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The effects of four new impurities (Bi, Pt, Pd, and Ag) on the
conduction electron spin resonance signal of sodium metal has been
observed. Due to solubility problems, previous attempts to see effects
from these impurities have been unsuccessful. By going into the molten
state these problems were surmounted. The spin-flip scattering cross
section of these impurities was determined. The cross section for
bismuth is of particular interest in that it serves as a test of the
"resonance hypothesis'" theory proposed by Ferrel and Prange. 1In addition
to scattering cross sections, the equilibrium solubilities of bismuth and
palladium were determined as a function of temperature. These curves were
used to determine the entropy and enthalpy of solution for bismuth and

palladium in sodium.
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I. INTRODUCTION

The effect of impurities upon the properties of metals has been
subject to much experimental and theoretical work during recent years.

One of the basic problems is to determine and account for thé electronic
configuration that the impurity atom assumes in the.host metal. Phenomena
which can be employed to study impurity atoms include resistivity,2 Knight
shift,3 quadrupole coupling of neighboring nuclei,4 and conduction
electron spin resonance.s’6 The latter technique was used to study
dilute concentrations of substitutional impurities which dissolve in
lithium and sodium only in the liquid state.

Any theoretical treatment of this problem entails Many Body consid-
erations of the sea of conduction electrons. The study of the redistri-
bution of conduction electrons around impurities in metals is based on
the theoretical work of Friedel,7 who analyzed the distribution of the
electron gas in terms of phase shifts introduced into the partial waves
of the electron wave functions by the impurities. These phase shifts
measure the extent to which different angular momentum components in a
partial wave decomposition of the wave functions are distorted. Compact
equations express variousbphenomena_which result from this disturbance in
terms of phase shifts.

This thesis describes experiments that extend results reported by
Asik, Ball and Slighter.8 ABS determined the spin-flip scattering cross
section of a number of nonmagnetic impurities in sodium and lithium.
Their theoretical calculations attempting to explain an unexpected

maximum in these cross sections were not successful. The present




experiments were carried out in an attempt to extend ABS's data on non-
magnetic impurities in hopes of shedding new light on the mechanism
causing this peak.

Information on four new impurities (bismuth, silver, gold and
palladium) in sodium was obtained. ABS were unable to see any effect of
these impurities on the conduction electron spin resonance of sodium.
This was a result of their measuremeﬁts being made at room temperature
where sodium is in the solid state and where these impurities will not
stay dissolved. This problem was surmounted by carrying out the present
experiments at higher temperatures where sodium is liquid.

The data obtained did not lead to any new calculations which could
explain the position of the maximum,although further theoretical consid-
erations are presented in the last section of this chapter. However,
this data did serve as a crucial test of a semi-quantitative curve-
fitting solution suggested by Ferrel and Pra.nge.9 By fitting ABS's
data for gold row impurities, FP predicted the spin-flip scattering cross
section for bismuth, but unfortunately ABS had not succeeded in dissolving
bismuth in sodium. By going to the molten state the present experiments
succeeded in determining this cross section which serves as a test of the
FP theory.

In addition to the spin-flip scattering cross section, the equi-
librium soluble concentrations of palladium and bismuth as a function of
temperature were determined for temperatures up to 250°C.

Very little background material is presented in this thesis for.
if given here it would 6n1y duplicate that contained in Asik's thesis.10

The second section contains a brief review of ABS's results and some



calculations that were made in an attempt to check their theoretical
calculations with other experimental data on resistivity and Knight shift
measurements contained in the literature. The experimental apparatus and
technique are presented in section three. The experimental results are
given in section four:. - Section five is concerned with theoretical

considerations.




I1. CESR, RESISTIVITY, AND KNIGHT SHIFT IN ALLOYS

A. CESR
The first paramagnetic resonance absorption in metals due to

conduction electrons was observed in 1952 by Griswold, Kip and Kittel.11

Since then, it has been observed in Li, K, Be‘,12 Cs,13 Rb,M’]?S.Cu,16

Al,l7 and Ag.18

A systematic study of the effect of impurities on the CESR signal
in Li and Na has been done by Asik, Ball and Slichter.8 They measured
the dependence of the CESR linewidth on type and concentration of
impurities in solid solution. For fourteen impurities in Li and seven
impurities in Na they were able to see a broadening effect on the CESR
linewidth. The large spin-orbit coupling of high Z elements such as Au
and Tl produced measurable effects for concentrations as low as one atom
in 10.7

For some impurities solubility limits were found. The linewidth
increased with concentration up to a certain concentration beyond which
no further broadening was observed. For other impurities no broadening
was observed. Here it was assumed that not even extremeiy dilute concen-
trations were soluable. 1In still other cases it was found that the
sample deteriorated as a function of time. There was a sharp decrease in
linewidth over a period of several weeks for a few alloy systems (LiSn, \
LiPb). An alloy sample having an initial linewidth of 150 gauss was
found to have a linewidth of one to five gauss upon measurement a few

weeks later. It was preéisely this behavior that led to our considera-

tions of making high temperature measurements. For if some samples will



precipitate out of solution in a few weeks, others might do so in a few
seconds, hence no broadening would be seen in the solid state.

