of (7 +64)~!, where
Oy =45+ 3 K was chosen on the basis of a best fit
of the data to the form

K=K,+K(T). G.1)

Here K,=1.810.1% is a temperature-independent
term which can be attributed to the combined ef-
fects of local-moment Van Vleck and conduction-
electron susceptibilities. The temperature-depen-
dent term K(T) is proportional to (T +6g)~'. The
predicted behaviors for 6, =40 and 50 K, as in-

FIG. 3. Temperature dependence of *Co resonance
shifts in 0.1 at.% MoCo. The solid line corresponds to
© =50 K, the upper and lower dashed lines to 6y=45 and
55 K, respectively.

dicated by the dashed lines in Fig. 3, are seen to
fall outside the experimental uncertainty. The
present data are in excellent agreement with re-
sults discussed in I provided that account is taken
of the different °°Co reference ratios. (The earlier
work only covered temperatures to 300 K and was
restricted to higher cobalt concentrations in the
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FIG. 4. Comparison of °®Co resonance shifts in MoCo
for two solute concentrations at 1.2 K.
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high-temperature region.) The concentration de-
pendence of the low-temperature shifts, reported
in I, is only observed at concentrations above 0.1
at.%. This can be seen in Fig. 4 which shows that
the 0.1- and 0.05-at.% data are indistinguishable
at 1.2 K. The shifts plotted in Fig. 4 are linear
in field strength to ~100 kOe. The absence of
significant saturation effects below 100 kQe is
consistent with the high Kondo temperature de-
duced from the K vs 7" measurements.

B. WCo

The 5°Co resonance shifts were determined for
a 0.1-at.% alloy in the range 1-500 K. As in the
case of MoCo the observed temperature depen-
dence can be described by (3.1). The results
shown in Fig. 5 yield K,=1.6(x0.1)% and 6
=1.8(+0.2) K. The Curie-Weiss behavior of the
resonance shifts is exhibited more clearly in Fig.
6. The Kondo temperature is significantly lower
than previously believed.! Our earlier low-tem-
perature results, which were obtained in external
fields near 40 kQOe, consequently fall outside the
linear magnetization regime for WCo. The shifts
plotted in Figs. 5 and 6 were measured in suffici-
ently weak fields (10 kOe at liquid-helium tem-
peratures) to represent the initial slope AH /H.

It was possible to study the saturation behavior
of the local-moment magnetization in some detail
because of the large magnitudes of
gugH /[kg(T +64)] which were attainable in our
experiments. The resonance-shift data are plotted
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FIG. 5. Temperature dependence of **Co resonance
shifts in 0.1-at.% WCo. The solid line corresponds to
6¢=1.8 K.
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FIG. 6. Curie-Weiss plot of low-temperature %°Co
resonance shiftsin0.1-at.% WCo.

in Fig. 7 for several temperatures as a function
of applied field strength. These experiments were
again performed on 0.1-at.% alloys. Measure-
ments on a 0.03-at.% alloy at 40 and 120 kQOe veri-
fied the absence of a detectable concentration de-
pendence in the resonance shifts. The sign re-
versal in the slope AH/H is a direct consequence
of magnetic saturation of the cobalt local moments.
It is apparent that the positive slope at high fields
has the same origin as the temperature-indepen-
dent term (K,) which was identified in Fig. 5. Any
contribution to K which is independent of tempera-
ture in the range 0<T's T,,, is, of course, also
expected to be independent of magnetic field
strength provided that gugH<kgT ,,,.

In order to explore the interesting problem of
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FIG. 7. Magnetic field dependence of low-tempera-
ture %°Co resonance shifts in0.1-at.% WCo. The solid
lines are smooth fits to the data.
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FIG. 8. Temperature dependence of the **Co nuclear
relaxation rates 75! in0.1-at.% WCo for several mag-
netic field strengths (in kOe). The solid lines are linear
fits to the high-field data.

spin dynamics in local-moment alloys, the *°Co
relaxation times T, were measured over a wide
range of temperatures and field strengths. The
low-temperature results are summarized in Fig.
8 for a 0.1-at.% cobalt concentration. (The lack
of any significant concentration dependence was
established by careful measurements on a 0.03-
at.% alloy at liquid-helium temperatures in ex-
ternal fields of 10 and 40 kOe.) For sufficiently
high field strengths the relaxation rates obey the
relation 7;'=A +BT. The intercept A=0.1 msec™
most likely represents a cobalt nuclear spin-spin
interaction rate. Information about the local-mo-
ment fluctuation spectrum is therefore contained
in the term BT. Below ~40 kQOe the relaxation
rates follow a more complex temperature depen-
dence, although it is reasonable to assume that a
linear variation would be observed at sufficiently
low temperatures.

