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ABSTRACT

Nuclear magnetic resonance (NMR) Knight shift and spin-lattice
relaxation time measurements of 63Cu, ll5:[n and lJ‘S)Sn in some ligquid noble
metal-indium allcys and noble metal-tin alloys are presented together with
magnetic susceptibility measurements in the licuid noble metal--indium
systems and gold-tin system. The prnoblans associated with tiie preparation
of suitable powder samples for NMR studies are discussed together with
same originai methods of solving them. The measured properties are first
examined in the 1 ight of the information they yield regarding atomic
distributions in liquid alloys. In contrast to some earlier X-ray and
neutron diffraction data the NMR results do not indicate that any short
range atamic ordering is taking place in any of these systems. Assuming
that the alloy systems are random mixtures of the two components, an
attempt is then made to r eproduce the observed Knight-shift data by using
spin susceptibilities deduced fram the total susceptibility data together
with a calculation of the conduction electron ‘contact density at the
mucleus using f irstly a partial wave analysis of the electron-scattering
and seccndly a pseudopotential approach. Both calculations give semi-
quantitative agreement with experiment. The relaxation rate data for these
systems are then considered. For the noble metal-tin systems the relaxation

rate of 119

Sn is wholly accounted for by the magnetic contribution predicted
from the observed Knight shift through the Xorringa relation. However in
the noble metal-indium alloys the relaxation rates for llf’In, and to a
lesser extent 63Cu, can only be wholly described by both magnetic and quad--
rupolar contributions. The latter can be understood qualitatively in terms

of a theory due to Sholl. Finally an NMR investigation of the solvent 133(15



resonance in the liquid cesium-oxygen system is presented. The results
strongly favour a model in which the oxygen exists in doubly ionized

form in the metal matrix.
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CHAPTER ONE

INTRODUCTION

1.1 Liquid Metals

ihe most fruitful approach to any field of science is a mutual,
complementary combination of experimental observation and theory. This is
being successfully achieved in the field of, say, solid state physics but
not. as yet in the physics of liquid metals. The approach to this subject
is one which combines the physics of crystalline metals and the physics
of liquids, which has been concerned mainly with non-metallic systems. The
picture of a crystalline metal is now a familiar one to solid state physi-
cists. The long range lattice periodicity produces electron energy bands
whose separation is determined essentially by the perturbing lattice
potential on the electron states. Basically, the electronic properties are
different aspects of a dense electron gas which interacts with a system of
positive ions. This interaction is partly responsible for the ion-ion
interaction which determines the atomic distributions in liquid metals. Thus
the experimental study of liquid metals has this interaction at its focus,
from which two rather distinct fields have grown, namely the study of
electronic properties, such as the Knight shift, Hall effect and resistivity
and the study of the ionic distributions, using X-ray and neutron difrraction.
Measurements of electronic properties, however, may relate directly to

structure data in that they test a structural model postulated for a parti-
cular metal. or alloy.
In the experimental study of simple (non-transition) liquiG metals,

the observations are invariably tested by seeing whether they fit one or more

aspects of the free electron model. According to the free electron model the




conduction electrons form a dense electron gas with Z electrons per atom

(Z = valency), the conduction electron states are plane waves and the
electron energy E is reiated to the wave vector k by E = ‘hzkz/Zn, fram which
follows a sharp spherical Fermi surface, an isotropic relaxation time and

a density of states N(kp)« E%. However it must be stressed that a parcti-
cular property, though exhibiting one feature of the fres electron model,

does not necessarily exhibit the other features as well,

The physics of liquid metals has been comprehensively reviewed
up to 1963 by Cusack(l) . The article by Wilson (2) ‘interprets the properties
of liquid metals and alloys, especiélly thermodynamic data, in terms of '
- possible ordering and Mott (1965) (3) gives a short review of transport
properties. Recently the whole field of liquid metals and alloys has been
covered by the proceedings of the Brookhaven conference (4) . '"Liquid metals"
is the title of a recent book by March>) which briefly but concisely
considers the theoretical aspects of the subject. Consequently this intro—-'

duction will be brief.

The experimental observations are divided into three groups.
The first, transport properties, tells us whether a particular iiquid metal
has a spherical Fermi surface and if the relaxation time of the electron
scattering is isotropic. The second includes density of states properties
and gives information on the sharpness of the Fermi surface and on the
magnitude of N(Ep). Finally the atomic structure of liquid metals and alloys

is considered.

1.1.2 Transport Properties

a) Hall Effect 1In nearly all metals the Hall coefficient R;; changes
on melting and has a negative value for the liquid state. Except for
Tl, Pb and Sb this value is accounted for by the free electron expression

Ry = ~1/n|e|, where n is the total number of carriers rer unit volime and

y oo



e 1s the electronic charge. The weak temperature dependence cbserved in
Ry is accomted for by the teapsiature dependence of the atomic volune.
Though the data predict that the Fermi sucface is spherical and relaxation
time isotropic it does not necessarily mean that N(E&) is free electron
like, since a free electron value of Ry is obtained for any E-k relationship
having spherical symmetry. The deviaticns of T1, Pb and Sb freom the free
electron model probably arise because the electronic mean free path is
shorter than the range of order that" exists, which causes a breakdown of

the model.

‘The behaviour of Ry in alloys is less well understood. In the '
In~Hg(6) system for example the variation of Ry shows marked deviation
from free eicctron behaviour even though both In and Hg give free electron
values. In the Cu-sn(7) system the behaviour of Rygr which also disagrees
with free electron predictions, has been interpreted by postulating the
existence of bound states which form at the expense of the Sn oonducti.on
electrons. The situation is far from clear at the moment and awaits a
sounder theoretical basis.

b) Optical Properties Measurements of optical properties confirm the

Hall effect data for most of the pure metals, the results being interpreted
by the free electron Drude theory which assumes that the effeétive mass m ¥
and relaxation times are-given by the free electron model. Departure fram
free electron behaviour was found in Cd, Pb, Bi and Hg by smith®, whe
values of N/m* (N=no. of valence electrons/atom) are higher than predicted
by the model and were accounted for semi~quantitatively by considering the
coupling of the core states with the conduction electrons. Again the |
Situation in alloys is less well documented. Measurements of Smith on the
Hg-Bi system and Schulz(é) on Hg-In revealed that neither system is free
electron like, even though the pure components are. The ancraloas Hg-Xn

results are consistent with those of Rppe



¢) Resistivity and Thermopower Both of these properties change abruptly

on melting. The resistivity py, approximately doubles and in the liquid rises
slowly with temperature in an approximately linear fashion (except for di-
valent metals where DL may fall slightly and pass through a minimum). The
thermopower is roughly a 1 inear function of temperature in the liquid and

is often proportional to the absolute temperature. Much of the experimental
data of both properties has been described by the Ziman1®) formalism which
has successfully described both the magnitude and tanperatﬁre dependence of(
Py, and thermopower in liquid metals. Essentially the model assumes that the
conduction electrons form a degeneréte free-electron gas having a spherical
Fermi surface and are scattered by the random arrangement of the ions. The
ion positions are represented by the structure factor I(K) (where
K=4msin0/), with O=angle and A=wavelength of incident beam) and their presence
by a weak pseudopotential whose Fourier transform is U(K). Considering the
uncertainties in I(K) and U(X), good agreement with experiment is obtained
ard is improved further when corrections for spin-orbit coupling and non- |
local screening are incorporated. In fact ziman's model seems to be
standing the test of time as very recently Ashcroft and Schaich (1)) have
used an approximation for n-body ionic correlation which has lead to a
generalization of Ziman's expression. Their work includes higher order

terms which are only negligible because they tend to cancel each other.

Alloy neasuranehts of these properties are legion; however the results
are fairly well understood for most binary systems where an extensicn of
Ziman's expression to alloys has reproduced much of the data. The Faber-
ziman 12) theory accounts for both ion positions in the alloy by the three
partial structure factors Iis (K) and the ions are represented by the two ion
pseudopotentials U; (K) and Uj(X). The extent to which the theory reproduces

the cbserved data must be considered however in the light of possible



ordering taking place in the licuid. The reasonable agreerent obtained for

most metals and alloys nust be taken as supvorting the free electren model.

The properties considered up to this point give support to two aspects
of this model, namely that the Fermi surface is spherical and the relaration
» time isotropic. Even though the Ziman formalism gives qood agreement with
experinent his resistivity expression does not give an indication of what
N(EF) is really like because it remains valid if N(Ep} does depart, though
not too muach, from the free electron value; also his treatment docc not tell
us anything about the sharpness of the Fermi surface. These aspects will

now be considered more fully.

1.1.3 Density of States properties The resistivity p; is a single mmber .

somewhat remote from the dynamics of the conduction electrons and points

to the need for experimental and theoreticsl probes into the electron dyna-
mical behaviour. The techniques of solid state physics, such as measurements
of the de Haas-van Alphen effect, require low temperatures and long mean
free paths and are thus ruled out in probing similar properties in liquid
metals. |

A real liquid metal, having an irregular wave function and cunstantly
changing icnic positions, may be more usefully characterised by the proba-
bility, averaged over all allowable structures, that a wave function of

eneryy E ccntains a Fourier component with wave vector k. This quantity is

defined as Ak,E) which may be related to N(EF) by (13)
N(Ep) = _];3f p(_}g,E) .dk 1.01
41
and to the distribution of k values by
. yo .
nk) =, £(®&,1).ok,E).dE i.02

~oo

where f£(E,T) is the Fermi function. For free electrons, where E=T12k2/2m,.



p(k,E) is the S-function 5(E--ﬁ2k2/2m) , and equation 1.1 then gives the
usual free electron N(EF) . In general, p(k,k) represents the averaged
Fourier spectrum of the conduction electron wave functions. For example,
if the scattering in the liguid metal is large, the wave functions will
depart from single plane waves, requiring a spread in k in their compo-
sition. This gives a blurred k-space Fermi surface, thwugh the Fermi
energy is still well defined and k can no longer define an eigenstate as

it can in the free electron model. p(k,¥) represents this by being smeared
out in k for large scattering and well defined in k if the scattering is ‘
small. p (B_,El) may also be smeared out in E for a given k since this k may
feature in wave functions of various energies. A calculation using Green
functions by Fivards 14 and Ballentine ) has yielded values of o (k,I)
and N(Ep) , where the electronic energy states are calculated from I(K)

and a single-centre scattering potential of a screened ion. Rallentine’
obtained p (k,E} and N(Ep) curves for Sn,Al and Bi. In liquid Bi the shape |
of p(x,E), which depends only on |k| in a liquid, indicates a width in k of
about 24 per cent of kp at energies near to Ep. The Fermi surface is |
therefore blurred in k-space and this is a consequence of the .disorder.

It is encouré.ging th:at Ballentine's first principles calculation of

p(k,E) was in fair agreement with the curve obtained experimentally from
positron annihilation measurements. The corresponding N(Ep) curve for
liquid Bi also shows a cieparture frem the free electron prediction. The
results for Zn and Al however give results which are close to the free
electron theory. Though these ave essentially perturbation theory calcu-
lations and therefore not exact, they nevertheless represent a calculation
of the energy spec':trum which enables & ‘lz'mite.i canparison with experimpent. |
For a d?tailed account of the theory the reader is referred to the papers

of Edwards. The following properties will be considered in the light




of the inforwation they yield regarding N (L‘F) and n(k) and wvhere applicable

a comparison of the experimental data with the theoretical  (k,E)

a) Positren Annihilation and Soft X-ray emission Measurements in both

these fields, relative to other properties of liquid metals, are fairly
sparse. The angular correlation of two gamma-rays emnitted when a positron
annihilates in a liquid metal is a measure of the momentum distribution,

n(k). Kusmiss and Stevart (1)

have measured positron annihilation in 15
liquid metals. Their results may be divided into three groups; 1) in which
a change in angular correlation results on melting, 2) where the change |
occurs below the melting point and 3) no change at all takes place. The
results for Ri are interesting, for n(k)in the solid is parabolic and free-
electron like, showing a sharp cut-off at kp. However in the liquid this
ut-off at kp is smeared out which reflects the smeared nature of p (k,E).
This is comparable with the mean free path which is expected to be small
in the liquid and long in the solid. The results for Na on the other hand
show sharp cut-offs both in the solid and liquid, showing that the mean
free path is long and that little smearing of ,(k,E) is present. Other
hetals show this smearing effect in the liquid as well as differences between
solid and liquid phases. Though this technique appears promising in the
information it yields regarding n(k) and less directly p(k,E} it is wnfor- |
- tunately subject to difficulties in the data interpretation as discussed

by Kusmiss and Stewart.

Soft x-ray emission measures N(EF) multiplied by the transition
Probability for an electron to drop from the conduction band to an imner
shell. Unfortunately the latter quantity is almost inaccessible to calcula-
tion though Fawardsl7) has said that it might be the same for both solid

and liquid so that a measurement in the chenge in N(Ep) on melting may be




(1.8)

made. The results of Catterall and Trotter on Al indicates that in
this metal N (EF) changes little cn melting. Certainly there is a nced for
more measurements of these properties togethor with a sounder theoretical

interpretation.

b) Magnetic susceptibility If liquid metals ave to be campletely

described by a free electron picture then on malting N(kp) ought to conform
to the free electron model, as should the conduction electron spin suscep-

tibility, Xp = uBzN (Ep) , where bp = Bohr magneton. Direct measurenents of

Xp are possible using conduction electron spin resonance (CESR) but in

practice this has been limited to thie alkali metals. However the results
for Li, Na and K show that the change in xp on melting is at the most ten
per cent. That . Na and K remain free—electron like in the transition

from solid to liquid is no surprise however, their near spherical Fermi

surfaces in the solid being well kncwm.