ABS were able to account for the experimental results for monova-
lent impurities, such as Au and Ag, by an OPW theory which considers the
interaction of the conduction electron spin with its orbital motion in
the electric field of the impurity atom (spin-orbit coupling) as a
perturbation. For non-monovalent impurities, they represented the
electrostatic effect of the impurity by a screened coulomb potential and
again took the spin-orbit interaction as a perturbation. This theory
accounts for the experimental results for impurities having valence
differences of ivl with respect to Li and Na. However, for the high
atomic Z elements of Groups IIIA and IVA this simple theory deviates from
the results. When the valence difference becomes +3 the experimental
results decrease while the theoretical ones increase. This maximum is
exhibited in the Au and Ag rows in both Na and Li.

In an attempt to describe this resonance behavior ABS developed an
alternate theory. The problem was set up in the J1 representation where

the spin flip scattering cross section can be written as

_ L+ Y/ /.
Z DI 1 sin’ 1-1/2 ~ P141/2 (1)

OsF
where Sf is the partial wave phase shift for orbital angular momentum /
and total angular momentum J.19 To calculate these phase shifts a model
for the potential surrounding the impurity atom in the host metal was

assumed. This potential consisted of the free impurity atom potential




out to a radius R. Beyond R the potential was taken as flat and
coinciding with the bottom of the conduction band. The Schrodinger
eguation was then numerically integrated at an energy equal to the known
Fermi energy above the bottom of the band, and the s, P, and d phase
shifts were determined. The Freidel sum was then computed and the radius
R was adjusted so that the phase shifts satisfied the Friedel sum rule.
This theory does predict a maximum in the spin flip scattering cross
section but it occurs at the'szp3 atomic configuration which corresponds
to a +4 relative valence. The experimental cross sections peak between

43 and +2 relative valence.

B. Resistivity

Electricai resistivity measurements can be usgd as a means of
examining electronic configurations of impurity atoms in metals. The
impurity induced resistivity can be written in terms of the partial wave

phase shifts. The formula for resistivity20 is

gv §3ﬂ sinz(éﬂ_1 - BE) (2)

e kF

when spin-orbit coupling is neglected, and

LT S (4+1) . " 2 h+1/2 A
5 Z CIT DO Z/(J+1/2)(J+1/2) sin (Bj - 6j'
e. k.F ﬁ:]_ JJ‘
2 | ,
+ 2/sin @g'ZE(ﬂ+1)Si“€g31n€z+1°°s§ﬁ+1/2*'55_1/2"aﬁii/z*'5ﬁ:;/z (3)
- ) Y
where €y = "(5£+1/2 - &6—1/2\) ®

when it is not. .




Taking existing data en impurity-induced resistivity in Na and Li’
a comparison can be made with the values predicted by ABS. The results
of these calculations are shown in Table I. Including the spin-orbit
interaction does improve agreement in all of the calculations. The agree-
ment between theory and experiment is rather poor for LiSn and NaAu.
Notice, however, that the theory does distinguish between NaSn and NaPb-
with fairly good agreement. This is in contrast to spin-flip scattering
calculations using the same phase shifts which do not distingu;sh between
the two. At this point one might well wonder why there is such a large
discrepancy between predicted and experimental values for spin-flip
scattering cross section when resistivity calculations for the same
systems are fairly good. The answer lies in the fact that the largest
contribution to resistivity comes from s wave scattering. Spin-flip
scattering on the other hand has no s wave contribution. This can be
easily seen by noting that the spin-orbit interaction, which produces the
spin flip, is proportional to /£ and is zero for £ = 0. Thus if S wave
phase shifts are correct, resistivity calculations will be good. On the
other hand, spin-flip cross sections may be incorrect due to an error in
p and d wave phase shifts. This is illustrated by taking ABS's phase
shifts and introducing a .l1% change in the p wave phase shift. The
result is a 2% change in spin-flip cross section and a .l% change in
resistivity. Thus, CESR is a more sensitive probe of the p wave electronic
configuration of an impurity than resistance.

Due to the difficulty with which large amounts of impurities will
diselve in Li and Na, the existing data on impurity-induced resistance is

meager. If one goes to other systems, behavior similar to that of the



Table

1

Resistivity Calculations

Calculations Experimental Ref.
without with
spin orbit spin orbit Results

LiMg 1.06 1.04 .83 24
LiAl 4.08 4, + 23
Liln 4.31 4.42 8.6 23
LiSn 7.54 8.66 1 24
NaAu .21 .23 5 25
NaCl 2.84 2.94 5 25
NaTl 6.06 7.5 11 26
NaSn 10.2 10.21 10.2 25
NaPb 10.00 11.8 11.6 25
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spin-flip écattering cross section in Li and Na can be found. Vassel
found that éelenium impurities in éopper produced a smaller value of
residual resistivity than arsenic. Cogblen et 31.22 studied the resis-
tivity and thermoelectric power of silver base alloys containing selenium
and krypton. When combined with previous data, the valence dependence of
vthe resistivity of copper row (Cu-Kr) impurities in silver has a resonant
shape with a peak at arsenic. The thermoelectric power behaves anoma-

lously, going to zero between arsenic and selenium.