Results of 7, measurements at 27, 76, and 300
K are listed in Table I. The high-temperature be-
havior is seen to become field independent and lin-
ear in temperature, with (7,7)~'=100(+10)
(secK)™!.

TABLE I. High-temperature nuclear-spin relaxation
times T, for 0.1 at. % **Co in WCo.

T(K) H(kOe) Ty(nsec)
26 40 137(+10)
76 40 107(+10)

300 40 35(x 5)
26 115 180(x15)
76 115 125(x10)

300 115 32(x 5)

IV. DISCUSSION
A. Crystal-field model

The experimental results presented in Sec. III
confirm the close similarity between the magnetic
properties of cobalt impurities in molybdenum
and tungsten. Following Hirst'® we discuss the
properties of these alloys on the basis of an ionic
model. The validity of this model depends criti-
cally on the impurity level width (due to covalent
admixture) being smaller than the separation be-
tween the ground-state configuration 3d" and the
excited configurations 3d"*!. Such an approach
appears reasonable here in view of the low Kondo
temperature of WCo (©4 =1.8 K). Additional sup-
port for an ionic model is provided by the internal
consistency which can be achieved in the interpre-
tation of the NMR data.

We choose the usual Co**(3d7) configuration and
assume a *F ground term (L=3, S=%). In acrys-
talline environment of cubic symmetry this state
splits into a singlet (I,) and two triplets (T, I').*¢
Only the T, orbital singlet permits a negative
hyperfine field as is observed in both WCo and
MoCo. For the orbital triplets the positive d-or-
bital hyperfine interaction always dominates the
much weaker negative d-spin hyperfine interac-
tions, and the I',, I'; hyperfine fields are there-
fore positive. We are thus led to the energy-
level diagram shown in Fig. 9 which is governed
by the Hamiltonian.

Ho=(8/120)(0%+50%) + kAL -S. (4.1)

Here O, is the usual operator equivalent for a
fourth-order crystalline potential, k, is an orbital
reduction factor, and A is the spin-orbit coupling
constant. The spin-orbit interaction splits the

<
(2)
4A

<t (4)

5A

>

v (4)
FIG. 9. Energy-level diagram for Co?* (F) in pre-
sence of crystal-field and spin-orbit perturbations. The
quantities in parentheses indicate the remaining de-

generacies.
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T,, I'; levels as indicated in Fig. 9. More impor-
tantly, it couples the I, ground state to the I',, I';
levels; the resulting spin-orbit induced orbital
character of the ground state leads to a small
positive g shift and a positive orbital contribution
to the hyperfine field. The latter is presumably
responsible for the small magnitude of the I,
hyperfine interaction which is typically observed
in the electron-spin resonance of Co?* in non-
metallic crystals having four-fold or eight-fold
cubic coordination.’® We note that molybdenum
and tungsten have the bcc structure (eightfold
cubic symmetry). It follows that a I', ground
state requires that the sign of the crystalline po-
tential at substitutional cobalt sites correspond to
a negative point-charge model. The opposite is
the case for 3d impurities in the noble metals
where a positive point-charge model accounts for
the accepted ordering of the crystal-field ener-
gies.!® Alternatively, if one assumes a Co*(3d®)
configuration [*F(I,) ground state] or supposes
that the Co?* impurities occupy octahedral inter-
stitial positions in molybdenum and tungsten (six-
fold cubic symmetry), the crystalline potential
would have the normal sign.

B. Nuclear resonance shifts

The response of the *°Co nuclear spins is per-
turbed by the local field H,,. which arises primar-
ily from hyperfine interactions with the local
moment and conduction electrons. In the limit
of rapid electronic relaxation [i.e., w,T¢<1,
where w, is the NMR frequency and 7§ is the elec-
tronic longitudinal spin-relaxation time], the
local field may be separated into time-average
and fluctuating components

Hyoolt) = (H. ) +6H (1) . (4.2)

We assume that the detailed behavior of H |, is
determined by the following set of isotropic spin
Hamiltonians.