Recently Dupree and Seymour (19)

have shown that consistent values of
Xp in pure liquid metals may be obtained from measurements of the total
magnetic susceptibility. Previously the chief problem was obtaining
values for the ion c‘ow\’e contribution Xy which do not leave a spurious,
systematl\, atomic num ser dependence of the total electronic susceptibility
{20)

Xe+ Using values of X3 taken from Angus ; they obtained a set of

values for Xp for 108 liquid metals. Their values are in good agreement
with tahen- 1\11»\.\@9.0_

those obtained directly using CESR A +Though their results, which are
derived on the }‘asls of a free elcctron model, pomt to N (E ) being
approximately free-electron like for most of the liquid metals, the values
of Xer and obvicusly Xp are strongly influenced by electron-electron inter-
actions. Dupres and Seymour took thece into account but the X Values are

OOHSZLStent"' larger than those predicted by the then available mndels

Suggesting that these effects may be underestimatad. Although a recent



1) seems

estimate of e lectron-electron interactions by Dupree and Geldart
to improve the agreement 1t is clear that N (Fp) deduced in this way is only

approximate.

Since no direct measurements of Xp in alloys have been made using CESR,
values may be deduced only from total susceptibility measurements. However
some of the assumptions made for the pure metals may become less valid, for
example X3 for both components will dépend on the changing conducticn electreon
density acvocss the concentration range. Though a number of alloy systems
have been investi gated using magnetic susceptibility there has been no serious

attempt at extracting valuves of Xp fraom the data.

1.1.4 Atomic Structure The most direct method of investigating the atomic

structure in a liquid is by the diffraction of neutrons or X-rays. Both
methods yield the total structure factor I(K) whose Fourier transform gives
the pair distribution function g(r) which represents the probability of
finding an atom at a distance r fraom an atom at the orig-g.\'rf. I\An :;111(5‘1&/1 is fully
Characterised by its three partial structure factors Ijj(K) and fraw their
Fourier transforms gij (r) the mean interatomic distances i~-i, j-j and i~-j

can be detem.ihed as well as the nunber of nearest neighbours around one
particular atowm. Neutron diffraction data give more reliable values of I(K)
though for an alloy three experiments are required to give the Iij (R) values.
This limits the use of neu&ms toe those alloy systems where at least one of the
components hos two magnetic isctopes which can be obtained in enriched form.

2
Erderby etal.(zu)

have investigated the liquid Cu-Sn system where the three
specimens contained natural copper, copper enriched with 63Cu and copper |
enriched with 65Cu. Where an alloy system has heen investigated using beth
neutron's, and X-rays, the I (K) values obtained by both methods agrec fairly
well.



..lo_.

By postulating a liquid metal to be a random assembly of hard spheres,
Ashcroft and Lakner(m) ‘have successfully reproduced experimental valves of
I(K) for many liquid metals up to and including the principal diffraction
peak. Ashcroft and Langreth(m) have extended this model to liquid binary
alloy systems. Based on the soluticn of the Percus-Yevick integral equation

for hard spheres, their model is now widely used to interpret structure in

liquid metals and alloys.

1.2 HNuclear Magnetic Resonance

: 9
First discovered in 1945 ,(ZJ-’ZG) , the field of NMR has been well

2
documented and is the subject of a number of text books (27,28, 9). Con-
sequently only a brief descriptioni of the subject is given here, emphasis

being placed on those aspects of NMR particularly relevant to liquid metals.

1.2.1 Basic Theory A nucleus with spin I and magnetic moment p located in

a steady magnetic field Hy experiences an interaction enerqy -p “H- If

Hj is acting 1n the Z-direction the Hamiltonian takes the simple form

H= - nﬁHOIZ p ‘ 1.03

where Iz is the Z-component of the nuclear spin operator and Yy, the gyromag-
netic ratio. Transitios between the (2I + 1) Zeeman levels, separated in
energy by ynEHO, may be induced by applying electromagnetic radiation of
angular frequency , given by Mg = nhHo, Or Wy = YnHy which iz the resonance
condition. Although £he prob_ability for upward and downward transitions

to occur is the same, a net absorption of energy takes place if &e spins
are in thermal eciuilibrium because a lower energy level is more highly |
populated than the one above it by the Boltzmann factor exp (YnﬁHo/kI') . Thus
there are more upward transitions than. dovn resulting in an absorption of
energy from the exciting field. The spins achieve thermal equilibrium among

themselves and with the lattice through various interactions which exist
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between them. After absorbing energy from the radiating field the
nuclear-spins distribute 1t among themselves by spin-spin relaxation

and transfer it to the lattice via spin-lattice relaxation. The spin~
lattice ralation time T1 characterises the exponcntial return of the
nuclesr-spin Z-magnetisation to its equilibrium condition. The mutual
exchange of energy between the lattice thermal reservoir and the spin
system is achieved by locai magnetic fields (or sometimes inhamogeneous
electric fields) that have a oorrpon;mt fluctuating at the rasonance
frequency. There are a number of mechanisms that can produce such fields ‘
- though in met;als the dominant Tl process is nearly always the contact

interaction with the conduction electrons.

Spin--cpin relaxation is due to various interactions between the spins
themselves. At resonance the coherence of the precession of individual
" spins gives the component of magnetisation in the x-y plane. This coherence
tends to be destroyed by the spin-spin interactions where the approach to
equilibrium is characterised by the spin-spin relaxation time TZ . There
are two 'static' local field effects which result in spin-dephasing and
secular broadening of the line. Firstly the spread in local z-fields due |
to neighbouring spins causes a spread in precession rates and thus spin-—
dephasing and secondly the precession of neighbouring spins causes mutual
spin-flipping between identical spins. This latter process limits the
life~time of the state and broadens the enexgy level through the uncertainty

principle. T, is related to the line shape by

T o= 1 | ' .
2 _2_<J('\f)maX , 1.04
vhere g(v)max is the lineshape function. A non-secular contribution tc the
line broadening arises from spin-lattice relaxation which limits the life-

time of the nuclear energy level and broadens it through the uncertainty
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principle. In the presence of thermal motion where the average value of the

local field may be siall, the line narrows and the contributions to T, may be

surmmed up by

T, T, 1

1 =1,+1 =1 +1 , 1.05
T

where l/'I'é arises from secular (static) broadening and l/’I‘E arises from

non-secular (life-time) broadening. ) For very rapid motion l/’I‘z' = ].ﬂ.'l‘l and

thus for any relaxation mechanism 1/Ty = 1/Ty, so that the relaxation is

determined solely by life-time limiting processes. Given these conditions

the lineshape is Lorentzian and the width AV, between the absorption deriva-

tive peaks, is given by

Av = 1 1.06

/3nr,
There may be more than one contribution to the Tl and T, processes in liquid

metals and these will add to give the totzl relaxation rate.

1.2.2 NMR in Metals In metals the phenomenon of nuclear resonance is

different from that in non-metals because of the interactiocn of the nuclei
with the conduction electrons. This interaction is important in three respects.
Firstly it produces a shift in the frequency of rescnance absorption, secondly
it is the dominant spin-lattice relaxation mechanism and finally it may
produce marked changes in the line width and shape. These closely linked
effects are now discussed.

a) Knight shift Over 20 years ago, W.D. Knight (30)

of 6:?'Cu in metallic Cu was shifted to a higher frequency than in the salt

found that the NMR

CuCl. The Knight shift, which has been the subject of a number of reviews
(31,32:33) 35 due predominantly to the contact hyperfine interaction of the(
nucleus with the conduction electrons. The applied field H, polarises the

conduction electrons through their spin susceptibility Xp which then interact



with the nuclei to produce a static non-zero average local field JH at the
nuclear site, which must be added to the main field EO The Zeeman inter—
action is then modified to beccme ~u.(H, + A} instead of -u.H,, which

produces the NMR shift. The contact interaction contribution to the Knight

shift, Ky, has been shown to be given by (28)
- 2
Kg = M, = %"XPQ<MK(O” et 1.07

where Q is the atamic volume and <|1pk (0) [2>F £ PF is the prébaxy iiity density
at the nucleu;s averaged over the Fermi surface electrons. A typical value

of the Knight shift is 1%. As mentioned previously reasonable values of

Xp J.n the above equation may be determined for non—transitidn metals from
total susceptibility measc.lrements. Calculations of Pp have been made in
pure metals by various authors (34,43,44) using a pseudopotential represen-
tation of the ioms. The latter method has given PF values for liquid
non-transition metals which combined with Xp values give good agrecment
with measured Kg values. Though Kg is the dominant contribution to the

Knight shift, other terms are present which require consideration.

The polarised exmi surface e]_.ectrons also interact indirectly with
the nucleus giving another contribution to the Knight shift. The spin
density has associated with it a spin dependent exchange interaction which -
may polarise the closed shells of an icn core and the paired electrons in
the conduction band below I:F The exchange polarisation of s—electrons then
interacts with the nucleus via the contact interaction and can result in
either positive or negative contributions to the shift. Bennett, Watson and
carter 33) have summarised the hyperfine fields due to the exchange core
polarisation response tc a single unpaired open valence shell electron.

Mahanti and Das(35) have recently calculated exchange core polarisation



contributions in all of the alkali metals. Their results when codbined
with direct contributions agrec well with cxperimental Knigat shifts and
show that the core polarisation contriluticn varies between 10 and 25% of

the direct contribution for alkali metals.

Another contribution to the shift arises from the dipole inter-
action of the conduction e lectrons with the nucleus. In general this

interaction is anisotropic and gives an orientation dependent texm in the

shift, K 4o for nuclei at non-cubic sites. However in liguids, because
! X
they are isotropic, this contribution averages to zero and is nct considered

further.

A final contributicn to the Knight shift, Royppr Cauwes frem the
orbital magnetic moment of the conduction electrons. This is usually only .
important in transition metals and therefore is not of interest here. In
general it is not possible to separate the core polarisation and orbital

contributions and these are often lumped tcgether as

Kother = KCP * Korb

b) Linewidth, Relaxaticn and the Korringa Pircduct As mentioned earlier, in

a> liqﬁid metal the relaxation rate R, = 1/'1‘l is directly proportional to the
linewidth. Because of the rapid thermal rotion in a liquid metal the
direct dipolar interaction between nuclei averages to zero and +herefore
makes no.contribution to the line width. There are however two contributions
which may arise due to the indirect interaction of the nuclear magnetic
moments with each other via the conduction electrons, giving rise to pseudo-
exchange and pseudo-dipolar broadening. The hyperfine interaction is respon-
sible for pseuwdo-exchange whereas the pseudo-dipolar kroadening arises because
of the existence of a non-s part of the conduction electron wave function.

For interactions between identical nuclei the pseude-cxchange term has no |
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effect on the secod moment of the line but increases the fourth moment.
If the nuclel are not identical then the second moment increases. In
liquid metals both the pseudo-dipolar and pseudo—exchange terms average
to zero. A full account and derivation of these interactions is given

in Slichter (28) .

The main contribution to the line width in liquid metals is usually
produced by spin-lattice relaxation time hroadening which arises from the
contact interaction with the cnnduction electrons. 1In this Tl LrOCEeSsSs
the nucleus .and electron exchange energy via a mutual spin-flip scattering
process where the hyperfine pote.ntial scatters the conduction electron
from an initial state k to a final state k'. The relaxation rate may be

straightforwardly calculated for non-interacting electrons to be(28) .

_ 3 2 ‘2 2 2
= 6;7r3ﬁ Ye ¥y, {<lpk(0)] >FN(EF)} KT, 1.08

——

Hj=

1

2, .
vhere the term <|1pk (O)I >F is that which appears in the expression fcr
K- A correction factor for electron-electron enhancement may be added.

A relation between K and T, follows at once and is given by

Tl'r(KS)2 = {%p )2 Ao ' 1,09
. NE,) 7T "5 3.3
P
Yn Ye h
(36)

the above was first given by Korringa . For a Fermi gas of non-inter-

acting spins, 1.09 reduces to:

2
2 = Y '
T,TK)" = _h {5} - 1.10.
47k yn

K, and T, are those values which arise only from the contact interaction and
as this usually dominates in metals it was expected that equation i.lo would
give reasonable agreement with experiment. However in practice the Korringa
relation is seldom satisfied. In the alkali metals for example where the

requirements of a dominant s-contact interaction should bo satisfied, experi-
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mental valuas of Tl'l‘ (KS) 2 are considerably larger than predicted. This
discrepancy has been ativibuted for some metals to electron-electron inter-
actions which enhance X, relative to its fice particle value which therefore
gives rise to an enhanced RKorringa product. /n early atterpt to taikc these

. (37
effects into account by Pines

was not wholly successfiul because he only
considered the effect on the Enight shift, The Xnight shift depends on the
static suscoptibility X, (0,0) «nd in the presence of electron-electron

interactions is enhanced relative to its independent particle value by the

S S T N
Stoner factor (1-u) which gives
K= KO/(lﬂm)

where ¢ is related to the strength of the effective electron interacticr

potential V(g) and Ny (i) by: us= V(O)NO (El‘“)' Moriya (38) pointed out that
Rl is enhanced however by the wave number and frequency dependent suscep—
tibility Xp (q,w). Both effects can be taken into account by re-expressing

equation 1.09 as

2 v
TTR) = D Tey .1
ik v 2 K@), 1.11

where K(o) is a camplicated functicn of o, A mumber of determinations of

(39,40)

K{®) have been made, » the treatments differing essentially in the

choice of the effective intersction potential V(gq). There are also contri
butions to the relaxation rate from core polarisation and orbital effects,
though fo. most metals they are negligibly small. In a number of pure
liquid metals a marked discrepancy still remained between the experimental
and theoretical magnetic relaxation rates, even though electron-electron
effects had been taken into account. The metals in question have nuclei

which posgess a nuclear quadivpole moment Q and it is well established that

the extra relaxation mechanism is a quadrupolar one arising from the time
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varying electric field gradients produced by the diffusing ions.