C. Knight Shift

A change in the Knight shift, the shift of resonance freduency of
the nuclei of the host metal atoms, is another phenomenon which can be
analyzed from the standpoint of partial wave phase shifts. 1In this case:27

the fractional change in Knight shift per unit concentration becomes

% %-E- = % Ay sin2 Sﬂ + B sinv26£ (5)
Ay = [ @BDEE g0 - 3,0 o) dr (6)
o] )
B, = [ @+Dp) nz(kFr)'jﬁ(kFr) dr (7)
[a]

where n, and jg are respectively the spherical Newman and Bessel functions
of order 1 and p(r), p(r) is the radial distribution function of the
nuclei around the impurity atom (the probability of finding a nucleus in
a volume at a distance r from an impurity atom). In solids p(r) is
determined by the lattice structure. 1In liquids it is determined experi-

mentally from X-ray, electron, and neutron scattering.
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Hanabusa and Bloembergen28 have made a study of the change in
Knight shift resulting from impurities in Na. Here also one finds a peak
in the Knight shift around Tl and a smaller value .for Pb. Figure (1)
Ishows the experimental results in comparison with theoretical calcula-
tions made from ABS's phase shifts.i Here again ABS's theory is unable

to explain the maximum. .-
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Figure 1. The fractional Knight shift change for unit solute

concentrations :of impurities in sodium.




FRACTIONAL CHANGE IN KNIGHT SHIFT

12

l l |
O EXPERIMENTAL POINTS

A THEORETICAL CALCULATIONS FROM
ABS PHASE SHIFTS

VALENCE DIFFERANCE

—-1.5+ ~
@)
O
A
_l - —
AN
-5+ @) —
[ ] |
| ‘ 2 3
Hg Tl Pb




13

ITI. EXPERIMENTAL APPARATUS AND TECHNIQUE

A. Sample Preparation

The alkali metal alloys were prepared in the following manner.

The surface of»ghe alkali metal was cleaned, the metal weighed, and a
small piece of éreviously weighed impurity metal was embedded in the
alkali. This was all done in a Kewaunee Scientific Co. controlled
atﬁosphere dry box, which was equipped with a recirculation system. The
recirculation system continuously dried the interior of the enclosure by
internal circulation of the dry atmosphere through tubes containing
calcium sulphate dessicant. The internal étmosphere consisted of nearly
100% pure argon.

The host alkali with impurity embedded in it was then dropped in
mineral oil in a stainless steel cup and alloyed on a hot plate for at
least three hours.

Next, this alloy was dispersed in mineral oil by a high-speed
stirring apparatus constructed by Joe Asik. This consisted of a 10,000 rpm
1/7 hp motor driving a stainless steel stirring rod. The rod extended
down into the center of a three-necked flask through a double "o'" ring
seal. About 10cc of metal and 100cc of mineral oil were heated in the
flask under an argon atmosphere to above the melting point of the host
metal. Then the stirring was done while the flask cooled. Coagulation
was prevented if a small amount of outside atmosphere was allowed to seep
into the flask while it was cooling. This last step was in lieu of using
about 0.35cc of oleic acid.

Most of the mineral oil was next removed by centrifuging. Then

the rather thick paste was drawn up into a sample tube and sealed off.
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For sodium, a 2mm I.D. and 4mm O.D. quartz tube about ten inches long was

used. This was sealed at each end with a blow torch.

B. High Temperature Water-Cooled Cavity

The.mblten state CESR measurements were made in an X band resonant
cavity which is designed to operate at temperatures as high as 1200°C.

It consists of a platinum-coated quartz tube resistively heated inside a
water-cooled cavity.

Other systems have been used for high temperature resonance
measurements, but each has its limitations. Hot gas blowers can be used
to obtain temperatures up to 300°C. With an oven surrounding the entire
cavity, temperatures of about 600°C can be obtained. A more attractive
scheme consists of a heater made up of vertical wires inside a rectangular
cavity. This arrangement will reach temperatures of about 700°C.

The cavity used is shown in Figure 2?9 It is a full-wavelength
rectangular reflection cavity operating in the TE102 mode. A small iris
with a slide screw was used to couple the cavity to the microwave trans-
mission line. Both the flange and the cylindrical brass heater tube
supports were silver-soldered to the cavity. The brass water cooling
jacket was soft-soldered. A water flow rate of about 400 cm3/min was
sufficient to keep the cavity at room temperature for operating tempera-
tures up to 1200°C.

The size of the quartz heater tube is not critical. In this
experiment a 6mm O.D. tubing with lmm wall thickness was used. The
resistive heating elements consisted of two strips of platinum about 1/16
inches wide bonded to the quartz on opposite sides of the tube. To

obtain these bonded strips, platinum paste30 was applied with a fine
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Figure 2.

Water cooled high temperature cavity.
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camel's hair brush and fired in air at 650°C. The ends of the tube were
completely coated with platinum so that the teflon collet holding the
tube in place would not get hot. The current leads consisted of two
metal nonmagnetic testube clamps which could be easily attached and
removed.

The room temperature resistance of the heater tube was about ten
ohms. In order to avoid any modulation of the cavity resonant frequency
in the magnetic field, a fairly-well filtered dc power source was used
for the heater. The thermal characteristics of the system are excellent.
The heat capacity of the heater is so small that a stable temperature of
350°C, the highest usual running temperature, could be reached in a few
minutes. The temperature gradient inside a sample tube at 350°C was
found to be about 7°C over the central 3/4 inches of the cavity.