%, =-95-3, (4.3)
%, =gusS-H, (4.4)
%,,=AL-S+AT-5. (4.5)

Here, J is an effective exchange constant resulting
principally from the =2 covalent admixture inter-
action, and o is the conduction-electron spin. In
reality, the exchange interaction is, of course, an
explicit function of kK and k’, the wave numbers

of the initial and final conduction-electron states;
we have suppressed this dependence in our nota-
tion since only wave-number averages are of con-
cern in the present case. The hyperfine coupling
constants A and A’ are defined in Fig. 10 and yield
a resonance shift (A H=(H},))

E
1 A LOCAL ¢ | coNpucTION
MOMENT ELECTRONS
Al
FIG. 10. Schematic representation of interacting
nuclear-electronic spin system in a dilute magnetic
alloy.
AH==(y, ) "HA(S*)+A'(0")). (4.6)

The temperature-dependent shift K(T), defined in
(3.1), depends only on (S*) which obeys a Curie
law for small H/T and 6,/T.

(8*)=~(gup)~'xH, 4.7
_(gupp)’S(S+1)
X= SpaTroy) - (4.8)

The g value is shifted from its free-electron value
by the local-moment spin-orbit interaction as
well as the conduction-electron exchange inter-
action (4.3). Thus K(T') depends on the two un-
known parameters A and g. It is convenient to
define a hyperfine field H,,=(gy, #)*A and ex-
press K(T) in the form

AK/AX=pg'Hy, (4.9)
and hence

&4 "fz[u,;(’;il)] [see) @
From our resonance-shift data we obtain

MoCo:g®Hy=—-47.1(+1.5) kOe/up, (4.11)

WCo:g%H ;=-2.9(20.1) kOe/pup . (4.12)

In contrast to the NMR shifts, the impurity sus-
ceptibility is affected much less by any tempera-
ture-independent contributions. We may there-
fore combine the measured susceptibility with
(4.9) to estimate Hy; directly. Using the pub-
lished susceptibility for MoCo at 7=300 K, Ay
=27.5x10"* emu/g -atom Co,? we obtain H
=-26 kOe/pp and, using (4.11) or (4.8), g=1.3.
Since the spin-orbit interaction produces a posi-
tive Co®* g shift, the small g value obtained here
must be attributed to the conduction-electron ex-
change term (4.3); it follows that g is negative,
as expected.

The principal uncertainty in the determination
of H,, is associated with the unknown contribution
of any “nonmagnetic” (e.g., Mo,Co,) second phase
or strongly magnetic cobalt clusters to the re-
ported susceptibility. This is probably not a seri-
ous problem for MoCo; in the case of WCo, how-
ever, the only available susceptibility data were
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obtained for powder-metallurgical specimens
which, on the basis of our NMR studies, must be
assumed contamined with an appreciable fraction
of W,Co,. As an alternative approach we use the
low-temperature data, Fig. 7, to estimate the
saturation hyperfine field gSH ,, and hence to
achieve a separation of (4.12). We assume for
now that the magnetic-saturation behavior of the
local moment follows a Brillouin function Bg(X)
modified for the Kondo effect,

X=gupH/[ks(T +6x)], (4.13)

and that the temperature-independent shift contri-
bution has the high-temperature value K,=1.6%.
Hence

AH=-gSH, Bs(X) +K H . (4.14)

The results of fitting this expression to the 1.56-
and 4.0-K shift data are displayed in Fig. 11. The
fact that the agreement is not entirely satisfacto-
ry, particularly for intermediate field strengths
and at the lowest temperature, is not surprising.
It is now generally accepted that the destruction
of the Kondo state in external fields occurs more
gradually than implied by (4.13).!" The theoretical
curves plotted in Fig. 11 were obtained by forcing
a fit to the initial slopes [i.e., by setting g%H
equal to the value given in (4.12)] and to the high-
est-field datum at 4.0 K. This procedure gives a
saturation hyperfine field for WCo, gSHy;=-3.2
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N .
N
2.8' \\ —
N
— N B
N
~ 2.4 AN .
[ N
o -
E 4
~ 20
° =
o
3 16t
2 -
1 L2
08}

o 1 1 1 1 1 1 1 1 L 1 1 1 1

(o} 20 40 60 80 100 120 140

H (kOe)
FIG. 11. Fit of the modified Brillouin function, (4.13)
and (4.14), to the low-temperature 5°Co resonance-shift

data in WCo. The dashed line indicates the assumed
asymptotic behavior with slope K j=+1.6%.