1.2.3 Present situetion in Licquid Metals The factors Xp ana PF in the
Knight shift expression are sensitive to local atcaic and electronic stiuc—
ture and K may therefore be expected to chenge sigaificantly on melting.
However, in contrast to RH and ar,e K changes by only avproximately 5% for
most metals, the exceptions being Cd, Bi,Sh and Ga. Unfortunately there is
no congistent correlation between changes in K and Ry on melting; for
example in Cd though R changes very little, K in fact incrcases by 235 of

4
itself. Ziman @l

suggested that the congtancy in K through “he melting
point is due to the fact that PF and Xp hardly change. Indeed the alter-
native suggestion that there are compensating changes in Yp ard Pp is not

(

very likely. Harrison 12) has in fact shovn that under certain restrictions
N(FF) for a band structure based on the nearly free electron model did not
deviate far fram the free electron value. Ziman's proposition tends to be
corraborated by the fact that both Xp and PF depend mainly on atamic -
volume, which often stays very constant on melting. It therefore seems that
the anomalous metals are those in which K does change on melting. Inca
Ziman asserted- that this was due to an abrupt change in N(EF) nd this

has been quantitatively confirmed by a non-local psewdopotential calculation

(43) » Who obtained agreement with experiment by

of Kasowski and Falicov
assuning that N (EF) waz free-electron like in liguid Cd. Now that Xp values
for 1iquid metals are more accessible ucing the method of Dupree and Seymour(lg) ,

a more dctailed camparison of the changes in Xp and K can be made.

The estimation of the Knight shift in pure liquid metals by Heidghway

‘ \
and Seymou_r(44l appears to give good agreement with experiment for a wide range

of metals using only a zero-order pseudopotential calculation. The investi-
gation of the change in K as a function of tamperature has been less SUCCaEs—

47—
ful. Heighway( ) failed to reproduce his experimental §K/§T data in solid
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¢

Wy . e —— , . (A6
and liquid b vsing en expression due to Watehe and Taneka . More

47 . .
& l.( ) have predicted the observed tamporature indepandence

rocently Das ot
of the Knight shift in liguid Cd using a non-local pseudcpotentisl calculation
of the =pin density. They conclude that any tewperature depondence of the
Knight ghift ariszes throegh the change in the interference fimction 1K) as a

. . - 55
function of tewparature. The calculations of I«er::k-tw( )

reveal that the hyperfine
contact densities in liquid alkali metals are strongly dep=ndant on kb“ Clearly
measurements of density as a functicn of tewperature, which would allow kF
to be calculated using the freé electron model, would show how wach the change
. in Knight shift as a function of lamperature iz accounted for by a changing

kF value. Thus even for pure metals the theoretical situstion is complicated

though the theory and observations generaily support the idea that liquid metals -

have a free-electron like N(EF) .

The situation in alloys however is even more conplex. Alloying the
pure metal with a dilute amount of another metallic solute nearly always
produces fractional changes in the solvent and solute shifts which are often
linzar in the concentration and the same for both solute and solvent. This
change is due to the electron re-distribution which screens out the cherge

‘ 4
on the solute ion. Blandin etal. (48)

using a nearly free electron approxi-
mation and a square well potential representation of the solute and solvent
icns predicted with reasonable success the change in solvent and solute Knight

shift for same dilute alkali alloys. However when the same medel was applied

to polyvalent alloys no agreement with experiment was obtajned(49)

(50)

. Using
reasonablc physical argunents Flym'{ has shown that a set of sexﬁ~cmpirioal
Phase shifts may be derived for an alloy system and these have been used to
Predict fairly well the observed change in solvent Knight shift for a number
of alloy systcms. A more fundamental advanée in the calculation of phase

l.(Sl) (52)

shifts has bezn made by Young eta and by Asik etals”™ "', Botl methods

use a more realistic screenad free atom potential representation of the scelvent
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and solute ions. Applied to scme dilute alkali alloys the phase shifts
calculetad in this way give better agrecment. with oxporiment than the model
of Blandin ecal. The single centre scatteriag approach used to calculate
solvent shifts is clearly inodcguate for large solute concentrations. Con-

£
(53) and his

sequently & pseudopotential method has been developed by Fabor
theory applied to a nuber of alloy systems in the hops of predicting the
solvent shift. Though reasonably successful for some dilute alkeli allovs,

(54)

when applied by Moulson to sowe polyvalent alloys at high soiute con-
centrations, the theory was unable to predict even the correct sign in the
change of the J'151'11 Knight shift in the In-Sn or In-Fb systems. Perdew and

(55) have recently extended the Faber theory and calculated contact

Wilkins
densities in same 1iquid z;xlkal.i alloys across the cowplete range of con-
centration. Thelr data, when combined with measured Knight shifts, lead
to reasonable values cf Xp for these alloys. Howevef up to the present
neither the phase shift: theory of Young etal, and Asik etal.or the pseudo~
potential theory of Perdew and Wilkins has been applied to any polyvalent
alloy systems. There have been a number of recent attempts to calculate
absolute exchange core polarisation contributions to the I(night. shift in
nmetals. In particular those of Mahanti and Das(35) for the alkalis and
Halder and Jena(SG) for liquid magnesium have been fairly successful. in -

predicting magnitudes of ch which are consistent with calculations of K
, S

and experimental Knight shifts.

The versatility of the Knight shift is apparent by its use as a probe

for atomic as well as electronic structure in both solid and liquid metals

(

-
57) for example has investigated the phase changes in
113

and alloys. Drain
the Ag-Cd system by cbserving the variation in the Cd and 109Ag Knight

shifts across the concentration range and more recently Styles (58) has inter-
preted his Knight shift and line width data in the liquid In-Bi system in

terms of non-random atomic associations. However there has been no attempt:
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to correlate Knight chift data with x-roy or neitron diffraction data which
suggeste that ordering is taking place at partloslor compogsitions in an

-
alloy systsm( >9) .

In many liquid metal and allov systems vhere one of the nuclei
concerned has I>h there may be a quadrupolar contribadion RlO to the relasg-
ation rate as well as a magnetlic contribution R

115 209 ., :
been found to be the cese for In and "7'Bi in the Licuid Ph-Bi and

14° In particular this has

In-Bi systems. Estimates of Ry ™y be mede with reasonable accuracy pro-

viding acccunt is taken of and an estimate it made of K(=}. On the

K
othei
other hand the evaluation of %Q is difficult and at present it is not possible

to calculate its value absolutely in a liquid metal or alloy without making

some approximations to the theory(60) .

1.3 Present Investigation

This work was initiated with the aim of continuing the investigu.;
tion of electronic properties of liquid alloys and examining these proper-
ties in the light of the information they yield regarding liquid alloy struc-

ture.

Measurements have been made of the Knight shift, spin-~lattice
relaxation time and magnetic susceptibility in the licuid noble metal-tin
and noble metal-indium systeins. Chapter 2 contains an account of the expari-
mental technigues used to measure these properties together with a description
-of the preparation of the specimens used. In chapter 3 the data obtained are
presented in graphical form. In chapter 4 the NMR and susceptibility data
are considered in the light of the informution they yield regarding structure
in these systems, in particular some »-ray and neutron diffraction data have
pointed to »the existence of structure for scome of the licuid noble metal~-tin

systems. Chapter 5 considers the changes in the Knight shift arising from



chenges in either or both factors yp and Pp and the first port contains an
extraction of Xp from the totsl suscepitibility measurements. Following this
is a calculation of the changes in the solvent PF for these sy:ste;:m:; using

a partial wave analysis of the iwpurity scattering for dilute concentrations
of solute. Two model potentials are used to represent the solute, a scuare
well and screened free atom potential, the latter being based on the work
of Asik etal. The final part of chapter 5 contains an extension of Perdew
and Wilkins' pseudopotential theory to polyvalent alloy systems where PF

is calculated at both solvent and solute nuclei across the conplete range of
wncen{;ration' for the present alloy systems. In chapter 6 the relaxsticon
rates of llgsn, J“]'S’In and 63Cu are considered. Reasonable estimates are
made of the magnetic contributions RlM by taking account of Kother
The significant quadrupolar contribution RIQ to the relaxation of 115;&1 in

the noble metal-indium alloys is considered in the light of existing thecries.
Finally chapter 7 illustrates that the above considerations can be applied
afso to cases where the solute is non-metallic. It contains an account of an
NMR investigation of 1335 in the liquid Cesium-oxygen system and the results

are discussed with particular reference to the state of the oxygen atcoms

in licquid cesium. :
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CHAPTER W0

EXPERIMENTAL MISTIODS

2.1 Intreduction

Expcrimental observations have been made of steady state R,
pulsed NMR and magnetic susceptibility. The apparatus and tedhniques
required tc nake these measurements are well documented however, and will
not therefore be described in detall here. Fach experimental arrangement
and method of measurement will be simply ocutlined, emphasis being given to

those aspects of the work which are either original or, for one reascn or

another, demand particular attention.

It is essential that one has reliable specimens on which to
perform the above measurements and the final section is therefore devoted
to a detailed discussion of the methods used for specimen preparation, and

the shortcomings of previously used techniques.

v

2.2 Steady State NMR  Apparatus -

. The Spectrameter A Varian V.F.16 wide-line spectrometer

was employed in the measurements. This has a freguency range of 2 - 16 Miz,

and uses the nuclear induction method of detecting resonance (1) .
Used in omnjunction with the spectrameter is a Varian 12¢ electromagnet:,
capable of maintaining fields up to 15 kgauss with homogeneity of 1 part

in 105. The field can be swept in times varying fram 0-5 - 100 minutes,

with apparatus response times of O-1 - 100 seconds. In use, the frequency

is kept constant while the audio-modulated magnetic field is swept through

the resonance value. The detected signal is amplified and de~modulated,
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being fod either to the oscilloscope or pnase sensitive detector and pen
rder. 2 block diagram of the apparatus is shown in flg. 2.01. The

maxinurn sweep time, in conjunction with the corresponding response time,

imposes a limitation on sensitivity aond consequently a noise averager or

Camputor of Average Transients (C.A.T.} was used for wesker signals. The

instronent employed was a Northern NS-544 Digital Mewdrv Oscilloscope. As

the field H() is swent through resonance, the output fram the spactrometes

is fed to 1,024 storage charnals in the C.A.T. An #ldress advance pulse

generator opens each channel in synchronigm with the field sweep, su that

for one complcicd sweep all of the storage chamncls have beea opened, ench

channel storing information relating to a small section of the sweep. On

sweeping through the resonance N times, the r.m.s. randam noise voltag

stored is proportional to vN while the signal is proportional to N, thus

providing an improvement in signal to noise of VN. For a typical 1198n measurement
30 half minute sweeps were made giving & signal to noise ratio of 5:1.

A gas flow furnace was used in conjunction with the Varian speétron-:éter
similar to that described by Schreiber(z) . The specimen temperature was
measured using a Pt/Pt - 13% Rh thermocouple located immediately balow the
specimen tube. Experimen‘t showed that the temperature gradient across the
sample did not exceed 5K. A chramel-alumel thermocouple monitored the probe
body temperature, the permissible maximum being 338K which subsequentliy

limited the specimen temperatures to a maximum of 800K.

Frequency and Field Calibration To determine the resonance position

and width exact values of frequency and magnetic field are required. The
frequency was measured using a Venner TSA 3436 counter and the magnetic field
calibration performed in the following manner. The signal of interest was
first accumulated in the C.A.T. and then read out on an X-Y plotter, Using

. . 2
a subsidia ty Watkins-Pound spectrometer the "D resonance in a sample of heavy

water in the magnet gap was detected, and the frequency of the spectraceter
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adjusted so that the resaiance occurred near the beginmming of the field
sweep used in the main expariment. Yhis zigral vas re ed on the (LAUT.
using a sinole sweep of the magnetic ficld. Subsequently the frequency

was changed so that the ?I ) resonance cocorred noar the end of g sweep and
the signal again recorded. These two field morker signals were then read
out on the X-Y plotter below the sital previonsly recosded, TFrom the
measured f requancies of the two 2D resonances and uzing the known 2D
gyravagnetic ratio the field at two points on the sweep used in the main

experiment was thus precisely determined and by interpolation the pozition

and width of the signal of interest can be readily measured.

