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The results of conduction-electron—spin-resonance (CESR) measurements on liquid sodium-
potassium alloys over the whole range of concentrations are presented. The experimental re-
sults are compared with the predictions of the theory proposed in Paper I, and with those of
other theories which are valid in the low-concentration limit only. The possible errors intro-
duced by using theoretical hard-sphere structure factors in the calculation are estimated. The
relaxation time (RT) derived from the CESR linewidth exceeds the theoretical spin-lattice RT
by a factor =1.85 for all concentrations. This difference is attributed to the exchange enhance-

ment of the conduction-electron spin lifetimes.

An upper bound for the exchange-enhancement

factor Koz is determined. The theory in I may also be used to calculate the contribution of
vacancies to the spin relaxation of the pure metal. The results show that this effect is negli-

gible at equilibrium vacancy concentrations.

I. INTRODUCTION

Conduction-electron spin resonance (CESR) in
alloy systems has been little studied to date in
either the solid or liquid phase. Most of the work
reported has been involved with very dilute alloys
of polyvalent impurities in monovalent hosts, the
most extensive being that of Asik, Ball, and
Slichter. "2 The work of these authors has been
with lithium and sodium host metals in the solid
phase and they have developed and applied two
theories in an effort to explain their experimental
results. As mentioned in the preceding paper®

(henceforth I), these theories are only applicable
to the dilute-alloy limit or what we may term the
“initial-slope” behavior.

The results of Asik, Ball, and Slichter demon-
strate the strong spin scattering produced by various
heavy impurities in sodium and lithium, so large
that only a fraction of one percent of impurity could
be used before the resonance signal became unob-
servable above the detector noise in the system.

To study an alloy system across the complete range
of alloy concentration, one clearly requires alloys
where the increased spin scattering produced by
alloying is not negligible but is not sufficient to
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cause loss of signal below resolution capability.
CESR has been observed in so few pure metals that
the choice of suitable alloying candidates is very
restricted and one finds after some considerations
that lithium, sodium, and potassium are perhaps
the best metals to choose. However, these metals
do not alloy totally in the solid state and one is
forced therefore to consider liquid-phase measure-
ments. The observation of resonance in all three
of these metals in the liquid state has been re-
ported, *~® although in the case of lithium, in both
solid and liquid phases, the observed relaxation
times have always been at least ten times shorter
than the calculated intrinsic value due to the pres-
ence of impurities which could not be readily re-
moved. As a further consideration, the alloy-phase
diagram for lithium with sodium or potassium
shows a temperature-dependent-solubility-limit
behavior even in the liquid phases of the alloys. "’
One therefore concludes that the most viable sys-
tem in which to study CESR over the whole range of
concentrations is the liquid sodium-potassium
system.

This paper reports the results of measurements
made upon the liquid Na-X system at 383 °K over
the whole range of alloy concentrations. The sys-
tem has been studied before® but only in the dilute-
potassium limit (less than 10 at. % K in Na). The
results of the previous workers were fitted to a
law of the form

AHy10=AT +BTC,+DC,+E ,

where AHyq is the resonance linewidth and C, the
potassium concentration. Using values for A, B, D,
and E quoted by the authors, one finds a linear
increase in resonance linewidth with impurity con-
centration of the order of 15 G/at%.

InSecs. II-1V the experimental details and results
are outlined and comparison is made between the
measured alloy behavior and that calculated using
the theory presented in I. It has been found that
the theory may also be used to calculate the effects
of vacancies upon the conduction-electron spin -
relaxation rate in pure metals. The mode of cal-
culation is outlined in the Appendix and some re-
sults for sodium at 40 and 383 °K are presented,
these leading to the conclusion that vacancies have
negligible effect on the spin relaxation in pure
metals at any temperature.

II. EXPERIMENTAL DETAILS

The purest available sodium (99. 99 at. %) and
potassium (99. 98 at. %) was used in all of the ex-
periments. Two different sample preparation
techniques were used, one for low concentrations
of K in Na and one for high concentrations and
potassium-rich alloys.