kOe, and hence H,;=-1.5kOe/uuz and g=1.4. It
is, unfortunately, not possible to determine to
what extent the assumption that Bs(X) describes
the actual polarization at 7=4.0 K and H=127

kOe underestimates the saturation hyperfine field.
We believe the magnitude of this error to be small.
For example, a 10% increase in the saturation hy-
perfine field implies g =1.2. This implies a larg-
er negative g shift due to conduction-electron ex-
change than observed for Mo Co, which seems im-
probable in view of the lower Kondo temperature
of WCo. In this connection is is noteworthy that
(4.9) and (4.12) together with the WCo susceptibil-
ity data of Booth ef al.! also yield an unrealistical-
ly small g value (H, =2.2 kOe/up, g=1.1). Itis
tempting to attribute this disparity to a negative
conduction-electron spin polarization. Such a
polarization would reduce the measured suscepti-
bility relative to the local susceptibility. It is the
latter, of course, which appears in (4.9). How-
ever, the Anderson-Clogston compensation theor-
em'® is expected to apply in the present case and
the net spin polarization should therefore vanish.
In other words, the exchange-induced negative g
shift simply reflects the local reduction in the im-
purity moment due to the admixture effect. Metal-
lurgical problems eluded to above therefore seem
to be a more credible explanation for the small g
value derived from the susceptibility data.

C. Nuclear-spin relaxation rates

The relaxation rate of the nuclear magnetization
is determined by the fluctuating component
8H , (t) of the local field (4.2). The theory of
local-moment nuclear relaxation in metals has
recently been discussed in considerable detail,'®:2°
and we only summarize the relevant results here.
We define characteristic nuclear relaxation rates
T;' and T7! due to longitudinal and transverse
local-field fluctuations, respectively, in terms
of the corresponding dynamic local-moment sus-
ceptibilities.

Ti'=kgT(A/M ) (gug) 2 lim Imy**(w)/w, (4.15)

w->0

T =k T(A/M)(gup) ™ lim Imy* ~(w)/2w,

w=>0

(4.16)

which are valid for fw,<<kpT and w,T$<1. The
susceptibilities are

Imy*(w) _ T¢

e tem (@17
Imy* (@) T$

2w "Xg(l +[(w —2we)T‘2?]5) ’ (4.18)

where y& =gupd(S*)/0H and xT =g 5(S*)/H. The
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longitudinal and transverse electronic relaxation
rates are given to lowest order in §p (where p is

1 _m(grsl(9pF(S*)x
T° "7 sinh®(x/2)x% ’

2

_m(gus)(9p)
ﬁXo

713— T {s(s +1) - (%) coth(g) + %’i’@‘) [coth(y ;") +coth<’2ﬁ)] } ,

where x=fiw,/ksT and y=fiw/kgT. The local-mo-
ment frequency w, =g gH/fi must be corrected
for any conduction-electron induced shifts by pro-
per choice of g value. We also emphasize that
(4.19) and (4.20) are only valid at sufficiently high
temperatures and/or magnetic field strengths
where Kondo anomalies in the local-moment fluc-
tuation spectrum are unimportant.

Two limiting regimes may be distinguished. At
low temperatures (w, 75> 1) the fluctuations are
anisotropic, with

Til=A%e~*/mhw,S(gp)?, (4.21)
for x>1, and
T = nky TA®S?(gp ) /2R3 W2 . (4.22)

At high temperatures (w, 75 < 1) the fluctuations
are isotropic, with

Ti'=T'=A%S(S+1)/3nnksT(gp) . (4.23)

The transverse nuclear relaxation time T, mea-
sured in our experiments can usually be written
as

T;'=T7 + T, (4.24)

provided that the hyperfine interaction is isotrop-
ic. However, for the case in which only the +3
— — } transition is observed, the contribution of
the transverse fluctuations is enhanced. Adapt-
ing the calculation of Walstedt?! to the present
case, we find for the central transition

T =T7l+3[41(1+1) =1] 75, (4.25)

For 5°Co (I =%) this expression leads to a trans-
verse enhancement factor of 31. As a consequence,
T;'« TT! over almost the entire range of our mea-
surements.