Hioh Tevperature Mpparatus NMR measurements at temperatures up to

1400 K were made possible by the construction of a high temperature furmace,
shown schematically in fig. 2.02, which is used in conjunction with a Watking-
Pound Spectrometer. This experimental arrangement overcame the temperatmyé
maximum of 800 K to which the Varian specltrometer was limited. The sample'

is contained in a silica tube around which is wound the r.f. coil. These are
in turn surrounded by the heater coil assembly which is a push fit in a
silvered silica devar. I\,ocated by an O-ring clamping arrangement at either
end, the dewar is finally contained in a water jacket made from stainless

steel tubing.

Initially the r.f. coil was constructed from copper wire, however
use at temperatures in excess of 1100 K caused rapid deterioration in the
coil due to oxidation and a subsequent reduction in signal-to-noise ratio.
Thus a gold coil was used, which showed no si yns of deterjoration,after
prolonged use at temperatures in excess of 1100 K. The heating coil
assenbly consists of a hollow Fibrefrax former onto which a non-indective
nichrome coil is wound. The coil is covared with layers of Fibrefrax until

the whole is a push fit in the dewar. The inner diameter of the Fibrefrax
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former had to be sufficient to take the r.f. coil assanbly. The heater

coil is matched to the power supply, which supplies 10 amps at 50 volts.

The coil when supplied with 5 amps at 25 volts gave a tenperature of 1100 K.

The top and bottom ends of the furnace, (the shaded portion of fig. 2.02.)

are made of brass and connected by the water jacket which kept the tempera-

ture of the outer tube, in places touching the magnet pole faces, below

the ambient temperature. Since the tamperature measuring thermocouple is

not in exactly the same position as the specimen, it was necessary to check

that the thermocouple reading was a true indication of the specimen tempera-

ture. This was done by observing the thermocouple reading at which the

llSIn resonance signal first appeared on heating up the specimens. This

should occur at the melting points of puré indiunm (429 K) and the compound
mole easily

Ag In, (693 K) since the resonance is A observable in the liquid. It was

found that the thermocouple and specimen temperatures were within 5 X and .

7 K at 429 K and 693 K respectively. This agreement was considered to be

satisfactory.

2.3 Pulse Apparatus

This is shown in block diagram form in fig. 2.03, and is based on

a design bv Clarke (@)

- The sample is placed in a ooil assembly containing

a transmitter and receiver coil, which are mounted orthogonally to each other
and to Hy. A non-inductively wound heater coil, insulated with Fibrefrax,
surrounds both coils. A Varian 9" electro-magnet produces the steady magnetic
field H,. A sequence of high power r.f. pulses at the Larmor frequency may
be applied to f:he transmitter coil, the pulses being produced at a fixed rate
| by ‘a' pulse sequence generator. The pulses are continuoﬁsly variable in

length fram 1 us - 2 ms and are modulated at the 'radio-frequency by a free
running ¢rystal contrelled oscillator. The 6utput of the receiver is fed

into a phase sensitive detector along with a reference éignal derived from

- the free-rumning oscillator, The detected signal is then fed into a Boxcar
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integrator which has gate widths varying fram 1 ps - 100 ms, The Boxcar

output is finally fed to a pen recorder.

Mgggurements were made of the rate of decay, Tl’ of the longitud:inal
‘magnetisation using the usual 180° - 1 - 90° sequence. The amplitude of .. ...
the signal at a point immediately following the 90° pulse is proportional
to MT, the longitudinal megnetisation existing at that time, and by setting
‘ the Boxcar gate to sample imnediatély after the 90° pulse, its output will
ke proportional to M'r‘ Initially correct phaSmg is required and for this
adjustment the Boxcar gate is made wide enough to encompass the whole of the
" free induction decay. The Boxcar output, as a function of magnetic field,
is the Fourier transform of the free induction decay. The field is then
| swept and the exact position of resonance selected. The gate-width is then
reduced and with the Boxcar output fed to an X - T recorder, the value of
M, is determined by switching the field on and off resonance. On reducing .
the pulse separation T by stageé, the corresponding values of M‘r can be

. determined.

The spin-lattice relaxation time, Tl' is related to the longitudinal

_magnetisation at. a time T, through:
M = Mo{l—Aexp(-T/'I‘l)}

where A is a constant; in theory equal to 2 kut in practice usually lower
than this. A graph of log (Mo ~ MT) against T is plotted and Tl determined
from the slope. This was done_using a least squares computer prograrawe
supplied by'Dr. E. M. Dickson. |

2.4 Susceptibility Apparatus

.-The magnetic susceptibilities of the samples were measured using
the Curie technique in which the sample of volume =0.1an> is placed on cne

arm of a sensitive microbalance in an inhomogeneous magnetic field. The
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force (y-direction) acting on a small samle between the pole faces of a

magnet (x-direction) is

F y-:mxXY ’

where x is the mass susceptibility of a specimen of mass m and Y=H (";-gii) .
The force on a sample of accurately knovn susceptibility was first measured
so that Y was determined and subsequently used in the measurement of an un-—
known specimen. The specimen is suspended in a non~uniform magnetic field
and Fy will tperefore depend critically on the exac.:t location of the sample.
In measurements of this type(s) an effort is made to make Y as constant as
possible over the sample so as to obtain good data reproductibility. In
the present apparatus the pole pleces were of such a shape that Y went through
a positive maximum followed by a negative maximum and if these positions
are noted when traversing the magnet over the sPecimen the problem of
accurate sample positioning is removed. A Sartorius microbalance with a
sensitivity of lug was used to measure the force on the specimen which

weighed approximately 1 gram.

In m ak:mg a mgasurement, the magnét is jacked up to a position
such that the specimen is below the Y maximum. Allowing a émall amount of
hydraulic fluid to escape from the jack holding the magnet, the mégnet
traverses slowly ddm over the specimen and at the same time the changing
forca. on the specimen is followed on the microbalance. At the position of
maximm fcrce, maximum Y, the reading is voted. The magnet is then traversed
quickly until it approa&1es the region of minimum Y whence i£ is slowed down
and the minimum force on the sample noted. Thus the factor S ij_n) is
used in calculating the susggptibility and this was determined by making
similar médsurements on samples of Ge, Ag, and Sn whose susceptibilities are

accurately known. A subsidiary experiment was performed in which the force
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on the sample holder, a quartz bucket, was found at temperatures corresponding
to those at which specimen observations were made. All measurements were
made at a pressure of 400 torr of argon, this pressure being sufficient to
inhibit preferential evaporation of a lower melting point alloy component.
Pressures greater than 400 torr gave rise to convection currents which caused
the balance reading to fluctuate, this effect becoaming violent at the

higher temperatures. The furnace used attained temperatures of 1400 K and |
consisted bfa nichrame coil matched to the power supply, wound directly on |
to a silica tube which fitted the lower érm'of t he microbalance. Layérs

" of Fibrefrax covered the heater coil, giving sufficient insulation for the‘
attainment of higher temperatures, but allowed clearance for the magnet |
pole faces to pass over it whilst a measurement was being made. A chromel;
alumel thermocouple indicated the temperature on the inside of the furnace

tube and was located just 4 mm to the side of the sample.

2.5 Sample Preparation

PO S O
o

Introduction Observation of NMR in pure metals requires ideally

that the diameter of the particles be less than the radio-frequency skin
“depth. For most metals at normal frequencies and temperatures this involveé

diameters between 10 and 100 um.

Measuraments in alloys require further that every particle in the
sample is of the nominal camposition of the alloy, deviations fram either of
these conditions may result in distortion of the resonance spectrum. To date,
powders have been pi'odﬁced mainly by one of two methods. The first is. that
in which the two constituents are n‘elted'together forming an ingot, which is
then filed or ground and finally sieved® . Alternatively the metal can be

ted under a silicone oil va.rxi then agitated to produce a dispersion of

liquid droplets, After solidifying, the oil is washed off with organic
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solvents and the metal particles again sieved. The first and most common
method cited is subject to the following difficulties.

(1) The metallurgical phase diagram corresponding to a particular
binary alloy system may be such that large sdale phase separation may take -
place when thé alloy ié cast. If this occurs, particles produced by filing
would be of different ccrypositions and obviously further heat treatment of
the particles would not change this. NMR measurements of the l:Lgsn |
rucleus in a nominally AuSn2 alloy, prepared by such a method, produced two‘
distinct lines in its resonance spectrun corresponding to the llgSn ruclei
" finding tlﬁemsélves in two different environments <£1e to(qphase separation,
on coaling (7 .

(ii) The particles produiced are irregular in shape and hence
pack together rather badly in contrast to the packing of spherical particles.

llgSn nucleus were made in 3 pure tin samples, the

NMR measurements of the
metal having been powdered by: a) filing; ~b) grinding on a wheel ard

¢) dispersion from the liquid. In -all cases the particles were insulated
from each other by mixing inan équal' volume of fused silica powder. The
signal intensities obtained from the filed and ground specimens were a factor
of appro'x;inately‘ 3 less then those fram the spherically shaped particles
 produced by dispersion. Fig. 2.05 contrasts powders produced by. a) filing
and b) dispersion from the liquid. The largest particles in b) have diametérs

-

of the order 50 um.
- (iii) Filing and grmdlng always introduce impurities into the
resulting povder, this being particularly serious when iron files are u.sed.
Most or nearly all of the ferromagnetic impurities can be removed with a
magnet, though the possibility of even one or two remaining is an undesi-

rable feature. v . ' .

The difficulties cited above may be overcame if the alloys are
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prepared by dispersion in oil, this method producing spherical and
hamogenecus powder particles. However it is limited to alloys with
melting points lower than about 600 K because of the low flashpoint
of silicone oils available. Two methods of overcoming the above

difficulties by using a spraying technicue will now be describad(g) .

Spraying from the solid  In this technique, the samples

were fed in the form of a solid rod 3/16" in diameter into a metal
spraying pistocl. A Mk - 45 pistol availsble from Metallisation Ltd.,
. Dudley, Worcs., was used which runs on OXypropane ox oxyacetyiene
fuel together with campressed air foi: dispersing the molten netal

into droplets. Metals with melting points up to 2800 K may be
sprayed, though to date Rh, which melts at 2239 K, is the highest
melting point metal yet sprayed. The initial form of the alloy

was an ingot approximately 20 mm in lengtn and 10 mm in diameter,
which is cast by melting the alloy constituents in a silica tube, |
the meltm being kept well above the alloy liguidus to ensure complete
m.i.xing.. Alloys which are malleable in the solid may be reduced to the
required 3/16" diameter accepted by the gun, by cold swaging. Those
‘systems, however, in which certain compositions correspond to brittle
phases oi' a mixture of phases, had to be cast in the form of a rod

As the rod is taken into ther pistol, it emexges from the outlet nozzle,
is melted by the oxypropane flame and dispers/ed into a spray by the
compressed air. The metal is quenched in water which is contained

in a glass fres.sel. The powder is washed to the bottom of the vessel,
renbved, cleaned ﬁm acetone and sieved. The aétual spraying process
is rapid, the speed at which the metal is fed into the gun depending
on its melting point. For zinc a rate of 6m per min. produced a

powder of which approximately 90% passed through a 50 um sieve. Such a.
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high yield, however, required same initial adjustments of the speed with
which the wire was fed into the pistol. Particles produced by this method
are shown in fig. 2.05 and may be compared with those produced by filing.
However, ac in the £iling methods, composition variations in the rod
resulted in a spread of composition in the powders which limited this
method to pure metals and alloy compositions malleable enough to be swaged
as this process helps to improve hamogeneity within the réd by creating

a large nurber of vacancies which assist the diffusion process.

Spraying from the liquid The experimental arrangement for

this technique is shown in fig. 2.04 . An alloy ingot, cast in the same
way as described previously, is brcken up into small pieces of size 4 mm
or less. These pieces are then iﬁserted into the lower half of the silica
vessel which may be split at the ground glass joint. At the base where

the alloy is contained is a ground glass valve capable of holding a vacuum
of 0.2 torr which may be raised to allow the molten metal to run down into
the tape;'ed section of the vessel which is terminated by a fine jet of
diameter 2 nm. The putping stem on the upper half of the vessel allows

it to be evacuated, while the brass top-cap contains an O-ring clamping
bdevice which holds the ground glass valve in the closed position. The tip
of the jet is located immediately beneath a copper nozzle through 'which

nitrogen gas escapes at a pressure of 20 1lb in"2

, which disperses the molten
metal. The sprayed metal is collected and sieved as in the previous nsethod;
The mode of operation is as follows. Thz alloy, béing in small pieces,.
lodges between the valve and walls of the tube and rests in the lower half
of the silica tube. With the two halves of the vessel clamped at the ground
glass joint, the whole is ev:acuated and flushed with argon. A slight over-

pressure of argon is then introduced to prevent preferential evaporation of

either component when the alloy is molten. The vessel is then heated with
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an oxypropane torch until the alloy melts, the tapered section and jet

being képt at the same temperature as the alloy. A further overpressure

of 8'cx.n Hg is created in the vessel and simultaneously with the valve

keing withdrawn to let through the liquid metal, the nitrogen jet is

turned on. The overpressure of argon forces the ligquid metal out in a

fine jet and is dispersed by nitroge’n gas, heat contiruing to be appliéd,
particularly to the orifice through which the metal escapes which tends

to be cooled by the blast of nitrogen. The particles quench in the water
jacket and colléct in the bottom of the dewar. The process is interrupted |
if a) oxide blocks the orifice or b} the metal solidifies duel to in-
sufficient heat being appliea. The actual spraying process takes one or
two minutes. The yield of particles is somewhat less than in the previous
technique with only about one third of the powder passing through a 50 im sieve.
Hopefully the yield fram this technique could be improved by a suitable .
cambination cof size of orifice, metal flow rate and strength of the rﬁ‘trogeﬁ
blast. Alloys with melting points up to 1100 K were prepared in this way,
this limit being set by the softening point of the silica. No possibility
of particle inhomogeneity exists as the 'alloy is liquid right up to the
point where the 'd.ropletsv:‘i‘re formed, and subsequent measurements on alloyé |
prepared this way confirmed this. Pouwder density measurements 'shwed that
these powders, as those sprayed from the solid, were approximately three
times as dense as the filed or ground specimens. Powders obtained by both
spraying methods showed slight signs of oxidation, theugh for nearly all of;
the alloys propared the powders retained the orj.ginal lustre of the metal.
This, however, does not affect the NMR measurements since even if a resonance
is detected in the oxide, its positicn will be different from that in the
metal because of the metallie Knight shift.

