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e present measurements of static susceptibility and of Mn and Bi NMR shifts and relax-
ation times over temperatures ranging. from 700 —1400 K for a series of dilute alloys of Mn in

liquid Bi. The Mn impurities, which possess a local moment similar to that of CuMn, are found
to exhibit a Kondo temperature TI(

—50 K. A plot of Mn shift versus measured impurity sus-

ceptibility reveals a small temperature-independent susceptibility term in addition to the Curie-
eiss term. The fluctuation rate of the Mn moment is deduced from relaxation measurements
of the . Mn nuclei, yielding a single-ion term in good agreement with the dynamic susce'ptibility

model for Kondo systems given by Gotze and Schlottmann, and a spin-spin Ruderman-Kittel-
Kasuya-Yosida (RKKY) term in reasonable accord with realistic model calculations for near-
field RKKY exchange. Failure of the Bi shift to follow the Mn susceptibility ~s attributed to
temperature-dependent transferred hyperfine coupling; a successful interpretation of this effect
is made using x-ray and neutron-diffraction results to determine the temperature-dependent ra-

dial distribution function and employing a simple asymptotic model of the RKKY spin-density

oscillations. The RKKY amplitude so determined is found to be anomalously large, while the

phase (at near-neighbor distances) is in agreement with a recent model calculation for CuMn.

By applying a small correction to the moment fluctuation times from liquid motion, we are also
able. to.obtain a quantitative interpretation of the Bi relaxation times.

I. INTRODUCTION

Nuclear magnetic resonance has proved to be a key
technique in the study of both static and dynamic
properties of Kondo impurity systems. ' Such stu-
dies have provided the major source of confirmation
for available theoretical results. 4 ' In the present pa-
per we present an NMR study of a rather unusual
Kondo system, namely Mn impurities in liquid Bi
(7'a —50 K). In addition to its being, to our
knowledge, the first detailed study of Kondo
phenomena in a liquid-metal host, ' this system offers
several other advantageous features as well. The low
melting point of Bi metal (TM ( 700 K) aliows con-
venient study over a relatively wide range of tem-
perature. The liquid state eliminates extraneous stat-
ic NMR line broadening effects; thus one may
analyze relaxation phenomena without the attendant
ambiguities of quadrupolar broadening. Most in-

terestingly, we may for the first time study the
dynamics of the Kondo moment directly through the
responses of its own ('~Mn) nucleus. s The 5'Mn hy-
perfine coupling is modulated by s —d exchange
scattering of conduction electrons and also by indirect
(RKKY9) exchange at a rate which scales with con-
centration. By studying the Mn relaxation as a
function of both temperature and concentration,

these effects can be analyzed separately. The s-d
scattering rate is compared with models of Kondo
dynamics. 6

We have also carried out a study of the Bi NMR
shift and relaxation time in these alloys. One finds
the rather surprising result that the Bi shift 5Ã8;
relative to that of Bi metal does not follow the Mn

impurity susceptibility, suggesting a temperature-
dependent transferred hyperfine coupling. Moreover,
there is a strong Mn-induced relaxation mechanism
for the ' 'Bi which also behaves somewhat differently
with temperature from the "Mn relaxation. We
analyze these effects using the x-ray and neutron
scattering data for the temperature variation of the
radial distribution function in a simple asymptotic
model for the transferred (RKKY) hyperfine cou-
pling and the local-moment fluctuatio times extract-
ed from the ' Mn relaxation measurements. The
shift data serve to determine the RKKY phase and
amplitude. By introducing a liquid-motion correlation
rate estimated from kinetic theory, which acts in

parallel with the local-moment spin-lattice relaxation
time T~„wethen give a quantitative account of the

Bi relaxation data.
In Sec. II we discuss sample preparation and exper-

imental technique. The experimental results are
presented and. analyzed in Sec. III. Our conclusions
are summarized in Sec. IV.
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II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

Certain difficulties were encountered in trying to
make reproducible specimens of Bi Mn. For this rea-
son several sample preparation techniques were used.
At the outset weighed quantities of 99.999%-purity
powdered Bi and 99.9%-purity powdered Mn were
mixed with an approximately equal volume of 3.0-
micron A1203 powder and sealed off inside a quartz
tube of suitable size for the NMR spectrometer. Be-
fore sealing, the material was heated to several hun-
dred 'C to drive off adsorbed water. Sealed speci-
mens were then left overnight at 1100'C, causing the
Mn to diffuse uniformly throughout the Bi particles
by vapor transport. The A1203 served to prevent the
liquid Bi droplets from coalescing, so that rf fields
would penetrate the resulting alloy. The problem en-
countered with this method was that roughly the first
10 at. % of Mn would simply be lost, presumably to
oxidation. Such a loss caused severe difficulties in
determining the actual resulting alloy concentration
and also led to concentration inhomogeneities.