For the low concentrations of potassium in so-
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dium the most satisfactory technique of sample
preparation was found to be by vacuum alloying
and injection into a sample tube under vacuum.
Trials with pure sodium indicated that little or no
additional impurity was introduced into the sample
when using this preparation process. The method
of production of a given sample was to melt the
requisite amounts of sodium and potassium together
in an evacuated Pyrex assembly at a temperature
in excess of 150 °C. After permitting at least z h
for homogenization in the molten state, the liquid
alloy was subjected to an over pressure of dried
argon gas which forced it through a Pyrex sinter
into an evacuated sample tube, producing a solid
column of alloy 3-4 cm long and 3 cm diam.
After this process the space above the alloy in the
sample tube was evacuated and subsequently filled
with dried paraffin oil to protect the alloy surface
from the corrosive effects of the atmosphere.

The second method of sample preparation, nec-
essary for medium- and high-concentration alloys,
was used to increase the effective volume of sample
subjected to the microwave field, and hence the
signal-observed-to-noise ratio. High-concentra-
tion alloys of the solid column type demonstrated
a poor signal-to-noise ratio. The requisite amounts
of sodium and potassium were alloyed under paraf-
fin oil in a test tube at 250 °C, time being allowed
for homogenization after the molten pools of Na
and K had coalesced. After the homogenization
period the test tubes were “corked” and shaken
violently to produce a colloidal dispersion of the
alloy in the paraffin oil, the colloids having diam-
eters of the order of i mm. After solidification
the colloids were sucked into a hypodermic sy-
ringe and then “injected” into a sample tube con-
taining dried paraffin oil. Some of the alloys were
liquid even when cooled to room temperature; in
this case the alloy was sucked into the syringe and
injected into the sample tube without undergoing
the vibration to produce the colloid suspension.
Colloids could be produced in the sample tube it-
self by agitating the liquid column with a quartz
rod. It should be noted that when the samples
were reheated to 383 °K, well into the molten
state, sufficient surface oxidation was present on
the spheres to prevent them from coalescing into
a molten column,

The spin-resonance measurements were made
on a commercially available spectrometer oper-
ating at 9. 27 GHz; this system has been described
previously.® It should be mentioned that measure-
ments made upon samples heated for less than 3 h
produced anomalous results due to inhomogeneity
of the alloys; this period at least was necessary in
order for them to reach the homogeneous liquid
state.

The method of extraction of the spin-relaxation
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FIG. 1. Experimentally determined
and calculated spin-relaxation rates
in the liquid Na-K alloy system at
383 °K. (The theoretical results,
appropriate to @ equal to 0.85, have
.  all been divided by 1.85).
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time (7,) from an experimentally observed reso-
nance plot has been outlined in Ref. 5. No attempt
was made to measure either the absolute values

of the resonance g factor or the variation in g

shift with alloy concentration since the resonance
lines were too broad to permit any accurate assess-
ments.

1II. EXPERIMENTAL RESULTS AND COMPARISON WITH
THEORY

A. High-Concentration Alloys

Measurements have been made of CESR line-
widths in liquid-phase alloys of sodium with po-
tassium at 383 °K over the whole range of alloy
concentrations. The relaxation rates deduced
from the measured linewidths are shown in Fig. 1.
It should be noted that the accuracy for the broad
resonance lines (large 1/T,) is relatively poor
due to the signal-to-noise ratio obtained and the
presence of a nonlinear background resonance in
the sample cavity. The errors presented, how-
ever, represent the standard deviation of five mea-
surements at each concentration value (errors
induced in conversion to relaxation rates included).
The pure potassium and pure sodium results have
been taken from previous publications.

Calculations have been made of the spin-lattice
relaxation rates in alloys at concentrations where
experimental measurements were made, using
Eq. (21) of I. The requisite binary-alloy structure
factors were calculated assuming the hard-sphere
mode! equations given by Ashcroft and Langreth. ®
Data for the structure-factor calculations were
taken from Paper II of Ashcroft and Langreth, !°
i.e., packing fractions for the pure metals and
ion core radii. Calculation of the radial integrals

involved in Eq. (21) of I was performed using the
Hartree-Fock-Slater wave functions for the filled
ion core shells and the potentials as tabulated by
Herman and Skillman. !!