The microwave properties_of the system are very good. If care is
taken in orienting the heater tube so the planes of the platinum strips
are perpendicular to the E vector of the microwave field in the cavity,
the Q is not much different from that of the empty cavity. Also, the
constant cavity temperature ailowsvtemperature runs on a sample to be

made without rebalancing the spectrometer.

C. EPR Spectrometer

The CESR linewidth medsurements were made using a single klystron
superheterodyne EPR spectrométer° Except for a few.modifications which
will be described below this spectrometer is described in Joe Asik's
thes’is.31

The magnetic field modulation coils were reduced in size to A

diameter and placed on the inside of the magnet pole pieces.
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fhis allowed modulation amplitudes of up to 18 gauss peak to peak at a:
frequency of 160 cps, the frequency used.

The signal output from the lock-in detector instead of being fed
directly to a chart recorder was fed into a digital signal averager
- (Nucleas Data Enhancentron #1024). This was done to achieve greater
signal to noise and to surmount the problem of baseline drift which
caused trouble during high temperature runs.

A delayed recurrent field sweep was obtained by using a Textronix
#162 waveform generator in conjunction with a Textronix #161 pulse
generator. Both the 161 and 162 were modified to provide a ramp from 16
to 250 seconds long, spaced at intervals from one to thirteen seconds.
The field sweep interval was varied by resistance dividing the output
from the 162 generator. This gave sweeps of from 20 to 1,000 gauss. To
enable easy sweep calibration (gauss/second) the sweep time of the ramp
. was adjusted to coincide exactly with that of the Enhancentron. Usually,
a sweep time of 16.384 seconds with a delay interval of 6 seconds was
used. The field sweep interval was varied with signal liﬁewidth to yield
an adequate baseline. The ratio of signal to noise goes as Jﬁ, where
N = number of sweeps. Thus, a sufficient number of sweeps were made to

yield a signal to noise ratio of at least 25.
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IV. EXPERIMENTAL RESULIS

A. Linewidths as a Function of Temperature and Concentration

A broadening of the CESR linewidth was observed in dilute alloys
of four impurities in sodium at temperatures above the melting point of
sodium (Tm = 97.8°C). Fourteen additional impurities were found to
produce no broadening in sodium at temperatures up to 350° C. This is
attributed either to an insolubility of the impurity atoms, or to a .
formation of a second phase which precludes formation of a dilute dis-
ordered alloy. The latter is most probably the case with antimony and
‘tellurium since when alloyed above the melting point both are vigorously
attacked by molten sodium.

There are two aspects of the experimental results that are of
interest. First is the broadening factor which is the rate of change of
the linewidth with respect to concentration. Second, it is possible to
deduce the solubility curves of the sodium impurity system. Both are
found by taking samples of known concentrations anq observing how the
linewidth of the CESR signal, AH, behaves as a function of temperature.

Below the melting point of sodium, the alloy linewidth behaves
exactly the same as that of pure sodium. AH increases linearly with
temperature. Above the melting point the impurity-doped samples behave
differently from pure sodium. As can be seen in Figure 3; the pure
sodium linewidth jumps by 2.8 gauss at Tm and continues to increase with
the same slope above Tm. This is not the case for impurity-doped samples.
In samples containing small amounts of platinum and silver the linewidth

(see Figures 4 to 11) jumps by more than 2.8 gauss at Tm’ and then
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Figure 3. The temperature dependence of the CESR linewidth for pure

sodium.
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Figure 4. The temperature dependence of the CESR linewidth of sodium

doped with (2.01.% .2) x 10"3 at. % platinum.
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Figure 3. The temperature dependence of the CESR linewidth of sodium

| . -
o doped with (2.71 % .1) x 10 3 at. % platinum.
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Figure 6. The temperature dependence of the CESR linewidth of sodium

doped with (6.88 i,l) x,lO-3 at. % platinum.
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Figure 7. The temperature dependence of the CESR linewidth of sedium

doped with (1.17 £ .3) x 1072 at. % platinum.



29

(Do) IUNLVHIAWIL

052 002 o oo_ Om o
| I : | |

||||||||||||||| AW..ll..ll..||I|.|.||I0I|

e -

o
B SSNVO(2F12)- Wy - 384, o .
o
o
o —O —O—0—
ON 9iNg ——-—

%W Ol X (SFL1)="}d

UOHDIJUAIUOY  ©

Ol

0%

OO0l

(SSNVO)HV




30

Figure 8. The temperature dependence of the CESR linewidth of sodium

doped with 5.5 % 10-3 at. % silver.
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Figure 9. The temperature dependence of the CESR linewidth of sodium

doped with (10.3 + .3) xv10'3 at. % silver.
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Figure 10. The temperature dependence of the CESR linewidth of sodium

doped with (20.9 £.5) x 10"3 at. % silver.
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Figure 11. The temperature dependence of the CESR linewidth of sodium

doped with (31.1 % 1) x 10™> at. % silver.
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continues to increase above Tm with the same slope as pure sodium. The
magnitude of the discontinuous jump is directly proportional to the con-
centration of the impurity invelved.