Summary  The two methods described have, within the limitations

stated, produceii powders s imply and rapidly over a wide range of alloys.
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The advantages these methods have over those previously used are threefold.
Firstly, the particles are spherical and pack together with a density of a
factor 3 better than filed or ground samples; thus yielding a subsequent
increase in the NMR signal. Secondly, sources of contaminations and im-
purities are removed and £ inally composition variations between particles

are eliminated.

Table 2.0l summarizes the methods by which all the alloys measured
were prepared. Those alloys prepared by crushing in a pestle and mortar
correspond to particular phases or intermetallic campounds in that particu-
lar allcy system. All of the alloys were made from SN pure materials

obtained fcom Koch-Light Laboratories, Bucks.

A check on sample camposition was provided by a quantitative
enalysis for both constituents, made by Johnson and Matthey Ltd. on

Ag-55% In and Cu-75% In. The results are shown below.

Nomninal Analysis

45% Ag-55% In 44.89% Ag~54.90% In

- 25% Cu~-75% In 24.10% Cu-75.82% In
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TABLE 2,01

Alloy

Method of Preparation

All copper-tin and silver-tin

alloys

sprayed from the solid

AuSn

crushed in a psstle and wortar

e

AuSn4 ,AuSn2 Au-29% Sn, Au-25%5Sn,Au-21% Sn.

e

sprayed from the liquid

Ag-90% In, Ag-80% In, AgInz, Ag3In,
Ag-55% In, Ag-40% In, Ag-30% 'In,

S

Ag~17% In B

sprayed from the liquid

Ag,In, Ag-40% In

crushed in a pestle and mortar

Cu~90% In,-Cu~-75% In, Cu-60% In,
Cu-45% In, Cu~62.5% In,

Cu~20% In

sprayed from the liquid

Cu~30% In, Cu~37.5% In

crushed in a pestle and mortar

Au~90% In, Au—-80% In, Au-40% In,

Au-202 In

sprayed from the liquid

Auln,, Auln, Au-30% In.,

crushed in pestle. and mortar.
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CHAPTER THREE

EXPERIMENTAL RESULTS

3.1 Knight Shifts and Line Widths

The Knight shift, K, in a metal is defined as the shift of the

resonance field from that of the same isotope in a non-conducting reference
material at thz same frequency ‘It may be written.
K= (8/V)p = (8/V)y 3-1

70 |

where (ii/v), is the field to frequency ratio at the fesonénce position for the
reference compound and (H/v)m is; that 'f..orA the metal. Due to chamcal shifts,
however, (H/v), will differ depending on which reference compound is chos‘eh.

The present 'investigatim was conoerned only with relatiw}e changesv in K and

for all metals and alloys measured, K was calculated from 31 using a (H/v),
value taken from the Varian cha.rt(l) When a cmparison of a solvent Knight shift
with different solutes is made, the relat;ve shift 6KA< is plotted with respect
to the pufe solvent K value; § K/K being calculated from:

aK. _ Ka -Km _ {(#@NV)r = (EN)a), A

K = "Kn (@) - WAL 6AY,

where the subscript 'a’ devotes the alloy and ' M' the pure solvent.

The unewidms', AH are the separations, of the paaks. of the
absorption derivatives and they have been ccrrected for amplitude modulation
broadenjng using the treatment of Smitl(xz) wnich' 1s appropnate for the
mrmﬁim mlineshapes observed in all the licquid metals and alloys. For all
K and A values plotted and tabulated, tte result is the mean. of at leést three
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readings with increasing field sweep and three with decreasing field

sweep.
Tin and the Noble-metal-tin alloys Tin has three naturally |
1
occurring isotopes of interest 115811, l"7Sn and llgsn being 0.35, 7.7

and 8.7 abundant respectively. All have spin % and measurements of K

and AH were made only on 9Sn where these are listed in appendix 1 and

displayed graphically in figures 3.1, 3.2, 3.3, 3.4, 3.10 and 3.11. The
only measurcment in the solid was made on the intermetallic compound
AuSn. The crystal strucutre of AuSn is hexagonal close packed and as a

. result there are isotropic and anisotropic contributions to the Knight

/

shift which result in asymmetric resonance lines in the polycrystalline

sample used. As this work is concerned only with the properties of

11

liquid metals, in vhich K ("%Sn) = 0, only the isotropic value K(**sn)

for solid AuSn is recorded and is obtained using the method of Borsa

(3)

and Barnes Since the line is asyrmetric in the solid, line widths

119

are given for the liquid only. The variation of K("~Sn) as a function

of temperature in the liquid specimens of Sn, Au-80%Sn, Au-66%Sn, Au~50%Sn,
and Au-29%Sn is linear for all specimens within the experimental error and
o - - "

the temperature coefficients are given in table 3.1. The value of

119

K(~"’sn) in pure tin compared favourably with previous measurement.’su)

Measurements were made in the supercooled regioms of Au~50%Sn and Au-29%Sn,
these alldys supei‘cooling by 50 K and 60 K respectively. Because of the
aﬁémalous behaviour ofi K(llgSn) in the supercooled region of Au-29%Sn

(see figure 3.2), a second alloy was prepared by spraying from the liquid;

119

measurenents of K(7 7Sn) agreed within experimental error with those taken

initially. Due to the limitations of the gas-cooled furnace values of

k(M%n) at a single temperatire only were made on Au-25%Sn and Au~218Sn.
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Table 3.1

Temperature coefficients of K(llgsn) in liquid

tin and some liquid gold-tin alloys

Spacimen - (1/K) (@K/aT), KT
sn 1.80 (£0.04) x 107
Au-80%Sn 5.24 (£0.06) x 107>
) - . ! _5
‘ 4,08 (#0.0
 Au-66%Sn (£0.05) x 10 4
' -5
An~292Sn 5.33 (#0.05) x 10
: 119 ' 119 ’
Liquid state measurements of ~ K(7 "Sn) and-AH(™ "Sn) were made in the

copper ard silver-tin systems and of K(63Cu) and AH(63Cu) in the copper-

tin alloys”. The signals from the silver and copper-tin‘alloys were generally
poorer than those obtained from the gold-tin alloys because of the way in
vhich they were prepared. 'As shown in table 2.0l these alloys were sprayed

from the solid. Same of them showed considerable signs of oxidation while

others, namely Cu-90% Sn and Cu-85% Sn, gave distorted 63Cu resonance lines,

o .
indicatingkyneg@ in partieleicumpopiiton in the liquid. This was not evident

119

in the Sn rescnance lines due to the weaker signal strength; hence the

K A1

pointé representing . | _ 9Sn) in these two alloys must be considered with

caution. The readings for K (63Cu) in these two alloys are thus omitted from
graph 3.3, . ,K(ﬁllg

a functibn of noble—;netal concentration and for both systems the variation is

Sn) for the silver and copper-tin alloys is plotted as

linear, up to the conceatration measured.
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Indium and the Noble metal-indjum alloys. Indium has two

naturally occurring i sotopes 1]'BIn and 115

In, which are 4.2 and 95.8%

abundant respectively. Both have spins of 9/2 and measurements of K and

,.
AH were made only on ll‘>In in the liquid. These data are tabulated in

appendix 1 and plotted graphically in figures 3.5, 3.6, 3.7, 3.9. and

115

3.12, The value of K("In) in pure liquid indium is in reasonable

(5). K(63Cu) and AH (63Cu) was measured

agreement with that of Styles
in the copper—indium system and these data are tabulated in appendix 1
and shown graphically in figures 3.8 and 3.13. Figure 3.9.shows that
for all three s-ystems"K(]’lSI:{): passes thfough a maximum value between

40 and 60% of noble metal concentration.

3.2 Relaxation Rates and Times

Measurements of the 115

In relaxation rate, R1 (llSIn) were made

in all of the copper—indium alloys and in a selected few of the silver-
indium and :gold-indimn alloys. R1(63C1_1) was a;lsé measured in three copper-
indium alloys. The values obtained for R, (llSIn) in pure indium are in
good agreement with those of Warren and Clark(s) . These data are tabulated
in appendix 1 and shown graphically in figures 3.14, .3.15, 3.16 and 3.17.
In all .c ases the Rl measurements were made on the same specimens for which

Knight shift data was obtaineds

3. 3 - Magnetic Susceptibility

In évexy case each point for the alloys measured is the mean of
at ‘least three measurements, the error bar indicating the spread. of the
readings. The magnetic suscep:tibilities x of Sn, Au;-&o% Sn, Au-66% Sn,
Au-50% Sn, Au-29% Sn and Au-21% Sn as a function of temperature in the

liquid state are given in figure 3.18 and tabulated in appendix 1. The
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results obtained for Sn and Au-50% Sn are in good agreement with previous
neasurer\ents(7'8) . All changes of x with temperature were linear for tin
and its alloys with gold. The specinens Sn, Au-80% Sn, Au~66% Sn and

Au-29% Sn all showed the same temperature coefficiént in the liquid, the
value being

.Gy = 4.43(20.06) x 1072,
ar

1
X
over the temperature range measured the alloys Au~50% Sn and Au—-21% Sn
showed no change within the experimental error. Figure 3.19 shows the
varlatlon of x as a function of concentration in the gold-tin system.
- The results for the variation of X across the noble metal~-indium systems
are shown in figure 3.20 and tabulated in appendix 1. The temperétures
at which xreasurements were taken are approxjmately those for Wh:.ch Knight—

‘shift measurements were made.
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CHAPTER FOUR

EVIDENCE FOR SHORT RANGE ORDER IN LIQUID ALLOYS

4,1 Introduction

| The atomic distributions in a liquid metal are governed princi-~
. pally by the ion-ion repulsion. If this interaction is idealised by rep-
resenting the ions as hard spheres, then the Percus—-Yevick integral equatioﬁ
| for the pair distribution function may be rigorously solved and the’

. structure factor I(K) detemuned This will depend only on the effective
packing density of the liquid. Using the hard sphere model Ashcroft and
Lekner(l) have obtained an analyt:.c expreasion for I (K) Wthh fairly success-
fully reproduces the experimental I(K) for a number of llquid metals.
Ashcmft and Langreth(z) have subsequently shown that this model may be
extended to descr.ibe the atomic dlstributj.ons in liquid binary alloys. _

- However a large body of experimental ,data exists Which may not be accounted

for by the hard sphere model but rather is interpreted in terms of the :
existence of non~random short, range ordering of aboms i.n the liquid state (3,4).

Though the interpretation has been qualitative, nevertheless a model for
clustering has emerged which can account for some of the experimental data.

It is suggested that dissimilar atoms come together in.a binary alloy to

form a cluster, these coexistlng with a randam distrj_bution of the remainmg
atams.  In the majority of cases, the alloy cangosition at which this
.Clustering occurs corresponds to an intermetallic compound in the soli «
though, as will be shown presently, this is not alvays the case. The
evidence strongly‘indicates that if any ordering j_s present, it :ls ms» s :lvely
destroyed by the increased thexmal motlon as the tanperature :Ls i.ncreased above

t'he liquidus. T e

» o : . T ey
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The alloy systems for which the existence of this structure is
most strongly indicated ‘are the noble metal-tin systems.b There is hc/fwe‘ver:
still some disagreement between various ‘authors as to whethei: ordering
takes place at all and if so at what ccmpositions. The preSent measure-
ments were undertaken in the hope of resolving these differences of
of inter:pretétion. The following section examines previous experlmental
data for these sysﬁ&:s and the models of clustering which have emerged
fr&n them. The final section discusses the presént results in the

light of these models.

4.2 Previous Experimental Data

4.2.1 X-ray and Neutron "Diffraétion Of all the evidence for

ordering, that provided by X-ray and neutron diffraction is probably the "
most direct. Both yleld the coherent scattered intensity per atom which -
may be reléted to the structure factor (or total interference functiaon)
I(K). A liquid binary alloy however is fully characterised by the three
partial structure factors .’I'ij (K); the total I(K) being a weighted sum of
the ij:j (K). Fourier transformations of ' I(R)‘.fa‘nd Iij: (R) y'ield the total“
~and partial distribution functions g (r) and giﬁ' (r) 'respectively; from
which are determined the nurber of atoms in the first co-ordination shell
and the interatomic sdparations 'A—-A’,'é-zs'ami A-B in a liquid hi‘x&éry\auby
of constituents A and B. However, errors may be introduced in making this
transformatim, in particular early trmcatim of the integral may introducé ,
T 'ripples' on the g(r) cufve. This effect is shown in figure 5 5 in the
- following chapter, where a fuller discussion is given If the hard sphere
' model is to describe adequately the atomic dlstributions in'an alloy, then
the I, j(K) “and giJ (ry must have maxi\“.a which lie in betweem those of the ‘
pure elanenbs, and the A-B separation is the weiqhted mean of A-A and B-B. |

m
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Those systems for which the hard sphere model is inadequate usually exhibit
a smaller A-B separation than expected -and when the I 13 (K) are summed,

give a double-headed maximum in I(K) at certain concentrations.