The calculated relaxation rates 1/7,;, multiplied
by a factor Th5 to obtain a fit with the experimental
values, are shown in Fig. 1. According to Eq.

(23) of I, the factor 1Xz is to be interpreted as an
upper bound for the exchange enhancement factor
k%, although small variations of k% are expected as
a function of the composition of the alloy. A more
complete discussion of the possible errors involved
in the determination of the upper bound of k% is
given in Sec. IV.

The theoretical values of 1/7T, were obtained using
a hard-sphere diameter ratio @=0. 85.

The results of Ashcroft and Langreth!® for the
resistivity of Na-K alloys demonstrated that the
best fit between theory and experiment could be
obtained when the structure factors were calculated
using @=0,75. In order to assess the importance
of this parameter in the case of spin relaxation,
calculations were performed using the structure
factors obtained with @ in the range 0. 75-0. 95.
The ratio of the calculated to the measured relax-
ation rates are given as a function of @ in Table I.
It can be seen that the ratios do not vary system-
atically with the concentration; in general, however,
the smallest values are found when @ is taken be-
tween 0. 80 and 0.85. This coincides with the val-
ue of a obtained considering the ratios of atomic
volumes, ?i.e., 0.823. Infact, the ratio of
atomic volumes obtained assuming a=0.75 is 2. 37,
whereas according to Freedman and Robertson the
volume ratio is 1.79. This might suggest that the
results obtained by Ashcroft and Langreth for the
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TABLE I. Ratio of calculated to measured relaxation
rates in Na-K alloys as a function of the hard-sphere
diameter ratio «.

Conc. of e}

K (at. %) 0.75 0.80 0.85 0.90 0.95
10 2.39 2.30 2.34 2,67 2.90
20 1.85 1.74 1.71 1.77 1.88
40 2.55 2.04 1.92 1.99 2.12
60 2.12 1.93 1.89 1.95 2.06
80 1.74 1.73 1.74 1.78 1.85

resistivity were a compromise between the form of
the pseudopotential used and the form of the struc-
ture factors.

B. Low-Concentration Alloys of Potassium in Sodium

Results for the low-concentration limit of po-
tassium in sodium alloys have been reported re-
cently. B It is of interest to compare the results
of the theory proposed in I with those of the “initial
slope” theories in this region. The latter have
been applied previously to the sodium-potassium
system! with some success. One of the conclu-
sions reached, however, was that it is important
to include the effects of atomic volume differences.
This of course we do in I by using partial struc-
ture factors.

There are two possible treatments we may adopt
when using the theory proposed in I; one is to cal-
culate using the full theory and the other, to cal-
culate using a modified form of the complete theo-
ry which enables us to assess only the initial slope
[d(1/T;)/dc] and not the absolute values of the re-
laxation rates in each alloy. In the latter case we
assume that the structure factors of the alloy are
all equal and given by the host-metal structure
factor, i.e.,

Snana=Skk=Skna=Sna=S ,

where S is defined in Eq. (22) of I. This amounts
to assuming a substitutional model for the alloy,
where an impurity of equal volume to a host ion
directly replaces it in the lattice. It was stated
previously that the effects of volume differences
are important in calculations for sodium-potassium
alloys; it is therefore of some interest to develop
the initial-slope modification and to compare with

the results obtained using the full theory. In this
way we may obtain some indication of just how
important the volume effects can be.