For samples containing bismuth (see Figures 12 to 16), the disconj
tinuity is 2.8 gauss, the same as pure sodium. However, above Tm the
linewidth increases more rapidly than pure sodium. This rapid increase
continues up to a certain temperature at which point a slope equal to
that of pure sodium is assumed. The temperature at which this change in
slope occurs depends on the concentration of bismuth.

A third type of behavior, exhibited by palladium-doped sodium
samples (see Figures 17 to 20), seems to be a combination of the charac-
teristics exhibited by the other impurities. Samples with concentratiops

2
at. % behave similarly to platinum- and

of palladium less than 4.6 x 10
silver-doped samples, i.e. a discontinuous jump at Tm with the same slope
as pure Na above Tm. Samples with concentrations greater than this
exhibit discontinuous jumps of 35 gauss at Tm. Above Tm these samples
behave similarly to the bismuth-doped samples. A rapid increase of line-
width continues up to a point at which the pure Na slope is assumed.
This point depends upon the concentration of paladium. It should be
noted that the temperature variation over a sample is about 10°C. There-
fore, any sharp discentinuity in AH versus temperature curves 1s rounded
over this range.

The fourteen other impurities tested that produced no measurable

effects at temperatures up to 300°C are Co, Ni, Cu, Ru, Zn, Ta, Sb, Te,

Cr, Mo, Al, Gd, Eu, and Mn.




39

Figure 12, The temperature dependence of the CESR linewidth of sodium

doped with (4.5 £.5) x 107 at. % bismuth.
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Figure 13. The temperature dependence of the CESR linewidth of sodium

doped with (6.4 t .1) xv10-4 at. % bismuth.
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Figure 14,

The temperature dependence of the CESR linewidth of sodium

doped with (9.9 * .3) x 10'4 at. % bismuth.
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Figure 15.

The temperature dependence of the CESR linewidth of sodium

doped with (13.1 £ .5) x 107 at. % bismuth.
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Figure 16. The temperature dependence of the CESR linewidth of sodium

doped with large concentrations of bismuth.
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Figure 17. The temperature dependence of the CESR linewidth of sodium

doped with 1.13 x 10-2 at. % palladium.
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Figure 18. The temperature dependence of the CESR linewidth of sodium

doped with 2.75 x_lO'2 at. % palladium.
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Figure 19. The temperature dependence of the CESR linewidth of sodium

doped with 5.6 x 10_2 at. % palladium.
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Figure 20. The temperature dependence of the CESR linewidth of sodium

doped with large concentrations of palladium.
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B. Experimental Results in Terms of Solubility Curves

The three types of behaviqr of the CESR linewidth as a function
of temperature can be explained easily by accounting for the solubility
of the impurities. Upon melting, sodium is capable of dissolving a
relatively large amount of platinum and silver. Thus, at Tm the jump in
linewidth corresponds to the broadening produced by the_dissolution of
all the impurity available. The change in this jump is a direct measure
of the broadening factor of these impurities. Above.Tm no more impurity
can dissolve, so any change in linewidth with temperature is due only to
the prdperties of the host metal. Hence a pure sodium slope is assumed.

The other two types of behavior are exhibited by bismuth and
palladium. The equilibrium dissolved concentfations of palladium and
bismuth as a function of temperature are shown in Figures 21 and 22
respectively. Those figures were obtained by first determining the
broadening factors (see the next section) for the two impurities and then
applying this factor to Figures 39 and 43.

For bismuth (Figure 22) in the range of concentratiops which pro-
duce’measurable linewidth broadening, the amount dissolved dependé upon
temperature. Just at Tm’ very little impurity is dissolved. Hence no
increase in the discontinuity resulté from impurity broadening. As the
temperature increases, more and more impurity goes into solution and the
resulting impurity-induced broadening increases. This continues until a
temperature is reached which will maintain a dissolved concentration that
accounts for all the available impurity. Since above this temperature

the concentration of dissolved impurity cannot increase, the linewidth
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assumes the pure sodium temperature dependence. For larger concentra-
tions this leveling off should occur at higher temperatures.

In the case of palladium (Figure 21) we find that at Tm sodium is
capable of dissolving a concentration of 4.6 xﬂlom2 at. % palladium.
Above the melting point, larger concentrations can be dissolved. Thus,
a discontinuous jump greater than 2.8 gauss oécurs at Tm. If the con-
centration of palladium is less than 4.6 x,lO-2 at. %, all available
impufity is dissolved and no further impurity-induced broadening occurs.
If the concentration is greater than this, the jump is 35 gauss, and
above Tm impurity broadening gives rise to an increasing slope until all
available impurity is dissolved.

Theoretically, if larger linewidths could be measured, then large
enough concentrations of platinum and silver could be used so that not
all the available impurity would dissolve at Tm° Then further impurity-
induced broadening would take place above the melting temperature.

Using the conduction electron spin resonance technique, impurity
concentrations as low as 10“4 at. % can be measured. This is three
orders of magnitude more sensitive than other techniques usually used.
As a result the existing data in the literature on solubility of low
concentrations of impurities in lithium and sodium is meager and a com-
parison with Figures 21 and 22 is not very meaningful. As an example,
note that at 100°C a concentration of .35 at % bismuth is supposed to be
soluble in sodium.33 Figure 22 shows only 5 x,lO“4 at. % bismuth soluble
at this temperature. No quantitative informatien on palladium exists.