An inspection of (4.22) and (4.23) indicates that
the 5°Co relaxation rate T;' should vary as T/H?
at low temperatures (for large H/T) and as 1/T
(independent of H) at high temperatures. Although
the low-temperature behavior of T, in WCo is at
least qualitatively as expected, the high-tempera-
ture behavior is not. According to Table I the
high-temperature rates, although independent of

the conduction-electron density of states at the
Fermi level for one spin direction) by

(4.19)

(4.20)

H, appear to increase linearly with temperature
rather than decrease. This observation can be
readily explained by the direct Korringa relaxa-
tion to the conduction-electron spins. This pro-
cess yields a relaxation rate for the +3~— -3
transition

Ty (Korr.)=(I +32Q2L+1)(n/h)ksT(A'p'),
(4.26)

where ! specifies the dominant partial wave in the
relaxation process. The density of itinerant d
electrons at the cobalt sites is likely to be small
and the principal direct coupling to the conduction
electrons is therefore the s-contact interaction.
The density of states p’ in (4.26) is then the effec-
tive s density and A’ the s-contact hyperfine con-
stant [A’(gy,%)"'=10° Oe/up]. Since A’/A~10% in
WCo, it is obvious that 7T;!'(Korr.) will become
dominant at moderately high temperatures. We
may write

T;'=T;'(loc) + T;'(Korr.), (4.27)

where the local-moment contribution T;'(loc) is

to be identified with (4.25). In addition, one must
consider the possibility of interference between
the two relaxation processes. In the low-tempera-
ture regime (w, T5>1) one obtains the cross
term!®:2°

Tr'(cross)=mkg TAA'Ip*S*) (Fw,) ™" . (4.28)

The interference is seen to be either constructive
or destructive depending on the sign of AA’J. It
is important to note that 77 '(cross) vanishes un-
less the conduction-electron partial-wave charac-
ters responsible for A’ and g are identical. In the
present case we expect § to involve the I =2 com-
ponent while A’ most likely involves the I =0 com-
ponent. For this reason we neglect the cross
term in the analysis of our relaxation data. Fin-
ally, we mention for completeness that conduc-
tion-electron correlation effects have been ignored
throughout. This should be a reasonable approxi-
mation for MoCo and WCo since the exchange en-
hancements of the respective host susceptibilities
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are believed to be small.

The theoretical predictions for the local-mo-
ment process, (4.15)-(4.20), may be compared
with the WCo relaxation data by letting
[T,(Korr.)T]~'=100 (secK)~! in accordance with
the measured high-temperature rates and treat-
ing gp as an adjustable parameter. By choosing
|gpl=0.40, reasonable agreement with observa-
tions was obtained for the highest field strength.
It is here that T;'(loc) is expected to be least
sensitive to the assumptions inherent in the local-
moment fluctuation theory. The other parameters
[g=1.4,5=%,~(gv,#)"*A=1.5 kOe/u ] were taken
from the resonance-shift analysis discussed
above.

The result of calculating 77! according to (4.25)-
(4.27) are shown in Fig. 12 together with the ex-
perimental data. Although the over-all agreement
is encouraging, significant differences between
theory and experiment appear at low temperatures.
This disparity increases with decreasing field
strength. It is clear that the predicted H -* diver-
gence of the relaxation rate does not occur. In-
stead, our results suggest that the relaxation
rates are tending towards a limiting value. Two
obvious explanations may be advanced for this
behavior. In the first place, because of the finite
impurity concentration, impurity-impurity ex-
change interactions will result in a local-moment
fluctuation spectrum which becomes independent

LI N S AR R A | T T T T TTrey T
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FIG. 12. Comparison of experimental and theoretical
59Co relaxation rates in WCo for several field strengths
(in kOe) as discussed in the text. The experimental
data have been adjusted by subtracting the temperature-
independent term (0.1 msec™!). The dashed line gives
the Korringa rate 1007 sec™.

of magnetic-field strength and temperature. This
occurs below a temperature wg/[(9p)*ks], Where
wg is an effective exchange frequency. Thus, for
we<wg the nuclear relaxation rates are expected
to be independent of both field strength and tem-
perature. Whether the latter applies to our alloys
can not be determined from the available data. In
any event, because of the absence of any concen-
tration dependence we can reject impurity inter-
actions as a plausible explanation for the dispar-
ity between experiment and theory.

We propose, instead, that the observed field de-
pendence of the low-temperature relaxation rates
is a direct consequence of Kondo anomalies in the
local-moment spectral-density function. While no
rigorous theory exists for the low-temperature
dynamic behavior of Kondo alloys it is generally
accepted that the local-moment relaxation rates
are enhanced significantly over the predictions
(4.19) and (4.20) of lowest-order perturbation the-
ory.!” It is reasonable to assume that the fluctua-
tions become isotropic for sufficiently low tem-
perature and weak magnetic fields, and that this
spectral density extends to a frequency of order
kgOx/fi. Since the static susceptibility Rex(0) is
proportional to (kgO,)~" in the low-temperature
limit, one may infer from the Kramers-Kronig
relation that

tim X&) g 6,2
w=0 w

independent of both H and 7. This leads to a
scaling relationship Tj'=T7'x<HZ T/6% for T< 6y,
which should provide a basis of comparison for
different alloys having identical impurity spin S.
Support for this relationship can be found in the
experimental relaxation rates for” Mo °°Co and®
Au®'V (for both alloys the ionic model suggests
S=%). As shown in Table II, the product