Substantial improvement was achieved by using,
instead of commercial powdered Bi metal, Bi powder
filed from the bulk in an inert (argon) atmosphere.
ith this method far less of the Mn fraction was lost,
suggesting adsorbed 02 or BiO coating in the com-
mercial Bi powder to be the cause of our earlier prob-
lems. Even so, we were not certain that we could
rely on the nominal concentrations, nor can one be
fully confident of chemical analysis on such speci-
mens.

The third and most successful approach was that of
using bulk samples fused from etched pieces of Bi
and Mn metals (in dilute HCl and HNO3, respective-
ly). These were again sealed off under vacuum, be-
fore being melted together in an rf induction furnace.
There was a much reduced loss of Mn with this
method. An ingot with a nominal atomic fraction of
11.75% Mn was divided into five pieces for chemica1
analysis. The analyzed concentrations averaged
11.0 + 0.3%, sho~ing a Mn loss equal to 0.75% of the
bismuth content. There is evidence in the shift
measurements (Sec. III) of similar losses in lower
concentration specimens.

The bulk samples were found to have adequate
sensitivity for the Bi NMR studies. The powdered
samples described above were used for most of the
' Mn work in spite of the difficulties im. determining
concentrations because of the greater sensitivity re-
quired. Spot checks were made with bulk samples to
corroborate the results.

The NMR relaxation times and most of the shift
measurements were made using a conventiona1
pulsed NMR spectrometer operating in the 10—17
MHz range, although some of the shift data were
taken with a Varian wide line spectrometer. Signal

quality was improved by accumulating repetitive field
sweeps in a Nicolet Model 1072 instrument comput-
er. Sample temperatures were stable to 1 'C and
were measured using a Pt —Pt + 10-at. %-Rh thermo-
couple to an absolute accuracy of 10'C. Tempera-
ture gradients across the sample were also of this
order. Susceptibility measurements were made with a
conventional electrobalance using bulk alloy speci-
mens.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Mn impurity susceptibility

8. Mn shift and relaxation

The "Mn NMR shift has been measured over the
range of temperatures from 700 to 1300 K in

powdered samples of concentration 1.8, 3, and 6.7

TABLE I. Values of peff g ~S (S + 1)j and the

Curie-Weiss temperature e for Mn impurity susceptibilities

fX ~ (7+8) '] in liquid Bi at the Mn concentrations sho~n.

0.02

0.05

5.02 + 0.1

5.17 + 0.1

40+10
60 + 15

Susceptibility measurements were performed on
bulk samples having analyzed concentrations of 2-and
S-at. % Mn, at temperatures ranging from 700 to 1300
K. These measurements were corrected for the back-
ground susceptibility contributions of the Bi matrix
and the sample holder and then least-squares fitted to
a Curie-Weiss law. ' Fitting parameters p, tf and 0
are given in Table I, where the susceptibility is ex-
pressed as

X~„=Wnperf ps/3ks(T+0),

N being the number of moles of Mn in the sample.
Our results show a significant reduction of p, ff

from the free spin value (p,rr=5.92) for S = T~ and
also a slight apparent dependence of p, ff on concen-
tration, both in accord with previous work. ' In addi-
tion, our somewhat greater resolution reveals a well-
defined Curie-gneiss 0 for this system which was not
reported earlier. %e interpret 0 to be a Kondo con-
densation temperature T~ for the Mn moment. It is
interesting to contrast this behavior with that of
CuMn, which has a similar value for p, ff,

' but has a
Kondo temperature that is orders of magnitude
lower. '3
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FIG. I. Plot of 55Mn shift vs Mn impurity susceptibility
for three concentrations of Bi~ Mn as described in text.
Circled intersection of lines showers analysis into spin and or-
bital components (see text).