One logical attack on the problem of calculating solubility curves

would be to form a physical model of the system and caculate solubilities.34
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Figure 21. - The temperature dependence of the concentration of palladium

dissolved in sodium.
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Figure 22. The temperature dependence of the concentration of bismuth

dissolved in sodium.
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h Though there has been some sﬁccess in explaining phase boundaries in
solid alloys,33 there has been little headway made in predicting solu-
‘bilities from first principles.

Another approach to this problem is through therquynamical con-
siderations. ' As was stated above, a direct comparison between the data
_obtained from electronISPin resonance experiments with results from ofher
techniques is not feasable. Howevef the low concentration regions can be
~used to find the change in eﬁtropy and enthalpy‘when an impurity atom is
dissolved. These can be Qompéred with values obtained at higher concen-
trations and temperatures. To the extent that the enthalpyband entropy -
changes are independent offconcéntrationfahd.tembérature_this is''a meaning-

ful comparison. Under the assumption that the impurity concentrations
are s@all enough to let each atom be considered as unaffected by other
Jimpurity atoms, it is a generél result that concentration can be

expressed by

AH

¢ = eAS/R e XL ()

where AS and AH are tﬁe change in entrqpy.and enthalpy of the system when
one mole of solute‘goes into solution. Nowick and Freed@aﬁyfhave applied
equation (8) to 21 different binsgry systems and thus determined the
entropy and enthalpy of solution. Figures: 23 and 24 show é_plot of

: »log(l/c) against 1/T for the palladium and bismuth data resulting from
the present experiment. The calculations of AS and AH are given in
rTable II. Seith aﬁd Kuascshewskie,35 usingvcalorimetric techniques, have
measured AH for bismuth in sodium in the concentratipn range of 5% to

25%. They ‘found A&{to be independent of concentration and equal to
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Figure 23.

Log (1l/¢) vs 1/T for bismuth in sodium.
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Figure 24,

Log(lk) vs 1/T for palladium in sodium.
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Table II

Entropy and Enthalpy of Solution as Determined .

from Solubility Curves

Solute AH(k cal/mole) AS(cal/mole®K)

b _____4
Bismuth ’ 5.7L 1.6 ' \ 10.4

Palladium 2.1 tf0o0.2 ’ 9.2
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11.4j;l kcal/mole.  When the different rangés of concentrations are con-
sidered,this is comparable to the value of 5.7 + 1.6 shown in Table II.
Actqally it is somewhat surprising that Seith and Kubaschewski found

AH to be independent of concentration for concentrati&ns as high as 25%"
where interactions between impurity atoms are bound to énter in.

Figures 25 and 26bsummarize the ability of sodium and lithium to
form‘dilute disordered alloys. If relative atomic size is comnsidered, it
seems reasonable that sodium should not form alloys as easily as lithium.
The atomic radius of sodium. 1.9 K differs at most by 11%. Home-Rothery
found in an empirical study of alloys that the effect of an unfavorable
size factor seems to come into play rather suddenly when atomic radii

differ by about 15%.3°

C. Experimental Results in Terms gg»Scattering Cross Sections

The broadening factor %e? is obtained by measuring the vertical

displacement QAHim - AHfure) of the impurity doped linewidth curve from

P .
that of pure sodium. This is done at the high temperature end to ensure

that all the impurity is dissolved. Then AHimp - AH

ure is plotted

égainst concentration, the slope being the broadening factor-%§§ (see
Figures 27-30).

This broadening factor can be related to the spin-flip scattering
cross section of the impurity‘atom. First consider the CESR lineshape.
When partiéle sizes are less than the skin depthIB, CESR lineshapes are
lorentzian. For measurements made in the microwave region (10 kmc/sec)

. the particle sizes are larger than ® (which is 1 micron for Na at 300°C

and X-band). Thus one has to take into account diffusion of the conduc-

tion electron into and out of the range of the magnetic fields at
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Figure 25. The ability of impurities to dissolve in lithium arranged as

in the periodic table.
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Figure 26.  The gbility of impurities to dissolve in sodium arranged as

in the periodic table.
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Figure 27. The dependence of the CESR linewidth on concentration for

NaBi alloys.
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‘Figure 28. The dependence of the CESR linewidth on concentration for

NaPt alloys.
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Figure 29. The dependence of the CESR linewidth on concentration for

NaPd alloys.
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Figure 3Q0. ' The dependence of the CESR linewidth on concentration for

NaAg alloys.
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7
the surface. Dyson3 has made calculations of the CESR lineshape taking
this into account. Applying Dyson's theory to the particle size
distributions of sodium and lithium disperions, Asiklo was able to con-

clude that

YAHT, = 1.1 (9)

holds to within X 10% at worst. Here AH is the half height width of the
~ CESR: signal, Tz_is the spin-spin felaxation time and y is the electron
gyromagnetic ratio.
We are interested in spin lattice relaxation and since the CESR
- gives only information about T,, it is important to know the relationship
between.Tl, the sPin-lattice relaxation time and Tz. Work by Carver and
Slichter38 and Yafet39 show that it is correct to take T1 and T, to be
~equal in sodium and lithium. This is a result of the rapid motion of ﬁhe
electron with‘respect to its larmor frequency and to the isotropic (cubic)
lattice structure.
Now let us introduce the concept of spin mean free path /s, which
is the distance traveled by a conduction electron before its spin is
reversed by interaction Wiﬁh an impurity atom. By definition of the

scattering cross section we have

bs = (10)