Assuming equality of structure factors in Eq.
(21) of I and differentiating with respect to con-
centration we find, in the limit as concentration
is taken to zero, the following expression:

a@1/Ty)
dc c=0

4(2m)’p (Ep)d
LLLIN A 2L

c (s¥-s1") (si-s1"+2581%) . (1)
ke

Using (1) we may calculate the initial slope be-
havior in a manner analogous to previous theories
where atomic size differences were ignored. The
value obtained is given in Table II together with the
experimental result and the results obtained using
other theories. Also included are the values one
obtains using the full theory to calculate the re-
laxation rate at 1 at. % potassium in sodium and
subtracting the calculated value for pure sodium
to obtain d(1/T,)/dc. The theoretical values re-
ported in Table II are not corrected for exchange
enhancement. One theory used previously enables
atomic size differences to be represented as ef-
fective valence differences in a phase-shift cal-
culation'3; its result is contained in Table II.
Three interesting points emerge from a study
of the results quoted in Table II. First, the sub-
stitutional model modification of the binary-alloy
theory does not produce results which compare
very favorably with experiment although it does
give better agreement than the other two substi-
tutional theories. Second, using the full theory,
one obtains by far the best agreement with experi-
ment to date, being better than the phase-shift
theory which permitted volume effects to be in-
cluded. Finally, an analysis of the phase shift and
present results indicated that if one ignores volume
effects in this alloy system, one tends to overes-
timate the impurity contribution per at.% by a fac-
tor of approximately 2.

IV. DISCUSSION

The results presented in Fig. 1 show that the
theory proposed in I is able to reproduce both the
absolute value and the concentration dependence

TABLE II. Comparison of results obtained for the “initial ” slope [d(1/Ty)dc],., for potassium impurities in sodium
using various theories. The theoretical values quoted are not corrected for exchange enhancement.

Modified
Simple? Phase®? alloy Phase®® Full
Experiment OPW shift I theory shift II theory
2.6+0.2x10°% 15.0 x10°8 11.6 x10°8 9.3 x108 7.2 x108 4.3 x10°
2See Ref. 13. PAtomic volume differences are ignored.

®Atomic volume differences are included.
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of the relaxation rate, using a reasonable value
for the exchange enhancement factor k3. The best
agreement between theory and experiment is found
when the hard-sphere ratio @ used in the calcula-
tion of the alloy-structure factors is close to that
obtained from atomic volume data. The pure-
metal relaxation rates were calculated using the
hard-sphere structure factors given by Ashcroft
and Lekner! and not the Ashcroft and Langreth
forms taken to the 0 and 100% impurity con-
centration limit (they should, however, reduce to
the Ashcroft and Lekner forms at these limits).

It has been shown'® that the use of the available
empirical and theoretical structure factors for a
pure metal leads to a range of calculated values
for 1/7T;. In sodium this range is 2. 33-3. 33

x10® sec! using the model of Ashcroft and Lekner
and the results for Gingrich and Heaton, !¢ respec-
tively. With the same references the range for
potassium is 4.17-7.14x10° sec™!. More recent
measurements in sodium'’ suggest that the em-
pirical structure factor is more like that predicted
by the theory than the previous ones,

From the uncertainties of the relaxation rates
we find that the range of values for the upper bound
of «2 in sodium is 1h5—-147 and in potassium iz —
+43. As pointed out in I, the value estimated by
other means of k2 in sodium is 1.5, which lies
within those limits. Our results indicate that kg2
in potassium could be larger than in sodium.

The results obtained for the effects of vacancies
on the relaxation times in pure metals (see Ap-
pendix) are both interesting and reassuring in that
one may feel confident that relaxation times mea-
sured in pure metals are in fact essentially the
pure-metal values and not those “distorted” by
vacancy effects. It would clearly be of interest to
try to observe the effects of vacancies and confirm
or disprove the results suggested by the theory.
To do this, one would need to create an extremely
nonequilibrium concentration of vacancies and in
metals suchas sodium and potassium, perhaps the
most ideal to study due to their narrow linewidths,
this would not be easy. Thin-foil samples of alu-
minum do, however, present a case where suitable
treatment of the samples can produce a signif-
icant vacancy density enhancement and this met-
al might, indeed, be a good candidate for study.
It should be further mentioned, in the case of
aluminum, that one could expect interesting effects
to appear. The term (1 - 2S) of Eq. (A1) can be
positive or negative depending upon the sample
temperature. In the liquid phase, and down to
about 260 °K, 2S is greater than 1 so that vacancies
or zero spin-orbit scattering materials (e. g.,
lithium) should cause the measured relaxation rate
to decrease below the pure-metal value. Below
260 °K one would anticipate the opposite effect, so
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that in going from 300 to 4. 2 °K one would expect
the impurity-doped sample to have a relaxation rate
at first less than the pure-metal value but becoming
equal and then g7eater than the pure-metal value

at low temperatures.
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APPENDIX: TREATMENT OF VACANCIES