(Y2 T,T)""(©x/H)? have similar magnitudes. As-
suming this quantity to have the same magnitude
for W5°Co as for Mo *°Co yields a prediction for
the limiting low-temperature, low-field °°Co re-
laxation rate in the tungsten alloy of (7,7)~!=12
(msecK)~!, which is only slightly greater than

the experimental value near 1 K and 10 kOe. This
result gives additional confidence that the dispar-
ity between perturbation theory and experiment is
a direct manifestation of the Kondo effect.

There remains the question whether the nuclear-
resonance properties of a transition-element im-
purity in a metallic host can distinguish between
nonmagnetic and magnetic regimes. It is well-
known that the former is characterized by iso-
tropic localized spin and orbital fluctuations of
the form Imy;(w) < (7' —iw)~'. Spin-orbit effects
are assumed to be unimportant in this limit and

(4.29)
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TABLE II. Comparison of impurity nuclear spin-lattice relaxation rates in AxV and MoCo.
VT, T) I Hy T T) 6/ Hyp?
(1078 secK™ Oe?) (X) (kOe/ 1g) (107% sec K)
Audlv 1.2(20.2) 290 —45 19
Mo®Co 10(21) 45 —~26 33

the two fluctuation modes are consequently inde-
pendent. In the Hartree-Fock approximation one
finds simple Korringa-type relations which, in
the absence of crystal-field splittings, are given
by22.23

(4.30)
(4.31)

Kgpin(T,',pinT) 253 s
K3(T, T)=10s ,

where 8 =7(3,/%, (4mk)"!. Actually, Shiba®*! has
shown that these results apply to any order of the
Coulomb interaction on the impurity site for the
fivefold degenerate Anderson model provided
T<©y and gugH <kgOy. In the earlier work on
AuV and MoCo the expressions (4.30) and (4.31)
were used to separate the spin and orbital contri-
butions to K and T,T. The orbital shifts obtained
in this way were in good agreement with the high-
temperature intercepts of the experimental

K vs (T +6)~! plots. This interpretation requires
that the spin susceptibility is temperature de-
pendent while the orbital susceptibility is inde-
pendent of temperature in the range of the experi-
ments. The fact that 7, <75} can be used to
rationalize such behavior. Actually, the inter-
pretation of the AuV and Mo Co data was not
strongly dependent on the orbital Korringa relation
(4.31) because the spin interaction is dominant in
these alloys as evidenced by the negative reso-
nance shifts. Essentially identical results would
be obtained if we assume 7|}, =0 and let

T,"' =T li.e., we assume that only (4.30)
applies as the magnetic limit is approached by an
S-state impurity]. In this connection we note that
the theory has been less successful in the case of
the nonmagnetic alloy Au#Co for?® which the

S -state limit probably does not apply. Here the
shift is large and positive (i.e., the orbital inter-
action is presumed to be dominant); the relaxa-
tion rate, on the other hand, is anomalously slow
suggesting that the orbital hyperfine interaction in
AuCo is ineffective as a nuclear spin relaxation
mechanism.

Recently, Alloul®® has shown that the low-tem-
perature (1-4K) resonance shifts and relaxation
rates of ®*Cu nuclei near iron impurities in the
“classic” Kondo system CuFe (©,=27.6 K) also
obey the prediction (4.30). Unfortunately, the

copper hyperfine coupling is presumably in-
sensitive to any orbital fluctuations of the im-
purity, and the $°CuFe experiments are, therefore,
unable to verify the existence of independent

spin- and orbital-fluctuation modes predicted by
the Anderson model. Such independence does not
exist, of course, in the ionic model employed in
the present paper; instead, the spin and orbital
degrees of freedom are tightly coupled by intra-
atomic correlation (Hund’s rule) effects and the
spin-orbit interaction. Any temperature-in-
dependent resonance shift is due to field-induced
admixtures of excited states into the zero-field
ground state; there is no strong nuclear relaxation
mechanism associated with this process because
of the absence of low-frequency fluctuations. The
impurity is therefore characterized by a single
fluctuation mode.