O C=00~8
~ C =0.06?
o C = 0.147

I

Tc = ~T~e~
K

at. %. The results are plotted against measured XM„
values in Fig. 1, where the c =2 at. % X data are used
for the 1.8- and 3-at. 'k shift results and the
c =5 at. % X data for the 6.7-at. % results. The three
sets of data points are seen to follow a well-defined
straight line, which is perceptibly improved by selec-
tive use of X data stated above. Following the usual
interpretation of K —X plots' the straight-line
behavior is attributed to a'"Mn shift contribution
proportional to the temperature-dependent d-spin
susceptibility. The slope is then ud = Hhr/N pcs,
where H&~ is the d-spin hyperfine field per Bohr
magneton and No is Avogadro's number. From the
plot we find n„=—11.3+0.6 (emu/mole) ' (or
//fr = —63 + 3 kG/p, s), which is very close to the
value found for Cu Mn. 8

The positive intercept of the K —X curve on the
shift axis in Fig. 1 indicates the presence of another,
temperature-independent shift contribution. " This
shift is larger than any possible s-contact shift, '6 and
we tentatively attribute it to orbital sources. To con-
tinue the analysis we estimate an s-contact shift of
0.2%, and construct a line from the point
KM„=0.2%, XM„=O,with a slope equal to the orbital
shift coefficient

P = K„b/x,„b—65 (emu/mole) ',
which is estimated from atomic calculations. ' " The
intersection of this line with the line through the data
points then gives Kpgb 0,65% Xpfb 10 emu. It
is important to note that such a shift is absent in
Cu Mn, but does appear in Cu~ „Al„:Mnfor small
x, even though the local-moment parameters vary
only slightly with x for 0 & x & 0.2." We therefore
associate such a shift with increased volume density

0
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FIG. 2. Measured transverse relaxation times of ~5Mn for
several concentrations of Mn in Bi, plotted vs temperature.
The solid lines are from the model fit described in, text and
the dashed line corresponds to a Korringa-like variation of
the Mn moment fluctuation rate.

of conduction electrons as is indeed found in Bi Mn.
Its appearance could signal the onset of another ionic
configuration at the Mn. site in the type of picture ex-
pounded by Hirst. '9

The "Mn spin-lattice relaxation time was studied
through measurements of the free-induction decay
time T2, which was presumed equal to Tt in the
liquid state. ' Data for T2 vs T for three concentra-
tions" of "Mn are sho~n in Fig. 2. T2 is extremely
short in comparison with expected contributions from
the conduction band. We therefore conclude that
this process is dominated by the local-moment fluc-
tuation mechanism identified in CuMn. The two
most striking features of these data are, first, that T2
becomes longer as the concentration is increased, and
second, that the temperature variation is weaker than
the linear T law based on "normal" Korringa relaxa-
tion of the local moment.

We analyze the T2 data using the Kondo effect
model theory developed by Gotze and Schlottmann6
(GS) in which the local-moment s —d exchange fluc-
tuation rate T~,' is found to vary approximately as
T —2vl'I& at high temperatures, where J is the g —d
exchange coupling and p is the host band density of
states for one spin direction at the Fermi surface.
The concentration dependence is ascribed to RKKY
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A (secK ') 5
TRK.~~ (sec)

(l.o+0.5) x Io"' 0.55 + 0.07 (}33+0 09) lo-"

TABLE II. Local-moment fluctuation lifetime parame-

ters obtained by least-squares fitting Eqs. (1) and (2) to the

data of Fig. 2.

results with the GS model theory we estimate the
Korringa rates assuming I = 2 symmetry for the s —d
exchange coupling. Assuming the mixing exchange
is dominant, then p,tt= (I—5p( J,)/2) p, tr (free spin). "
The experimental value (5.1) then yields

p~ Jq~ =0.055, which may be an overestimate in view

of corresponding results for Cu Mn." The local-
moment Korringa rate is then

(Tt,) tr' = Srr(pJ2)'ks T/tt, (3)
'Parameter A is highly correlated with o. in the fitting pro-

cedure. For fixed o., A is determined to -S%.

exchange coupling between the Mn impurity rno-
ments. The combined nuclear relaxation effect of
T~, and the RKKY exchange fluctuations can be
described by

2I/Tt = (-, ) (npytt, ap, rrND) 'r, ,

where ~, is the correlation time of the local-moment
hyperfine fluctuations. The observed behavior of T~

corresponds to a shortening of v, with increasing
concentration. The combined effects of T~, and
RKKY fluctuations can be approximated as follows.
The autocorrelation decay rate 7, ' is presumed to be
increased, on the average, by an amount proportional
to the mean number zc of Mn neighbors to a given
Mn site. Thus,

I/&c = I / Tt~ + cz/&aaav,

where TREK@ is the exchange fluctuation rate per Mn

neighbor and z is the coordination number of the
liquid. For c 0 Eq. (I) then reduces to the well-

kno~n results for isolated impurities. One would

expect Yqx~q to vary only slowly with temperature. .