NocoSf
where N, is the number of host atoms per cm3 and ¢ is the fractional

concentration of impurity atoms. Now using equation (8) and the defini-

tion of Tl we have
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-1'1VF
bs = TV, = T,V = YA H (1)
Taking equations (9) and (10) we get
- y QNH '
9= Tiv v. 3¢ (12)
: : "o F

The experimental values forv%e? and the corresponding value of Gsf
are given in Table III. Figures 31 and 32 show these points along with
data on other impurities obtained by ABS. The solid curve drawn in
Figure 31 represents a two parameter fit made by Ferrel and Prange.9
It should be noted that in their discussion FP stressed that a predicted
-17

' 2 _. .
spin-flip scattering cross section of (4 £ 1) x 10 cm~ for bismuth was

a crucial test :of their''resonance'" hypothesis. The cross section of

(.73 % .3) x 107

2
cm obtained by means of high temperature techniques
is somewhat lower than their value. However this comparatively low value
~for a high relative valence impurity does emphasize the resomant type

behavior of Asik's results. A more“detailed analysis of the resonance

hypothesis will be given in the following section.
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Figure 31. The valence dependence of the spin-flip scattering cross

section of silver row impurities in sodium.
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Figure 32. The valence dependence of the spin-flip scattering cross

section of gold row impurities in sodium.
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Table III.

Experimental Broadening Factor and Spin-Flip Scattering

Cross Sections for Impurities in Sodium

Impurity —é%ﬂ Gsf
Bi (1.25 £.1) x 10° (7.3t .3 ) x 10718
Pt (5.8 * .3) x 10° G.4t .2y x 10718
Pd (7.3 £ .1) x 10° 4.3 %+ .06) x 10717

Ag (3.0 % .2) x 10° .8+ .1y x 107
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V. RESONANT SCATTERING

The proceés of putting an impurity atom into a metal is much like
the problem of the contact potential between two metals. In the latter
case g surface charge distribution develops to bring the two Fermi levels
into register. For the impurity atom a "screening charge" develops ﬁhich
displaces the free atom energy levels relative to the metallic Fermi
energy. As a rough rule of thumb, the free atom valence electrons levels
are brought opposite the Fermi level. This corresponds to the situation
in which the impurity is nearly electronically neutral. This condition
of electrical neutrality can be succinctly expressed in terms of the change
- in partial wave phase shifts intreduced by the potential around the
impurity. This is a self-consistancy condition on the potential, and is

known as the Friedel sum rule.

z = 1% ), (28 + 1) % (13)
)/
Sﬂ is the partial wave phase shift for angular momentum £, and Z is the
valencg of the impurity atom relative to the host metal.

The problem may be viewed by saying the valence states couple
strongly to the conduction band states in the vicinity of the Fermi
energy. As a simple model take the spherical square well potential in
Figure 33 which has a bound state p level at Ep. Modifying this poten-
tial by making the wall a finite thickness as shown in Figure 34 allows
the p state to couple with the free particle states outside the well
whose energies are close to Ep. Incident electrons being scattered by

this potential exhibit a resonance in their scattering cross section when
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their energies coincide with Ep. Physically, one might say that an
incident particle which has the right energy to couple into the potential
tends to concentrate there. This produces large distortions in the wave
function and hence a large amount of scattering.

The scattering cross section can be expressed in terms of the

partigl wave phase shifts.

G = ﬂ% Y28+ 1) ,sinz% (14)
kF y)

For p waves the cross section reaches a maximum when 61 is 7/2. This
occurs when the energy of the incident particle coincides with Ep. Below
and above Ep, 6E is zero and T respectively. Figure 34 shows a typical
phase shift curve. If the spin-orbit coupling between the electron and
the impurity potential is included, the p level will be split into two as
shown in Figure 35. These two new levels correspond to total angular
- momentum j being 3/2 and 1/2 and are split by roughly the spin-orbit
coupling energy Eso.

In the case of impurity atoms in a metal only the electrons at the
Fermi energy enter into the scattering. Thus information about only one
point in the phase shift curve can be obtained. However, suppose that
the depth of the square well is changed slightly from a value of Vl to V,.
As shown in Figure 36 a new phase shift curve is generated which is dis-
placed from the original one. Likewise the phase shift at the Fermi
energy will be shifted. By varying the potential well depth a whole

family of phase shift vs E, curves can be generated. The intersections

k

of these curves with the Fermi energy generate a phase shift vs well
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depth curve. This situation can be expressed by writing the phase shift
as a function of both Ekznﬁ.v (Sﬂ(Ek,V)). For an impurity atom in a

metal, E . is fixed at the Fermi level Ef by the host lattice. V is

K
characteristic of the impurity and changes from one type to the next. If
one assumes that only p screening is changing, then moving across the
periodic table constitutes changing the impurity potential so as to
produce a chang_evin'é1 of 77/6 for each change in p valence electron.
Assuming that the potentials of impurities from adjacent positions in the
table are similar in shape but differ in depth V, one can think in terms
of generating a phase shift vs V curve as is shown in Figure 36. It is
the shape of this curve that determines how spin flip scattering behaves
as a row of the periodic table is traversed. Assuming that the spin-
orbit coupling is small one can write