The scaling relationship discussed above implies
that this mode also leads to a Korringa relation
which, however, depends explicitly on the impurity
spin. In order to display this result more clearly
we carry out the Kramers-Kronig inversion using
(4.8) and assuming a constant spectral density
Imy (w)/w with a sharp cutoff at w =+ k6, /7i. We
obtain in the low-temperature limit

8S(S+1) (gua>z ( i )
T3 Yalt 4mkg

K*T,T (4.32)
where 7,”'=2T,~', which is seen to be independent
of ©. The expression differs from (4.30) in its
dependence on S and the fact that the actual im-
purity g value is indicated rather than the free-
electron g value assumed in the derivation of
(4.30). For S=1 the two expressions are essenti-
ally identical; this striking similarity must be re-
garded with some suspicion, however, since the
functional form of Imy(w)/w assumed here has no
rigorous theoretical basis.

The Korringa rate [T,(Korr.)T]-1=100 (secK)™!
inferred from the high-temperature data can be
used to estimate the s-contact resonance shift
(K,) at the impurity site in WCo. Combining (4.26)
with the usual expression

K= (y0) " ppA'p’ {4.33)

yields a shift K, =0.54% which is presumably posi-
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tive. It is interesting to note that this shift is
approximately twice as large as the Knight shift
in pure copper metal.?” Because of the neglect of
possible exchange-enhancement effects, our
estimate of K, represents a lower limit.*® This
is not a significant problem, however, since
collective-electron effects are likely to be unim-
portant in tungsten. The large magnitude of K|
must be attributed to a larger s-like density of
states at the Fermi energy for Co in W than is
observed for the noble metals. This is not
surprising in view of the large screening charge
required by the divalent cobalt ion. Finally,
assuming that the observed high-temperature shift
in W*Co is the sum of s-contact conduction-
electron and d-orbital (Van Vleck) local-moment
contributions

Ko =Ks +KVV (4-34)

we obtain K, = +1.1%.

D. Spin and orbital parameters

The preceding analysis has yielded cobalt g and
Hye values for MoCo and WCo. We now wish to
examine the consequences of the ionic crystal-
field model by separating these quantities into
spin and orbital contributions as a function of the
parameter A. It is also of interest to compare the
exchange constant inferred from the WCo relaxa-
tion data with that implied by the negative g shift.
Because of the great simplifications inherent in
our model we shall not attempt to account for the
relatively small differences between MoCo and
WCo; instead, our discussion will be limited to a
consideration of the WCo data.

We adopt the following procedure: (i) For a
given crystal-field splitting A we diagonalize 3C,,
as defined by (4.1), using straightforward numeri-
cal techniques. (ii) We introduce the Zeeman
perturbation

Kyy=pgn® 2 (26G [S%|0)+ kG | L*|0)[EG) - E(0)]"*(4HE™™(0 |S#|i) + 2k , HZ™O| L*|1))

i#o0

where the sum extends over the I',, I'; manifolds.
The term depending on H{**® in (4.40) is small
provided %, »/A<1 and can usually be neglected.
Choosing the free-ion value'®* A=-176 cm™, and
letting %, =%, =1 yields the spin and orbital g values
shown in Fig. 13; the corresponding exchange
parameters n were derived from (4.38) using g
=1.4. Carrying out the perturbation calculation for
K,,=0.011 according to (4.40) and solving (4.39)
and (4.40) for H{%*'™ and He™’ leads to the results
shown in Fig. 14. Because of the many uncertain-

¥z=pugH- (kL +25), (4.35)

where k; is the orbital reduction factor appropri-
ate to the Zeeman interaction, and compute the
appropriate matrix elements of L and S in the
representation which diagonalizes 3C,. We have
also assumed for computational convenience that
H is oriented along [ 100]; the cubic anisotropy 2°
is expected to be small in the present case be-
cause our results require a small value of k) A/A,
although the actual magnitude of this quantity
cannot be determined from our data alone. The
T,, T's ground-state admixtures are therefore
small and any anisotropy can be safely neglected.
The spin and orbital g values are

gs=-3(0[s*|0),
gL="%kz<0|Ll|O> ,

(4.36)
(4.37)

where |0)= |I,,m¢=-S). The measured g value
is then given by

g=n(gs+8y) - (4.38)