Thus, from Eqs. (1) and (2), one expects plots of
Tt (Tq) vs T for various concentrations to consist of
similar curves displaced vertically by amounts propor-
tional to e, as is indeed found (Fig. 2).

From the above analysis we are able to derive a
quantitative measure of T~, vs T, since all the other
parameters in Eq. (I) are known. To this end we
have carried out a least-squares fit of Eqs. (I) and
(2) to the data, adopting the form Tt,t = A T, where
n = I —2p~ J~ for the S = —, case analyzed by GS. The
fitting parameters are therefore A, n, and 7~KK~,
where we take nq = —11.3(emu/mole) ' from above
and z =8.8 from radial distribution measurements. '
The resulting curves for T2 are shown in Fig. 2 as
solid lines, with parameter values collected in Table
II. A satisfactory fit is achieved in this way, with the
main errors arising from uncertainties in experimen-
tal concentrations.

In Fig. 2 the variation of Tt, with temperature is
sho~n in the curve labeled "c=0." To compare these

and is plotted as a dashed line in Fig. 2. Thus T~, is
seen to exceed the Korringa rate by a considerable
factor, as predicted by GS. 'We also make a quantita-
tive comparison with the GS results for T&, , which
werc calculated assuming pJ =0.2 or 1 —2 pJ =0.6.
This is reasonably close to our fitted value 0, =0.55.
Using the T" '~~J~' law to extrapolate the values from
GS (Fig. 8, Ref. 8) to T =700 K (T/0= 17.5) and
T =1300 K (T/0 =32.5), the GS model calculation
predicts a Korringa enhancement [(Tle)K/Ttel of
3.1 + 0.3 and 2.4 + 0.3, respectively. The correspond-
ing experimental ratios (Fig. 2), which are 2.5 and
1.9, respectively, have a variation with temperature
similar to the GS model but are somewhat lower.
This may be because our estimate of p J2 (based on
p, tt) leads to an underestimate of (Tt,) tr.

" We also
note that our slightly larger value for pJ (than that
used by GS) would lead to improved agreement with
experiment.

The fitted value of n (Tablle I) for the power law

dependence of T~,' has rather broad error limits and
Iles between the "static" value 2(2i+I) pJ, =0.62 and
the "dynamic" [i.e., as in Eq. (3)] value
2(2i+I) 't~p J2 =0.28. Unfortunately, one cannot say
from ~he S = —, results just how a is modified in the

case of I = 2 symmetry. %e therefore consider the
present correspondence satisfactory until such time as
I =2 model results become available.

Finally, it is interesting to compare the value of
TgKKy with available theories of RKKY exchange as
well as other experimental evidence. Caroli 6 has ex-
tended Yosida's earlier treatment of RKKY ex-
change to include t' & 0 components of s —d exchange
coupling. Treating liquid Bi as a free-electron metal
with 5-electrons/atom and using the nearest-neighbor
distance (3.38 A) and coordination number (8.8) for
liquid Bi given by %aseda and Suzuki, we estimate

Yaagv J S/tt 10 sec

which is an order of magnitude faster than the fitted
value (Table II). However, Malmstrom et ai. 27 have
shown in a realistic model calculation that the near-
field RKKY exchange coupling is greatly reduced
from its asymptotic amplitude ~r& at nearest-
neighbor distances. Thus the "discrepancy" noted is
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not surprising. Further, it is interesting to compare
these results with the exchange rate implied by the
ordering temperature of ferromagnetic BiMn,
kT, —ZJS. Using Z=6 and T, =630 K we find
JS/t —1.4x10'3sec ', in good accord with the esti-
mate from YgKy, y.

C. Bi NMR shift and relaxation effects
due to the Mn impurities

The addition of Mn impurity atoms to liquid
bismuth has a strong effect on both the shift and
spin-lattice relaxation of the Bi. Measured values
of these parameters for pure Bi metal" are plotted
against temperature in Fig. 3. The shift of Bi with
Mn concentration is illustrated in Fig. 4, where we
plot hK~; = K,~~,„—Kq; versus nominal concentration
c at T =700 K for the bulk samples described in Sec.
II. The straight line dragon through the low-
concentration points shows that a quantity of Mn
equal to —1'k of the Bi content of the sample is lost
in the alloying process. This is in accord with the
analysis of the 11.75% sample presented in Sec. II.
The slope of the line in Fig. 4 gives
1 = c 'Ka; dh Its, /dc = 28, which is a very large ef-
fect. We also note that the c =0.11 shift falls well
belo~ the linear behavior found at low concentration.