The effect of a vacancy on the spin-relaxation
time in a pure metal has not been calculated pre-
viously to our knowledge. The theory for an alloy
system developed in I can be used to treat this case
by formulating the problem as for an alloy and then
permitting the impurity scattering terms to go to
zero.

If we assume that a vacancy can be created
without any subsequent contraction or expansion
of the surrounding lattice, then the vacancy-host
“alloy” structure factors may be taken as equal in
the substitutional model. Using Eq. (1), the term
s¥, which we found for the case of potassium
must go to zero for the vacancy since there is no
associated spin-orbit coupling. Hence (1) becomes

d 4 3
(iz/ch) M:Lﬂ_cei(fﬁ (sMP1-25).  (Al)

One sees immediately that the effect of vacancies
on the spin-relaxation rate is nonzero and positive
if 2S<1. At low temperatures in pure monovalent
metals we find that 25 <1 so that we may approxi-
mate (Al) by

4(m)® d
R ™

Calculations have been made for sodium at 40
and 385 °K using Eq. (A2), assuming a vacancy
concentration of 10~* and 10! at. %, respectively.
At 40 °K the spin-relaxation rate due to equilibrium
concentrations of vacancies is 2x10* sec™, which
is to be compared with the pure-metalspin-relax-
ation value of 1X10" sec™’. At 385 °K the vacancy
contribution is 9% 10° sec™!, while the pure-metal
value is 1.9%10% sec™. Clearly, the effect of va-
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cancies is negligible both in the solid and in the
liquid state.

The calculations were made explicitly for
sodium. In order to obtain a simple and accurate
value for other metals at low temperatures, with-
out the problem of detailed knowledge of the solid-
phase structure factor, one can use Eq. (A2).
This has been done for solid sodium at 40 °K and
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we find negligible error induced by using (A2)
instead of (A1). Calculations for solid copper and
solid silver at 40 °K using Eq. (A2) suggest a sim-
ilar conclusion to that found for Na, namely, that
the effect of vacancies is negligible. One may thus
conclude that equilibrium concentrations of vacancies
present in pure metals have no significant effect

on the conduction-electron-spin-relaxation rate.
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The electronic structure of nontransition and non-noble-metal-based alloys including charge
and node effects are discussed within a pseudopotential scheme. An equivalent scattering equa-
tion for the pseudo-wave-function is obtained in terms of a nonlocal effective impurity poten-

tial.

Orthogonality requirements with respect to the alloy core states are automatically ful-

filled and the effective potential is shown to contain contributions from node and charge effects,

whereas the scattering equation is free-electron-like.

the charge-density variations are discussed.

I. INTRODUCTION

The impurity problem in metals involves, as is
well known, two different aspects. First, one
needs a precise description of the electronic struc-
ture of the host through a theoretical band calcula-
tion. Second, the self-consistent solution of the
scattering problem defined by the host-metal Ham-
iltonian and the impurity potential must be obtained
in terms of the parameters characterizing the im-
purity atoms. These parameters are essentially
the charge difference between host and impurity
atoms, and the row of the Periodic Table to which
the impurity atoms belong. The latter manifests

Finally the several contributions to

itself through the additional closed shells intro-
duced (or removed) locally in the host by the im-
purity. The above-mentioned aspects are, in gen-
eral, quite difficult to handle, although the main
difficulty lies in the second one through the defini-
tion of the impurity potential and its self-consis-
tent determination. Two limiting situations have
been extensively discussed in the literature!: the
free-electron-like host and the tight-binding (transi-
tion-metal) host. In the first case, accurate solu-
tions of the scattering problem using model poten-
tials (such as the square well) show considerable
success in describing situations where the impor-
tant parameter associated with the impurities is the