The parameter n describes the g shift resulting
from the conduction-electron exchange {4.3). In
effect, we assume that the field experienced by
the local moment is the sum of the external field
H and a molecular field (n — 1)H due to the con-
duction-electron exchange term. The assumption
that the exchange coupling affects the spin and
orbital degrees of freedom equally can, in princi-
ple, not be justified; we introduce this simplifica-
tion only because the relatively small g, values
make more complex parameterizations meaning-
less. (iii) We decompose the hyperfined field H,,
into its spin and orbital components by utilizing the
experimentally determined saturation hyperfine

field
gSHy, =nS(gsH (3™ + g, Hig™) , (4.39)

and Van Vleck resonance shift

(4.40)

r

ties, particularly in 2, and %,, the absolute mag-
nitudes should be viewed with some caution. The
indicated trends and, more generally, the depend-
ence of the calculated quantities on the various
parameters can be understood by means of the
following scaling relations which become exact in
the limit 2,A/A~0:

(4.41)
(4.42)

(a)gszZ,
(b)gLOCkzkxh/A,
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(c)n=glgs+tg,) =8/2, (4.43)
(@) HO® <Kyy/xyy ®Kyyn™kz*A. (4.44)

The small magnitude of Hy, implies H(™ g
~-H®g ; thus,

(e) HEP™ = —H™ g, /g5 = Kyy by ~2kz" .
(4.45)

Although it is not possible to determine A, we
note that the free-atom value of H9 is approxi-
mately 600 kOe.° For reasonable values of &g,
A therefore lies near 1000 cm™?.

Because 1) is relatively insensitive to the model
parameters it is possible to determine Jp from
the observed g value, using®

n=[1+3(g./g)9p], (4.46)

where g ,=2 is the conduction-electron g value.
Choosing 1=0.60, we obtain §p=-0.56. This is
close to the value |gp|=0.4 inferred from the re-
laxation data. Although the close agreement is
gratifying, it has only qualitative significance be-
cause of several complicating (and unknown) fac-
tors, ignored in our analysis, which affect the
static and dynamic local-moment properties dif-
ferently. Among these are the wave-number de-
pendence of J, intrinsic differences in the way
covalent admixture contributes to the g shift and
local-moment relaxation rates,®! and the fact that
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FIG. 13. Variation of calculated spin and orbital
g values and g shift with crystal-field splitting para-
meter according to the ionic model.
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FIG. 14. Variation of calculated spin and orbital hy-
perfine fields (in kOe/ug) with crystal-field splitting
parameter according to the ionic model.

the exchange coupling for [ >0 involves multiple
orbital scattering channels.

V SUMMARY

The present study has provided detailed infor-
mation about the magnetism of dilute cobalt im-
purities in molybdenum and tungsten. A summary
of the principal quantities for the two alloys de-
rived from our measurements is given in Table III.
An ionic model based on a T', orbital-singlet
ground state arising from the Co®** 3d’(*F) term
perturbed by spin-orbit, crystal-field, and local-
moment/conduction-electron exchange interac-
tions can account satisfactorily for the observed
static as well as dynamic properties. The sign of
the crystalline potential at the purity appears to
be anomalous if it is assumed that the cobalt
atoms occupy substitutional sites in the bcc host
lattice. The lowest excited state (I';) lies approxi-
mately 5000 cm ™! above the ground state.

We believe that the small cobalt hyperfine fields
result from a near cancellation of the negative d-

TABLE III. Summary of parameter values derived
from *Co NMR data.

O (K) g Hys (kOe/ ip) Ko(%
MoCo  45(3) 1.3 —26 +1.8(20.1)
WCo 1.8(+0.2) 1.4 -1.5 +1.6(20.1)
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spin hyperfine field of the I', ground state by a
positive spin-orbit induced orbital hyperfine field.
Similarly the positive temperature-independent
contributions to the resonance shifts result from
field-induced orbital admixture effects. The large
negative g shifts inferred from the resonance shift
data give evidence for strong negative local-mo-
ment-conduction-electron exchange interactions
in both MoCo and WCo. The magnitude of this
interaction is consistent with the observed low-
temperature 5°Co relaxation rates in WCo. Simple
scaling relations link these results with impurity
relaxation rates in other Kondo alloys such as
MoCo and AuV. Despite significant fundamental
differences between the Anderson (Hartree-Fock)
and ionic models it appears that the impurity nu-

clear-spin relaxation rates cannot distinguish
clearly between the nonmagnetic and magnetic ap-
proaches to the magnetic impurity problem when
T<©Oy,. Whether this is a fortuitous circumstance
or indicates a fundamental relationship between
the properties of localized-spin-fluctuation and
Kondo systems remains uncertain.
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