The temperature dependence of hK~; for several
concentrations is shown in Fig. 5. There-we plot AK
vs XM„. One sees irrimediately that hK~; and XM„
have distinctly different temperature dependences.

1.40

g 1-
In

hC

Cl

0
0

C (%)

10

FIG. 4. Measured shift of p Bi at 1000 K (relative to that

of pure Bi) in Bi&,Mn, as a function of nominal concentra-

tion c. The analyzed concentration for c =0.1175 is shown

as a closed circle.

The behavior of hK is very similar to that found for
'Cu in CuMn. We find the explanation proposed

earlier for this effect' to be unsatisfactory'"; thus we

suggest two other possible mechanisms. The first is
illustrated by pasing a straight line through the data
for a single concentration in Fig. 5. The intercept Kp
of this line at XM„=O(T= ~) might correspond to a
change in the (temperature-independent) conduction
band shift caused by the added impurities. However,
one finds

, dKp
I p=c Ks;

dc

~O0

1.38—
—3.5

—3.0
Cl

N

—2.5

for this shift, which is an order of magnitude too
large be realistic. Thus we consider an alternative hy-

pothesis, namely that the failure of AK&; to track XM„
is the result of a temperature-dependent hyperfine
coupling between the Mn spins and the host Bi nu-
clei. This temperature dependence would stem from
that of the radial distribution function as projected
against the rapid and (relatively) stationary oscilla-
tions of the RKKY hyperfine interaction. We have
undertaken a model calculation of this effect, to be
presented below, in which the results-are successfully
accounted for.

Next, we present the data for the measured in-

crease

4.30— —2.0

700 1100

v (K)

1300 1500

FIG. 3. Frequency shift and (transverse) spin-lattice re-

laxation of Bi in liquid Bi as a function of temperature.

in ' Bi spin-lattice relaxation rate due to alloying. '

This is plotted as 1/LL(Tq ) vs T in Fig. 6 for
c =1.8%, where we see that there is a very large ef- .

fect for such a small impurity concentration. The
temperature dependence is similar to that of T2 (Mn)
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05— FIG. 6. inverse of measured increase in + Bi spin-lattice
relaxation rate (relative to pure Bi) for 1.8% Mn in Bi, plot-
ted as a function of temperat0re. Fitted values from the
model calculation described in text are also shown.
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FIG. 5. Measured shifts of Bi in several Bi Mn alloys

(relative to that of pure Bi) plotted as a function of man-

ganese impurity susceptibility to illustrate the disparity in

temperature dependences. Concentrations shown are
analyzed (c =O. l 1) or deduced from shift behavior,

hK = '
i A, (r) p(r) dr,

3yks(T+0)
(4)

where g,~ is the effective g factor of the local mo-
ment in a metalhc environment. Equation (4)
presumes that the effects of several impurity spins

except that it seems to flatten out at low tempera-
tures. In Ref. 7 a model calculation of b (Tz ') was
presented based on fluctuating hyperfine coupling
with impurity spins, in which the radial distribution
of Bi neighbors to an impurity was treated as a 8
function and the transferred hyperfine coupling was
estimated from EKS;. This model was found to un-
derestimate d (Tz ') by an order of magnitude, and
an additional relaxation mechanism (of unknown ori-
gin) was suggested to be present. In the following it
is shown that a more realistic treatment of the
transferred hyperfine fluctuations leads to a success-
ful understanding of the relaxation data.

%e now model the 98i shift and relaxation effects
caused by magnetic solute atoms in terms of the radi-
al density function p(r) for Bi metal32 and an isotro-
pic transferred (RKKY) hyperfine interaction
A, (r)l S between a solute spin S and a 098i nuclear
spin I separated by distance r. Using the known im-
purity susceptibility function we then have for the in-
duced shift

superimpose linearly, which will be true at low con-
centrations. This expression represents an average
over all possible environments, and it is presumed
that the rapid liquid motion performs this averaging
process in a time short compared with T2.