Au—-Sn

The phase diagram for the Au-Sn system is shown in figure 4.1;
it contains one intermetallic compowid at the Ausn composition. Hendus(®
first cbtained X-ray diffraction data for this system and observed a double
peak in I(K) at the AuSn omtpos:.tlon. His deduced atomlc separation values
however conflict with more recent measurenmts. Waghorne, Rivlin and
williame 7} examined five alloys containing 18,25,29.4, 40 and 50 at % Sn;
~ the first two alloys gJ.ve a single diffraction peak while for the last
three it is double. They interpreted their data by postulating that
'units' of Au,Sn coexist at all concentrations with a randam distribution
of the remaining tin or gold atoms. Kaplow, ‘Strong and Averbach(s) on the
other hand, though obtaihing very similar I(K) curves to Waghorne etal.\“
explained their data in terms of an AuSn cluster, corresponding to a -
'menory" in the liquid of the AuSn intermetallic compound which persits up
to the liquidus. Recently Wagner, Halder and North(g) have re-examined
the . data of ~Kaplow et al. in terms oftthe partial interference and atomic
distribution functions. The g, () and Ion-gn (¥ Yielded interatomic
separations which agreed with those of the pure elements, i. é. 2. 842
and 3 168 for Au and Sn resmctively. Spu-Sn (x) however yielded en Au~Sn
vseparation of 2. 88k, which is very close to the value of 2. 868 found in
solid AuSn. This beknvimr is not in accordance with the hard sphere model
These aotlx:rs therefore confirm the oonclusim»of Kaplow etal. that clusters
| form at the AuSn com;x)vition, on the basis that the Au—Sn separatlon in the

liquid state is almost identical to. that in the solid oortpourxi

- -
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Ag-Sn and Cu-Sn

The phase diagrams for these systems are shown in figures 4.2
and 4.3 (5) - Recent X-ray diffraction measurements have been made on the
Ag-Sn system over a wiﬁe range Of concentrations by Halder and Wagner(lo) .
Their results, interpreted in terms of I, (K) and 95 (r) » May be completely
explained in terms of the hard-sphere model and it is concluded that this
system is a simple xﬁixture of Ag and Sn. Enderby, North and Egelstaff(ll)
obtained the partial structure factors for the Cu~Sn system using neutron
scattering from the liquid alloy Cu Sn5 The hard sphere model, tﬁough
" predicting the Cu-Cu and Sn-Sn separations, breaks down for the Cu-Sn
separation due to the non-additivity of the hard sphere diameters and
they conclude that the system is rliot.‘a Simplé mixture of the two elements. |
X-ray diffraction measuranents across the whole Cu~Sn system by North aqd
Wagner(l?‘) have yielded partial structure factors in reasonable- agreement: .-
with those obtained by Enderby etal\. Distinct splitting of the first
peak in I(K) was abserved in the Cu-55 at, % Sn alloy, with the 45 and 78% Sn
alloys giving broad, asymnetric f irst peaks. Though Sn~ sn(K) very closely
resembled that obtained for the pure element, Cu _Cu(K) did not coinc:.de
with its pure Cu counterpart. As with the neutron scattering data, the
Cu-Sn separation did not agree with the predictions of the hard-sphere
model but closely resémbled that existing in the Cugsn Phase in the solid.
In agreement with Enderby etal., they conclude that this allcy is not a
simple mixture, and further that this could be explained by Cu Sn groupings

existing in the ln.quid State.

Au-In, Ag-Tn and”cu—-In o o S

| The phase diagrams for these systens are shown in figures 4. 4, 4.5
and 4. 6(5) : The only masurements for: these systems are the X-ray diffraction
data of Waghorne, Rivlin and Williams (7) on Au-In. Double headed maxima

- -
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in the first peaks of I(K) were observea at the two intermetallic compound

compositions AuIn and AuInz, suggest:.ng that this system is ot a simple

two—-component mixture.

4.2.2 Electron Transport Properties The Faber-Ziman -3 theory,

which requires for an alloy the three partlal structure factors and two

atom pseudopotentials, has reproduced muach, though not all, of the available
resistivity and thermopower data for pure metals and alloys. The accuracy
of the predictions is generally taken as an indicatlon of the reliability
of the I i3 (K) values used in the oalculations These properties may therefore
be taken as a reasonable test of the model used to derlve the I, i3 . (K).
However, as Enderby(ll) has pointed out, the fact that good agreement is
obtained in, partlcularly, a noble-metal alloy system, mthout involv:.ng‘

an energy dependent pseudopotential requlresh explanation, u..he possibility
that errors in the Born -approximation are cénceiled out by errors due to
this neglect must be born in mind. At the present time the only ‘theory for
the llall effect in liqu:d metals is a free ‘electron one.' It does indicate :
however how free electron 1ike the liqu:n.d is, specifically it yields the

nutber of electrons per atom participating in this transport process.

~ Au-Sn, Ag-Sp and Cu-Sn

The electrical I‘eSiSthJtV data of Davies and Leach (14). across
the Au-Sn system, exhibits a maximum at approximately the Au3Sn composltion,
Their data, including the ma:dxmm, are reascnably reproduced by application'
of the Fabereziman theory which incorporates the partial structure féctors |
of Waqne.r etal. (9) . This may be taken as supporting the AuSn cluster
- hypothesis, only if one accepts the interpretation of Wagner etal. of their
ij (K). Ina similar vay, thevres“istivity datav of Roll and Motz (15) -

T
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for the Ag-Sn system is weil reproduced by Halder and Wagner(lo) s using
their :[i 3 (K) meaSurements.’ Enderbjr and Howe (15) have measured the absolute
themmoelectric power across the liquid Cu-Sn system. Using the partial
structure factors of Enderby etal. they successfully reproduce their data
by applying the Faber~Ziman theory. The calculation is also perfonmed
using Iij (K) derived from a hard-sphere model, and show that this clearly
fails to reproduce the experimental measurements. The resistivity data of
Roll and Motz for this system is successfully fitted to theory by North
and Wagner using their I i3 (K) values; which are in reasonable agreement
with those of Enderby etal. The Hall effect in some liquid Cu~Sn alloys,

| from Sn up to Cu-60 at .% Sn, has.been measured by Enderby, Hasan and
Simrons(”) . Their results deviate fram free-electron predictions, in which-
it was assuned that Sn contributed 4 and Cu 1 electrons per atom to the
conduction band However, they interpret their results by suggesting that
bound states -form at the expense of the Sn electrons due to Sln‘beha\:ring as
a divalent metal dissolved in small amounts in Cu.A n‘odi‘fied free~electron

| theory reproduces their data by assmn:lng that the effective valency of Cu.
is always unity -while that for Sn varies l:lhearly- from two at the Cu-rich

end to four at the Sn-rich end.

Clearly the reproducibility of the resistivity and themopower
data usmg the Faber-Ziman theory is sensitive to the partial structure
factors used and thus the model fran which these are derived Where the

theory successfully reproduces the experimental transport property data,
support is glven to the particular model of the liquid structure used in the

‘ calculatims.

' Au-Tn, Ag-In and Cu-~In

‘The Hall coefficients for the AxIn and Ag-In systems have been
measured by Busch.and Gangherodt '8, Their results are in agreement with a
- e -




free-electron model, which-assumes a contribution of 1 and 3 electrons per
atom fron the noble-metal element and indium respectively. Electrical
resistivity data for these systems, by the same authors, was fitted reasonably

well by Feber-Ziman theory using a hard-sphere I(X).

" 4.2.3 Thermodynamic Properties The quantities of interest in

liquid alloy systems are the excess free energy, excess entropy and excess
enthalpy of mixing, Yo ’ 2s™¥ and AT -respectively. In a miscible liquid
alloy AGS¥ is always negative, whereas AS™ and AH®™® may be either positive
or negative depending on the bonding between unlike and like atoms. These
excess quantities measure the deviation of a particular alloy system from an
ideal solution and their signs give information regarding bond energies. If
the pair bond energies between atoms are Ey,, E,, and E, 4 then positive
values of AH™ are associated with E; <’s (B {+E JJ) or a preference for like-
atom pair bonling. For negative values of AH™ then Ey 5<% (By g+ Ey5)» which
indicates a preference for unlike pair bondmg. Most ef the information
regarding the nature of bondmg in alloys comes fran the quantity X If
a particular alloy system shows a preference for unlike pair bonding, then
A will be negaf-ive across the concentration range with a maximm at the
508-50% concentration where the maxitmum mumber of unlike pair bonds may be
formed. The shape of the [ curve is parabeliq if the pair-bonding is
independent of concentration, however if an asymnetxy :l.n the AHex curve is
found this will indicate that the pair*bondmg is not, independent of concen—-'
~ tration. In fact an asymnetry in A may be caused either by a ccncentration
- depend_ent pair-bonding or a more complicated bonding in which three or more.

atoms take part.'

_ This informatlon however is only qualitative as attempfs to quantify
the relatlonship between the Eij 's and the measured thermodynamic properties
have met with little success in 1 iquid alloys due to the lack of information of
_the interatomic bond in metals.
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Au-Sn, Ag-Sn and Cu-Sn

(19), reveaied

preference for unlike atamic bonding. The results of Kleppa
that at the AuBSn camposition there was ei_ther a strengthening of the pair-
bonding or a favourable configuration of 1 tin and 3 gold atoms was occurring.

(20) onfirmed the data of

The calorimetric measurements of Jena and Leach
Kleppa and showed that at AuBS‘n strong unlike pair-bonding was taking place.
Detailed measurements of I3 around ‘the Au-50% Sn composition, 47+51 at.% Sn,

have been made.by Masse, Orr and }mltgram(z;) .. Their results show ideal ,

All of the measurements on the Au-Sn system show that there is a ' :
behaviour, no anomalies occurring in the range covered thus giving no support
to the hypothesis that atomic associations in the equiatamic alloy resemble
those in éolid AuSn. -Measurements of A= for the Ag-Sn and Cu-Sn systems 4)

show negative values across the concentration range with an indication that

-~

N To surrmarise, the data i.ndicate that in all three systems pair-

bonding between dissimilar atoms is occurring aoross the whole concentration

|

a

the pair-bonding is at itsv_ strongest at Ag-20% Sn and Cu-zz% sn. - L i
|

1

i

|

|

|

|

ranga but is strongest around the 25% Sn oomposition.

Au-In,Ag-In and Cu-In

_‘ ' Of the sparde data available for these systems, that of Alcock . | 1
. etal. (22) of M and A for the liquid Ag—In systan shcms only slight ‘
deviations from ideal behaviour, no marked effects occurring at any oomposition.

-

| 4,.2.4 NMR Knight shift and mgnetic susceptibj}_iﬂ ..Ithas long
been lmown that the Knight shift X is sensitive o the local atomic and |
electronic character in a metal or alloy. This is clearly evident in the work
of prain'® who found marked changes in K("Pca) and K™%g) as a function

of coucent:atioq in the solid .Ag,-Od system ,H-is observed variations were not

. e
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@{plairied in terms of a simple change in electron/atam ratio and therefore

similar behaviour in K in liquid alloys could be expected when ordering occurs.

The evidence provided by magneﬁic susceptibility is less direct. -
The total electro;xic susceptibility x o obtained from measurements of the |
total susceptibility, would be expected to show a minimum at the particular . |
alloy camposition at which covalent bonding is occurring due to the pairing
of electrons in the bonds. However before observation of this minirum in
Xe is taken directly Ias evidence for bonding, the approximations made in the
determination of X, must be very closely examined. This is particularly
important for the noble metals and their alloys and will be discussed in
detail in the following chapter.

In-Bi
—— .

A recent paper by Styles (24) has interpreted K(llsln) ’ K‘(zogBi)
and 2i(M51m) and AH(®°%Bi) in the liquid In-Bi system in temms of the perfis-
tence of Inbi and In,Bi groupings in the liquid state. ‘The phase diagram,
shown in figure 4.7%%), is divided into three ranges; c(Bi)>50%, .
33}8<c(Bi)<50% and c(Bi)<33}%. In the first region there is a mixture of InBi
and Bi, in the second a mixture of InéBi and InBi and in the third a mixture of
InzBi_and"In... In the first region, as the concentration c is 'decreaeed, the

relative amounts of InBi and Bi vary, starting with pure Bi at c=lob% and

ls.tn nuclei are

finishing with pure InBi at c=50%. Hence in this region, the
always in an InBi environment and K( In) is the same at all ccncentratims.