J; J; 3 aﬂ(Ek’V)

5 -5 = E (15)
£-1/2 . 4+1/2 50 3V

Considering only p terms, equation (1) for the spin-flip scattering cross

section becomes

9 B(Eg,V)
Ost =‘.%? —7 sin Eso‘ . (16)
kp 3V

Comparing equations»(14) and (16) it is noted that spin flip scattering

differs from momentum scattering in that it depends on the derivitive of
Bﬂ rather than on 6£. Consequently a maximum in Osf occurs at a point of
maximum slope where a maximum in resistive scattering occurs at Sﬂ = 1/2,

According to the Friedel sum rule this corresponds to a relative p

valence of +3.
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Figure 33.  Spherical square well potential.
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. Figure 34. Spherical potential well with finite wall showing p wave

phase shift.
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Figure 35. Potential well with finite wall and spin-orbit splitting of

p state.
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Figure 36. Phase shift curves as a function of B, and V.
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Ferrel and Prange9 have analysed spin flip scattering data on
;silver and gold row impurities under the hypothesis that the p wave phase
shift manifests a sharp resonance as the row is traversed. As is
customary for sharp resonances, FP characterize the phase shift dependence

on Ek as

81 = ,taln-1 5 E;EEP) (17) .
where T is the resonance width and Ep is the leﬁel of the resonance
~energy. To obtain the V dependence of 81 they assume that the same shape
. is transferred to the'61 vs V curve. In the case of the square well
‘model, fhis is a valid approximation if the resonant energy level, Er’
‘remains a fixed distance from the bottom of the well. Introducing an
arbitrary shift Z, in the Friedel sum rule corresponding to screening by

other angular momenta, equation (16) becomes

. Llem EEES i 2 | T (z-z | 18
Osf - 2 T sin 1% (z- o) (18)
kg

The results of a two parameter least squares fit of this equation to
ABS's experimental data is shown in Figure 32. FP were not able to fit
the data in Figure 31. The central point, the cross section for indium,

is too high to be consistent with the neighboring points of cadmium and

tin to be fitted by equation (18).
The main difficulty with FP's approach is its reQuirement of a
p wave phase shift of m/2 for s2 and Szp electronic configurations. O0dle

' ahd'Flynn,27 in work on Knight shift in liquid alloys of copper with
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copper row impurities, found it consistent with their data to assume the
quantity of screening for an impurity atom dissolved in a metal to be

approximately the same as that in the free impurity atom.

4 (19)

2

s . . . 21,22
Resistivity measurements concur with this observation.

FP have used equation (17) as an approximation for the phase shift
under the resonance hypothesis. This equation is only accurate in so far
‘as the width 7 is small compared to the Fermi energy. The values of T
that FP obtained from their curve fitting are 3.2 eV and 4.2 eV for
thalium and indium in sodium. When compared to a sodium Fermi level of
3.1 eV this seems to indicate that the sharp resonance assumption is not
valid. 1In order to understand how a large value of T/Ef would effect the
shape of the phase shift curve consider a modified spherical square well
‘potential shown in ~Figure 37. The "1lip" was added in order to have a
means of adjusting the width of the resonance. Figure 38 shows the p
wave phase shift resulting from this potential in the case where T/Ef = 1,
The maximum slope occurs at 61 = /2. This cofreSponQS to a maximum spin-~
flip scattering cross section at a relative valence of 1.5. It éhould be
noted however, that since this phase shift curve reaches a maximum of .65f
(which corresponds to 3.2 p electrons) it cannot represent the filling of
a p-shell which requires a phase shift of 7 for the six electrons. This
curve does indicate however, that a more complex form of equation (17)
must be used.

The resonance hypothesis is capable of explaining the existence

and to some extent the shape of the scattering peak. However the




102

Figure 37. Modified square well potential.
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Figure 38. P wave phase shift for modified square well potentigl.
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question of position is still unanswered. If one is to accept that an
electronic configufatibn of szp3 corresponds to a p phase shift of 7/2.
then a more detailed description of the structure of the resonance is
needed. If on the other hand, the FP description is accepted then the
burden of understanding is shifted to determining why a p-wave phase
shift of 7/2 occurs for electronic configurations of s2 and s"p. One
possible mechanism for this is a repopulation effect in which the p-wave
phase éhift is increased at the expense of the s and d phase shifts. Tf
the s and d states move up to the Fermi surface their phase shifts will
decrease and the Friedel sum rule requires the p-wave phase shift to
increase. A charging effect described theoretically by Stern40 may also
give rise to a repopulation. He shows that the constituents of alloys in
general have a different number of tight binding approximation electrons
than the pure metals. Since the resulting electronic distribution due to
the charging effect must conform to the Friedel sum rule, any charge
transfer will involve changing the s, p, and d partial waves.

It is possible that both of these approaches discussed above are
correct and can account for the behavior of the Gsf' Further experi-
mental information on impurity induced resistivity and Knight shift

changes would help in determining the true mechanism.
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