The fluctuations in the transferred hyperfine cou-
plings are responsible for 5(T2 ); they arise in two

ways. First, the spin-lattice relaxation process of the
solute spins causes orientationa1 fluctuations at a rate
—T~,', and second, the liquid motion causes fluctua-
tions by changing the distance r between a spin S and
a nuc1eus I. %e assign a correlation time 7I to the
latter fluctuations. The precise formulation of the
host relaxation depends upon which of the foregoing
two mechanisms is predominant. For orientational
fluctuations alone we may write

with r, given by Eq. (2). Equation (5) is simply a

superposition of the effects of impurities at all (fixed)
distances using Eq. (1).z' The liquid-motion hyper-
fine fluctuations depend, in contrast, on space-time
correlation functions of the liquid. ' %e mention
these two possibilties because even though vI & T~„
the predomi'nance of orientational fluctuations turns
out to be marginal in Bi Mn. In order to avoid undue
complexity, however, we shall use Eq. (S) for com-
putational purposes and use a modified correlation
time

r, = (Ti,'+cz/ra««v+7', ') '
to account for additional modulation from liquid mo-
tion. This should provide a reasonable approxima-
tion for the liquid-motion contribution, because con-
tributions to 6(Tz ') are strongly peaked at the first-
neighbor shell.



4450 R. DUPREE, R. E. %ALSTEDT, AND F. J. DiSALVO

Equations (4), (5), and (6) form the basis for our
interpretation of the data in Fig. 5 and 6. The pro-
cedure is as follows. As a first step we calculate p(r)
at several temperatures in the range of interest from
x-ray and neutron scattering data given by Waseda
et a/. ' This is carried out using

~ EXPERIMENT

~ MOOEL

0.8—

g 0.6—
ID

0.~—

0
~ ~

p(r) =4rrr po+ —
~ dk k[a(k) —1]sin(kr), (7)2r

~ ~

where po, the atomic density of liquid Bi, is given
by35

0.2—

po(T) =2.897X IO +3.64X10 (T—544) atoms/A

(8)
0 I I I

0.5 3.0 1.5

)0 /T(10 K )

FIG. 8. , Induced shift data from Fig. 5 for c =1.8% com-

pared with results of model calculation-describeg in text.

where kF is calculated on a free-electron model as-
suming 5 electrons/atom. From p, rr (Table I) we

find g,qI =1.73 assuming S = —, for the Mn moment.

The quantities 8 and @ are then adjusted to best fit
5Ka; ( T) for c =0.018, yielding

8 = (3.6 + 0.4) x 10 '4 erg cm

and /=100+20 degrees. The resulting fit is shown
in Fig. 8 and is seen to be excellent. The tempera-
ture dependence of p(r) is easily able to account for
the shift behavior. Incidentally, the period rr/kF of
RKKY oscillations is shown in Fig. 7, where we see
that the 5-function approximation employed in Ref. 7
is actually quite poor.

Adopting the values of 8 and $ determined by the
shift and T1, from Table II, one then has all parame-
ters except r~ to complete the calculation of h(Tq ')
with Eqs. (5) and (6). To estimate r, we argue as
follows. Neutron scattering results' demonstrate
that on a.time scale of —10 ' sec or less the motion
of atoms in a liquid is gaslike. Thus, we may take TI

as the time required for an atom to move a distance
over which A, (r) changes by a significant amount
when moving at the mean thermal velocity
v = (8kT/AM)'~2 taken from kinetic theory, viz.
ri =d/v. Adjusting d for a best fit to the c =0.018
data in Fig. 6 gives d =0.41 A. This length
corresponds approximately to a phase change of

2
m

1

in Eq. (9). One then finds that rq varies from
1.5&10 ' sec at 700 K to 1.1X10 ' sec at 1300 K.
Agreement with the data in Fig. 6 is again excellent.
In Eq. (6) r, ' accounts for —

3
of the correlation

decay rate. We also note that the temperature depen-
dence of ~I materially improves the agreement with
the data of Fig. 6.

It is interesting to compare the deduced transferred

A, (r) =8 COS (2krr+@)/r3,

(a)

O+
lO

I
O

RKKY
PERIOD

~ ~ ~ ~ ~ otog ~taa

I

o.a—
IO

0.1—

(b)

~0 ~ ~
~ F 0 ' ~ ~
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0 e Io Ia I~ I6 te
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FIG. 7. Envelopes of integrands for induced Bi relaxa-
tion effect (top) and induced shift (bottom) calculated from
neutron and x-ray data for the pair correlation function at
300'C. The tail on the shift envelope decays as r '.