.. The 20931 nuclei however are J.n either an InBi or pure Bi envimnment and as.

such will exhibit different Knight shifts. However, since the correlation time o

of the: interdiffusic)n of the Bi atams is very short campared with the recip-
rocal (10 %s) of the difference between the two resonance frequencies in the
two environments, the twe resonances collapse into one. K(‘ Bi) thus Varles

as the Pelative ammmts of InBi and .Bi change with compomtion. Similar
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behaviour occurs in the third region, lbutA now the 20981 nuclei always find |
themselves on Ithi environment and K(zogBi) is constant, whereas K(llSm)
varies with concentratim'. In the intermediate region th_eré is a mixture of
tfxe two campounds, so' that both shifts change with concentration. All of the
above features are cbserved in the experimental results. If the collapse Qf
the resonances from nuclei in any two coexisting enviromments is not complete,
but is sufficiently so for the residual separation to be small compared with
the line width due to other soufces (e.g. Korringa broadening), thén the over-
all width should pass through a maximun when there are equal nunbers of nuclei |
in the two environments. = The macimum cbserved in the 20951 line width at '
about 60% Bi was consistent with this model. As expected, at higher tempera-
tures the variations w1th camposition of both K and AH become smoother. The i
behaviour of XK and AH in the systems under stuc.y will be considered in the 1
following section in the light of the observations and interpretations 'gi\\ren
|

in the In-Bi system.

4.3 Present Results _

We consider first the model which suggests th_at Au,Sn units form
in the liquid state. If this were the casc, then as the gold content is
increésed, K(l"lgSn) sh;uld changé up to the Au,Sn cdncentrati‘on‘, after which
it should flatten out since all the Sn atoms are 1n an Au,Sn. enViromxent.

Figure 3.4 shows that K( Sn) is still mcreasmg rapidly ‘beyond the Au3Sn '

canposition, which lends no support to the Au3Sn cluster model Aj_so to be

119

expe_'cted frem this model is a maximmun m AHA{ Sn) atkapprmgilmtely A-40% sn;

figure 3.11 shows that this feature doéé'nc_)toccur.

The most recent work of Wagner et al.® points to the existence
of AuSn groupings 4n the llquid and thia model mll new be considered 1f these .

- do petmst into the liquid K(119

Sn) woulq not be expected to change very much
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in Au-50% Sn as it goes through the liquidus but, as the 'units' begin to
break up with increasing temperature, the Knight shift should exhibit a more
marked temperature dependence than normally seen in the liquid state. In

fact the observed change in K( Sn) on melting is approximately 10% of
itself, which is more than is usually observed for liquid metals. Again
beyond the AuSn compositicm, one would expect a flattening out of K(llQSn);
figures 3.1 and 3.4 shows that these features are not observed within the
experimental error. However figure 3.2 shcws that the tettperaﬁure deperdence
of X (M%n) in liquid Ausn in probably greater than for any of the other gold-
-tin alloys. This can be caused by the temperature variation of density and /
atomic volume being greatest in this alloy (sees chapter five, section 5.5)

and it is a more likely explanatlon than the break-up of AuSn clusters which

is expected to pu:oduoe a more dramatic varation than observed.
!

\ Figure 5.1 shows that a minimm ocours in X at approximately'so% -
of Au, on the assumption that Xe varies linearly between the pure metal ]
values. As was recently mentioned_, this may be taken as evidenoe for covalent
bonding within the approximations made for the _dete‘nnination of xé. .

-

'Ag-Sn and Cu-Sn

_ The c*anpositim range covered by the R measurements in these
systems is scmewhat less than that for Au-Sn; as seen in figures 3 3, 3 4
and 3.11, linear variations in k(*%n), k(%cw) ana AH(119Sn) were ebsewed
Thus no evidence for structure’ was found in these two systems up to the
_ concentrations reasured. The previous data for these systems oonsistently
indicatee that while Ag-Sn is a simple mixture of Ag and Sn, the Cu-czn
system is far from random It is hoped ehortly to me~sure the susoeptibilimes
and thLS Xe for the.;e °V°tems across the conﬂentration range to see whether

any dlfferenoe exists in their behawour

"
- -
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Au~In, Ag-In and Cu~In

The Au-In system has, in conmon with the In-Bi system, two inter-
meta lic compounds at AulIn, and Auln shown in figure 4.4. If these persist

2
as groupings into the 1 iquid state, then K(lls

In) should exhibit similar
behaviour to K (“'°In) in the In-Bi system, as showld aH("5m), Figures.
3.6 and 3.12 reveal none of this expected behaviour. However, figure 3.9
shows that the common feature in the behaviour of K( In) in these systems
is a distinct maximum between 40 and 60-at .% of noble metal. No way is

seen of explaining this maximum in terms of the above model of clustéring.

Figures 5.2 and 5.3 show the behaviour of Xo in these systems.
Their common feature is that Xa shows a marked increase between 60 and 80
at .% of noble metal, in contrast with the behaviour of K(“1%In) which, far
all three systems, passes thtough a maximum. ‘Although the rapid decrease of
Xg On adding indium to the noble metal could be taken as evidence of the
formation of groupings lJ.ke Cu3Sn due to covalent bondlng the Knlght shift ~
evidence just dlscussed is clearly incon.ustent with this picture. It is.
emphasued that the mterpretatlon of the Xe data is vexy tentative in vj,ew ,
of the possible invalid assumptlons made when determ:lning it fram measured |

SuSOeptlbilltlpS (see chapter flve, section 5. 2)

Linewidths A large part of AH is expected to come fran the rapid
spin-latti@ relaxation produced by the mteraction of the nuclei with the
conduction electrons. A calwlatlon of the relaxat:.on rates, l’ of 115 In,
90 and %3y from the obBerved Knight shifts using the Korringa relation
" was made fof both the noble metal-tin and noble metal-indimn gystems. These
were compared with Ry values calculated from measured line widths, as shown
infigure561,62,63, 6. 4and68

In the noble metal—-tin» systems, the relaxation rates calculéted frdn

»
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the Knight shifts, agree quite closely with those obtained from the line

width, for the llgSn nucleus. However, for 63Cu in the copper-tin and

llsIn- in the noble metal-indium systems, the

copper-indium systems and for
two values show marked differences. As will be more fully discussed in chapter
six, it is belleved that the discrepancy is chiefly due to an additional

63 115

quadrupolar relaxation process (the ~Cu and " ~In nuclei possess electric

quadrupole moments while llgSn does not), which is often observed in

liquid metals and alloys and is not necessarily associated with ordering.

Sumary The X-ray and neutron diffraction data, and to a less
extent the ‘cherrrodynam_ic data, strongly suggest that short range ordering
occurs in the 1iquid Au-Sn and Cu-én systems. The Ag-Sn system on the other
hand is probakly a simple mixture of Ag and Sn. ‘ {

P

The susceptibility measurements tentatively confimm the existence
of groupings at Au,Sn and suggest that similar bonding is occurring in the
noble metal-indium alloys at the same composition. However the NMR measure-
ments, which for the In-Bi system have conclusively shown the existence of
groupings in the liquid, give no evidence at all.that ordering is taking place

at any composition in any of the alloys.
. _

Consequently the quantitative interpretation of the Knight-shift
data, which follows in the next chapter, is based on the assumption that

the alloys are randam mixtures of the two constituents.
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= ' CHAPTER FIVE

CALCULATION OF KNIGHT SH.T.'FI‘S IN LIQUID ALLOYS

5.1 Introduction

As shown previously the Knight shift K s Tay be written

KssggprPF. o o 501
This chapter is wholly concerned with the calculation of both Xy, and P,
for the liquid noble metal~tin and noble metal-indium systens‘. The best
way of obtaining Xp for a metal is by direct measurenent using conduction
electron spin resonance (CESR) , but this has been possible for only a very
few metals. Recently however Dupree and Seymour 1) have shown that reason-
ably consxstent values of Xp May be obtained from measurements of the

total susceptibility Xtol: Section 5.2 discusses in detail the extraction
of Xpr fram Xeot for the alloys of ooncern here Recent calculations of ‘
Mahanti and Das(3l) have yielded exchange oore polarisation contributions
to the Knight shift for the alkali metals. Unforttmately such calculations
donotexistforanyofthesystens consideredherearxitheyarebeymdthe
scope of this thesis. The PF tem in equation 5.01 to be calculated is
hence due solely to the direct contact interactim which dominates the
magnitude of the observed shifts. Most of the theoretical effort in the

, ,‘calculation -of Pp has been towards a determination of its change on alloying o

. or wj_th temperature. To detemined the former effect, two distinct

L _'appm‘oaches have: been used. The first is applicable to low 1mpurity oon= T

) oentratims and involves a partial wave analysis of the impurity screening -
using phase shifts obta&ned fm the mdel potential représenting the' impurity. |
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Two potentials have been used, a square well and a more realistic screened =

free atom potential recently proposed by Asik et al.(?), Sections;'s.s'.aria

5.4 are concerned with the calculation of the coefficimts_describing- the

liquid atomic distributions and the phase shifts. In the second approach

the extension of the Faber (3 theory outlined by Perdew and Wilkins (4) .is‘
osed, in which the s.olute and solvent ion«c_ore potentials are replaced by

' a weaker pseudopotential. Their calculation is valid across the comélete
range of alloy concentration. Sectlon 5.5 contains an extension of their
work to polyvalent alloy systems, in particular those of Sn and In alloyed

with the noble metals.

The calculations use free electroc ‘parameters" throughout and
assume that the direct contact hyperfine interaction is dominant for
these alloys and that the variation of K arises from a change of either or-
both the factors Xp and QPF The f];actional change of shift may then be

written

o &= @ o - 502
R K Xp Py - : ‘ ’

The effect of e change in Xp and its determination is now conside"redh.

5.2 Discussion of the Magnetic Susoeptibility:data' : R CER

5.2.1 Basic Theory of Susceptibility in Metals. fhe total
| magnetic susceptibility—in a metal may be expressed by L
Xtot o Xe Xc

where x, is the ion*_core, susceptibility and x, the total electronic contribution.
There have been a number - of detemdnatiuna of x and these are discussed by
: Dupree and Seyrour @ o cfmlude that the valués given by Angus‘® | yield the




© most consistent values of Xa* The calculation involves a summation over
the ion-core wave functions, which are taken as simple slater (® analytic
wave functions, these being a good approximation at large distances from-
the nucleus where the main contribution to the core susceptibility arises.

The conduction electron susceptibility may be written
Y

Xe = XP + Xdl " o 5.03
where Xg is the Landau diamagnetic term. For free non—-interacting -electrons

) | | o
xpo"“B (F':F)-3()()‘h‘§’;l : 504

and - | deo"'"%;.Xé’o |
4 : X
where Mg is the Bohr magneton, N(EF) the density of states at the Fexmi
level and V the volume of the sample containing N electrons However
allowence must be made in metals for (1) the presence of ions, (2) elec'tron}
electron interactions, ‘(3)~ electron-phonon interactions and (4). the .
effect of electron scattering involving spin reversal. The last two effects
have been shown to be small and are not considered further.

‘ Theinfluenceoftheionsviatheirpotentialmaybetakeninto
consideration by using the effective mass apprcximatim. Assuming a spherical
Ferm surface in a 1iqu1d metal or alloy, m* is the same for ‘all electrons at
Ep The Pauli susceptibility then becomes Xp = Xpo (n*/m) and the Landau
_ tenn Xd Xgo (m/m*) 'Ihere have been a number of estimates of thp effect
of electron-electron interactions on X, The most recent by Dupree and
Geldart(”, which assumes m*/im = 1, has yielded the best theoretical Fit to
the experimental Xp values deduced by the method described in this section.

' '(A recent calculatlon by Kanazawa and Matsudawa(s) of the effects of electron—~
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electron interactions on Xgr predicts an enhancement given by

_ or L ' |
_ixg_ T LTS e+ 4+ ), i ~ 5.05
' e e 3
where ry 1sdef1nedby:1_1rrsf-y_ anda= 4.}

For the metals considered here the eaarxancmmt amounts to same 15 + 25%.

5.2.2 Analysis and Discussion of Eb@erimental Data. Xeot: values

in mass units for the Au~-Sn and noble metal-indium systems at various tempera--
" tures are tabulated in appendix I. The values cbtained for pure In and Sn

are in good agreement with previous data'?'19); however those for the noble

metals disagree (by as much as.40% for Au, though only a single previous \
measurement for Au exists in the literature). It will be shown that the

values obtained for Ag and Cu yield Xp s which are not unreasonable and

though the value for Au is rather high, there seems no reason to doubt the

measurements on Au rather than;any'of the other metals

Tabulated below in colum 3 is x_ for all the metals and allgys.