For the purpose of evaluating Eq. (7) the data for
a (k) for 1.2 ~ k ~ 9.0 are extrapolated smoothly to
smaller k values using a power law fitted to the lead-
ing edge of the first peak. Extrapolations of the de-
caying oscilations of [a (k) —1] to larger k values were
also included, but these made only very small correc-
tions in the resulting p(r), In spite of these pro-
cedures, spurious oscillations were always found in
p(r) just below the first-neighbor peak. 3 These are
considered unphysical and are eliminated by extrapo-
lating the leading edge of p(r) smoothly to zero.
Since the integrals in Eqs. (4) and (5) involve
p(r)/r' and p(r)/r6, we illustrate the results for p(r)
by plotting these two quantities for T =300'C in Fig.
7. Note that the modulus of the shift integrand [Fig.
7(b)] decays rather slowly as r ', whereas the relaxa-
tion integrand is peaked sharply at the first-neighbor
position.

Having obtained p(r), we first consider the shift,
i.e., Eq. (4). To evaluate the integral we take for
convenience~
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hyperfine coupling parameters with values from other
sources. The magnitude of the transferred coupling
is embodied in the constant B, which leads to another
estimate of the local-moment-conduction electron ex-
change interaction according to the formula '

8 SyQK Jsoo/8mp, (10)

where 0 is the atomic volume, J2 is the exchange
parameter appropriate to spin-density oscillations, and
Jf', is the contact part of the Bi shift. To estimate
K, in Eq. (10) one must be careful to note that Ka; is
—25% smaller than one would estimate from T~

measurements using the Korringa relation with "nor-
mal" enhancement" (estimated from the behavior of
similar liquid metals). This discrepancy could result
from either an additional strong spin-lattice relaxation
mechanism or from a negative core-polarization shift
contribution resulting from strong p character at the
Fermi surface. Making the conservative assumption
that the latter choice is correct, one then finds
~J2 I-0.38 eU. Assuming further that
m'/m —0.87,3S we find p

—0.26 eU ' atom ' and

p~
J2soo

~
-0.1, which is 1.7 times the value estimated

from p, ff. This is clearly an anomalous result, espe-
cially in view of the fact that for CuMn the estimate
J2 is actually smaller than that derived from p,ff.

"
Moreover, if RKKY damping due to smearing of kF
in the liquid state (see below) is significant, the
discrepancy could be considerably larger than the esti-
mate above.

One clue to the origin of this anomaly may be that
this estimate of' J2 comes from the near-field
RKKY oscillations as opposed to the asymptotic
(r 00) disturbance measured by the inhomogeneous
NMR linewidth in the solid. " Cohen and Slichter3
have recently emphasized that the near-field RKKY
oscillations involve contributions from the entire
band; thus, bKs; [Eq. (4)j involves a different
conduction-band hyperfine interaction which is only
poorly estimated by K, in Eq. (10). In particular, one
may speculate that in liquid Bi, with five conduction
electrons per atom, the Fermi-surface states may
tend to be rather p-like with a correspondingly weak
hyperfine interaction, whereas the near-field RKKY
effect in Eq. (4) would involve admixture of s char
aeter from lower in the band. As a resuit, Eq. (10)
could easily overestimate J2 . It may also be
relevent that a Mn impurity atom with- -2 band
electrons evidently causes a large local disturbance in
the conduction band. If these conjectures are true,
then A, (r) would deviate considerably from the form
given in Eq. (9), making it somewhat remarkable that
a consistent account of IKs; and 6(T2 ') is obtained
with this equation. On the other hand, the key oscil-
latory feature of Eq. (9) is probably responsible for
its success in the analysis given.

A second experimental parameter to be examined
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FKJ. 9. Deviation of near-field RKKY spin density oscil-
lation phase. from its asymptotic value (dashed line} derived
from the model calculation of Cohen and Slichter.

is the phase g of RKKY oscillations represented by
Eq. (9). This may be compared with the results of a
recent model calculation of near-field RKKY spin
density oscillations which has been applied to
CuMn. Taking zero crossings in these results to be
an indication of RKKY phase, we plot the calculated
phase against 2kFr in Fig. 7. At the Bi Mn nearest-
neighbor position (see Fig. 9) the calculated phase is

seen to lead 2kFr by —
2 m, in good agreement with

our deduced value of P —100'. This agreement may
be fortuitous, but it also suggests that the near-field
RKKY phase for Mn impurities is not a strongly
host-dependent proper ty.

Lastly, we touch upon the question of the smearing
of the Fermi surface in k space in the hquid state.
Chan and Ballentine ' have considered this effect in a
study of conduction-band properties of several liquid
metals including bismuth. They report a nearly free-
electron-like band having a distribution of Fermi-
surface wave vectors of width hkF/kr -0.1. The ef-
fect of this distribution would clearly be to attenuate
the time-averaged RKKY oscillation amplitude at any
given distance. A crude estimate of the attenuation
can be made by simply averaging the RKKY function
over the kF distribution. Assuming a Lorentzian
shape for the distribution, one finds the RKKY am-

.
—2hkFr

plitude to be diminished by the factor e . This
suggests a reduction of the nn hyperfine coupling by
a factor —3 below the value given by Eq. (9), in
contrast with the observed enhancement by —1.7
noted above. If the b, kF estimate of Ref. 34 is realis-
tic, then either the exponential factor overestimates
the near-field RKKY damping or the hyperfine ano-
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maly conjectured above is much larger than was sug-
gested. A good deal of further study will be required
to resolve these questions,

IV. SUMMARY AND CONCLUSIONS

In summary, the data presented here identify dilute
Mn in liquid Bi as a Kondo system with g Kondo
temperature T~ —50 K. The Mn moment is very
nearly that found in CuMn, leading us to conclude
that the 3d, S ionic state of Mn + lies lowest in Bi
in spite of the contrasting 5 electron/atom valency of
the host metal. However, the K —X plot (Fig. 1) re-
veals a noteable deviation from purely S state in

behavior, i.e., the presence of a small, temperature-
independent contribution to the ionic susceptibility.
In the fluctuating electronic environment of the
liquid, this may represent occasional circumstances
where the Mn moment quenches. It is reminiscent
of the behavior of Mn in a copper host with an in-

creasing admixture of aluminum, ' where the appear-
ance of a temperature-independent susceptibility term
precedes the vanishing of the local moment.

The local-moment fluctuati'on rates as measured
via the spin-lattice relaxation time of the "Mn nuclei
exhibit both single-ion (exchange scattering) and
moment-moment (RKKY) contributions, the latter
varying in an approximately linear fashion with con-
centration as expected. Variation of the single-ion
fluctuation rate with temperature is found to vary as.
T~,' ~ T 5', in reasonable agreement with the model
of Kondo dynamics given by Gotze and
Schlottmann. 6 We also deduce a value for the RKKY
exchange frequency at nearest-neighbor distances,
7'~yKy —10 ' sec, in good accord with a realistic
model of near-field RKKY coupling.

The '098i NMR shift and relaxation rate are both
strongly affected by the presence of Mn impurities.
The Mn-induced shift of the Bi appears to have an
anomalous temperature dependence in that it does
not follow the Mn susceptibility. Conjecturing that
temperature-dependent transferred hyperfine cou-
pling is responsible for this, we have calculated the

effect using a simple asymptotic model for the RKKY
spin-density oscillations and employing x-ray and
neutron scattering data to estimate the temperature
varying radial density function. By optimizing the
RKKY phase and amplitude, a quantitative fit to the
shift results is obtained. To our knowledge this is the
first successful application of radial density function
data to temperature-dependent transferred hyperfine
effects. A similar anomaly in the temperature depen-
dence of the Cu NMR shift in CuMn has been not-
ed. 29 We conjecture that the explanation developed
here is also applicable in that case.

To calculate the ' 98i relaxation we need only
modify the fluI:tuation rate of the Mn moment slight-
ly to take account of liquid-motion effects. Using all
other parameters as determined above, the correla-
tion time for liquid motion that gives quantitative
agreement with the 0~Bi relaxation data is in excel-
lent accord with an estimate from kinetic theory.
Thus, we find that all our results can be accounted
for using known physical models and easily estimated
parameters. The primary new information gained
from the '098i results consists of the phase and ampli-
tude of the RKKY spin-density oscillations. The
phase is found to agree quite closely with that ob-
tained at near-neighbor distances in a model calcula-
tion: by Cohen and Slichter for CuMn, suggesting
that near-field RKKY coupling may be substantially
host independent. The RKKY amplitude, however,
is considerably larger than what would correspond to
a reasonable estimate of Jp. This anomaly is sug-
gested to arise from enhanced participation of
deeper-lying s-like states of the Bi conduction band in
the, near-field RKKY oscillations, as opposed to the
more p-like states at the Per~i surface of the pure
metal.
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