The core 'susoeptioilities from Angus haue' been subrtracted from Xeot s N |

the assumption that the ionic oohtribution boxtot is simply made up of the'
sum.of x, times the,mnnbef density for each al-loy componerrt . Because of

the uncertainty in the absolute magnitude of X it is probably adequate to .

assume that, 1t is independent of 1ts electromc envixoment, which will
obviously be changing agross the concentration range. To obtain -the values

- of Xe given in the table in volume units from the measured susceptibilities b_ - |

| in mass units, it is necessary to know the density as'a function of concentration

jn these systems. Apa.rt from the pure metal densities, the only alloy

density measurements in these systems are of four Au-—Sn alloys at 1073 K

by Williams (ll) . these results only devxate by approxunately 4% frcm values -

given by a lmear mterpolation between the pure metal densities. Such an
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interpolation was used for the noble metal-indium alloys and fhis approximation |
'is allowed for in the error bars in figures 5.2 and 5.3, assuming that the |
deviation fiom linearity is not greater than 4%. The variation of X in
these systems is shown in figures 5.1, 5.2 and 5.3. For the Au-Sn and
Au-~In systems, the increase in Xe is linear until abou£ the 70 at .% Au
concentration, after which Xe increases rapidly up to the Au value. Both
the Ag-In and Cu-In systems exhibit anﬂ.rumninxebetween 60 and 80 at .%.
of the noble meta; .Valugs for xp.may be exttact;ed from these Xa values by
using equation 5.04 and 5.05 to estimate X3 ‘As no measurements df Xeot

" were made on the Cu—-Sﬁ or Ag-Sn systems, the X5 values given below are
deduced from a linear interpolation between the pure metal values. Tables
5.1 and 5.2 contain the susceptibilities. and initial slope of x, with
concentration respectively for the noble metal-tin and noble meta_l-indiu‘mf

systeqms,
Table 5.1

Electronlc magnetic susceptibilltles in the noble metal-indium
and gold—tin systems ,

system.  TeTP- (e»’&*:t) (tﬁ%ry) ‘(tﬁéorw | (e:)éBt) i
_ K . G.9.8. ¢ cgs.6 c<3.s°..6_<:gs.6£
vol.x 10°  vol.x:10° wol.x 10° wol.x 10°!
Au 1383 2.39 0.83 -0.3¢  2.73  2.04
Au-208In 1133 1.82 o o209 |t
b , 0.921  -0.37
1033 e oo 218
Au-303%In 1073 I R 1.89
» LT ©0.96  -0.38 |
823 . 131 S . L.69
| Au-g08m . 1073 143 1
S S . 0,98 -0.39 o
» 773 1.24 Sl 1.63
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Table 5.1 (continued.

Xe X A X X
oysten  Tom (Bt (v (hory) @Bt
K C.g.S. 6 C.g.S.. CeJeS. C.geS.c
' ’ vol.x 10 vol.x 1C™ vol.x 10 vol.x 10
Au-sosTn 1073 l.4L . 1.81
- : 1.00 ~0.40
833 1.32 | 1.72
Au-663In 1073 1.34 | | 1.75
1.03 -0.40
g77 L31 o 1.72
Au-80%In 1073 1.26 | ' : .67
L l.04 -0.41
816 1.25 , 1.66
Au-90%In 1073 1.20 | . 1.61
| | 1.04 -0.41
731 1.21 o | 1.62
In 1073 1.13 1.54 | 1.03°
R 1.06 -0.41 ,
486 1.05 o 146
Ag-90%In 1073 1.17 1.03  -0.41 ¢ 1.57
Ag-808In 1073 120 1.02 0.0 1.6 | -
Ag-66%In 1073 1.20 . SR 1.60
| | 1.00 -0.39
733 1.18 | S 1.57
w “ . . . . B . ) S
. Ag-55%In. 1073 '1.14 | R 1.53
0.97 -0.39 R
798 1.09 | 1.48
Ag-408In 1073 ~  1.09 | | 1.47
40 | 0.95 -0.38 s
893 1.04 N . 1.42
© | Ag-33%In - 1073 110 | o 1
] | . 0.93  ~0.37
991 1.0 o S 1.3
Ag=30%In 1073 1.09 o 146
SR 0,93 -0.37 |
990 1.05 S S La
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" Table 5.1 continued

X | X, o
System  Temp (expt.) (té%:y) , (tﬁgory) (expB.) m*
* C.g.S. ¢ C.g.S.. C.g.S. o C.9.S. . :
' vol.x 10° wol.x 107 wol.x 10° wol.x 10
Ag-25%ITn 1073  1.22  0.91  ~0.37 1.58
Ag-17%In 1150 1.39  0.89 - -0.36 1.75
Ag 1283  1.62 0.82 -0.33 1.94 1.51
cu 1373 177 - 0.95 -0.38 - 2.15 1.50
cu-208In 1073 .22 0.9 . -0.39 1.61
Cu-30%In 1073 1.02 - « 1.41
| - 1.01 ~0.40 |
993 0.95 -« » 1.35
Cu~37.5%In 1073 1.0 1.5 .
| | 1.02 -0.40 |
992 1-w - : ’ v o 1040
. Cu~45%In 1073 1.08 S 1.48
S 7103 -0.40 @ |
962 1.02 | © o la2 . )
Cu-52.58In 1073 .12 1,52
| | 1.03 -0.40 ‘
950 o8 1.48
Cu~60%In 1073 1.14 ‘ 1,54
| 1.04 -0.40 |
923 1.11 : B L ‘1.51 -
cu-75%1n < 1073 16 156 |
i aiate - | 1.04 0.4l
I 873 1.16 ~ . L6
Cu-90%In 1073 1.15  l.05 0.4l 1.56
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Table 5.1 continued

- 1.76

Xg X o Xq X
ot T (@B (thBory)  (chéory)  (expB.) n
. - K C.g.S.G c.g.s‘G c.g.S.G c‘g.s. 6
vol.x 100 wol.x 10°  wvol.x 10 vol.x 10

“$n 773 1.11 1.14 ~0.44 1.55 1.0l
Au-80%Sn 773 1.21 1.14 -0.44 1.65

Au-66%Sn 773 1.29 1.12 -0.43 1.72

Au-50%Sn 773 1.38 ~1.08 -0.42 1.80
Au-298sn 773 1.42 . . 1.00 - -0.40 1.82

Au-25%sn 773 1.48 0.98 ~0.39 '1.87

Au-218Sn 773 1.50 0.96 ~0.38 1.88 ,
. . N . 3 . P e . s

Interpolated Pauli spin susceptibilities for the
' copper—tin and silver-tin systems
) Interpolated - Interpolated:
' Alloy xp,c.g.s.vol.x 106” ‘ Al]..oy' ' xp,c.g.s. vol.x lO6
Cu~95%Sn 1.58 Ag-88%Sn 1.60
. .58

Cu-90%5n 1.61 Ag-77%5n 1.64
Cu-85%Sn 1.64 Ag-663Sn 1.68
Cu-808sn 1.67 Ag-55%6n 1.73
Cu-75%Sn 1.70 Ag-45%Sn 1.77
Cu-~70%sn 1.73 ~ Ag-35%Sn 1.80
Cu-65%5n |
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Table 5.2

Initial slopes of spin susceptibility calculated from

Xpiexpt.) given in table 5.1

»

solvent In In In Sn Sn Sn Cu Cu
solute Au Ag Ca Au Ag Cu In Sn
1.8 _ _
3 0.45 0.19 0.13 .0.32 0.25.0.39 -0.28 = -0.28
P . . .
¥

An indication of the reliabillty of theee Xp values for the pure metals
may be made in the following way. By writing

P .
x=xp($,+xd S 5.6
the effects of both the ion potential, through ‘m*, and electron-electrén
interactions are included, Xp and Xy being the enhai'xced values. By taking
the Xa and X g4 values calculated as described, and a xp value taken fram
Dupree and Geldart (in which they assume m*/m =1), a value for m*/m may -

be obtained which satlsfies equation 5.06. For»liquid In and Sn, m* /m has
a value almost exactly equal to l while Cu and Ag require m*/m to be 1.5.
Values of m*/m>1 have been obtained both experimentally and theoreticall '
.for some of the monovalent metals. A recent APW bard structure calculation
by rudge (12 for 5014 Li gave m/m = 1. .6, the small change of Xgor 0
melting indicates presumbly that this valie is not greatly changed in the
_liquid ‘.,l-Hanany and Zamirs ,(13) recent paper yields a value of m*/m = 1 3
for Cu at room temperature, which decreases to 1.1 at the melting point, .
| For Au, m*/m needs to be 2 .04 in order that equation 5.06 be satlsfied,

which seems an unreasonably large value.

l—Hanany and Zamir have deduced fmn their analys1s of K and

the spin—lattice relaxation time, Tl data that the .Permi electrons of "Cu:
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have approximately 18% of d~character in the liquid and conclwde that‘ s-d
hybndlzation considerably influences the- electronic structure and proper-
ties of Cu, both in the solid and liquld This effect has been ignored
by assumning that % is independent of its enviromment and its neglect will
surely cause the final values of xp to be in error. A calculation of

the s-d hybridizationv\omtribution in the noble metals ard their alloys

is beyond the scope of this thesis, though its magnitude and influence

will be discussed more fully in section 5.5.

It has been shown that the asmmxptlons made when eSctracting XP
from Xeot beccme increasingly poor as one spproadws.the puare noble |
metal concentration, where m*/m must becane unreasonably large to obtain
aQreement becvcen xp(expt.) and x_p(theory). The Teason for this is oy
thought to be due to the existence of strong s-d hybridization and an
expected strong spin-orbit coupling, neither of which have been taken

into acoount However the values of xp for pure In and Sn are in good
agreement with those of Dupree and Geldart which lends support to this

method of obtaining xp for the simple metals. The Xp values given in )
table 5.1 are the best available for the Knight—shift calculations, with
tLhe exception of the Caz-Sn and Ag-Sn data where a linear interpolation‘
has been used. To what extent the Knight shift behaviour is accounted
for by the xp term will be discussed in section 5.5 where the s’z? term

is evalua ted in these alloys

5.3 Calculation of the charige in the Knight shift using pattiel wave analysis

5 3.1 Electron Dens:.ty oscil lafions Friedel et al. have shown

" that the introductmn of an impurity atam into a pure solvent, causes a

distortion of the conduction electron wave functicns in such a way that
they screen out _the excdss charge on the impurity. The resultant oscilla-
tions in the electron density about the imourity, calculated using a partial'-
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wave analysis of the impurity scattering, extend to large distances in

the solvent and affect PF at the solvent nuclei. In order to calculate

the oscillating charge density, and hence the change in K, scme
representaticn of the impurity potential must be made. Until recently
the presence of the impurity was siimilated using a potertial square well
or barrier. Calculations for some alkali-alkali alloys gave fair

(15)

agreement with experiment. However Styles used this model for

polyvalent solvents and solutes, and was unable to account for his

(16) et al. have used a more realistic

experimental data. Recently Meyer

model, in which the impurity is represented by a screened free atom

potential. Their calculations are limited to mono-valent solvents and

solutes, but give better agreement with ex:per;iment than the square

well model. Asik, Ball and Slichter(z) have used an almost identical

model to Meyer et al., &}}f'i when applied to the alkali alloys (? ?.._v)*,obtained good
agreement for the change of 'K, In this section the theory from which the
' cinange_ in PF is dete.r.ndﬁed will be outlined. This will then be calcu--

lated at‘llQSn and llSIn alloyed with the noble metals and for 63Cu
alloyed with In and Sn, using both model potentials,; the more realistic

model potential being'derived from Asik et al.

5.3.2  Square Well Model Potential FriedelS model cf an

impurity atom in an alloy was that of a spherically symmetric square

potemtial well or barrier which scattered the conduction electrons.



- 69 =

In the figure below

the impurity poten~

tial is given by

Eo = h"zk2 and EF
2m

is the Fermi energy

and E' is the enerqgy

the potential well

A
Ee
\‘ | 4’ b - from the bottom of
1
E

o F - to the Fermi level.

¢ r The Schrodinger

~equation is solved

i both inside and

TS ET SRS 2 gy

outside the poten-
tial well, which ‘
_ - has a radius equal
in value to that of the solute ion it is representing.' Because of the
simple form of the potential. the equation may be solved analytically,
the ‘soluti'ons for the incident and scattered electron wave functions
being expressed in terms of partial waves. From these solutions the
phase shifts of the 17 partial waves v, are determined by matching the
. elect;.ron wave: fmxctiox;s at the potentiél boundary. The depth of the

potential well is varied until the yz's satisfy the Friedel sum rule
' J‘ = ‘ : . S ]

. where 2' is the effective charge on the impurity, modified by volume
dilatation. Using the method of Blatt (17) » the effective charge on the
impurity is given by z' = Z; -~ Z, 9 vhereZ is the charge ani Q the

%
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atomic volure; the suffices 1 and O referring to the solute and solvent
respectively and where it is assumed that the solute ions retain their
pure metal volumes when in solution. The actuai values of the atomic

volunes are given in table 5.8, section 5.5.

Having obtained the phase shifts for such a potential, the
following applies for any model. The :elative variation of the electronic
charge density may be expressed as a function of r from the solute, in .

terms of the phase shifts by

S'=1 20+ 1) (%) () 5%, Oex) dsin®y =3, Gexdny (cx)sin 2v,),  5.08.

where n, and j 2 are spherical Bessel and Neumann functions respectively. '5» :
The change in K at a solvent nucleus situated at r = Bj is then given by'

which 'J':epresents a spectrum of resonance values.

5 = AD(RJ)
K P

To obtaih the avérage shift for all the solvent

nuclei, an integré_tion over all R must be made
so that ‘ |

= _c/bo(R)  g(r) & | 5.09
; o o .

* = R

F
but they have not been calculatad here. There are three assumptions

In fact the change in the soiu;:e P, value may be found in a similar “way
implicit in equation 5.09. These are (i) that the alloy is perfectly
d%go;f:dered (ii) that multiple scattering of the Fermi surface eléétrons
- may be negleéted and (iii) that the excess electron densities Vat any
point aré .additive, whtch is a valid ésmunption for low impurity concen-
'traf.ions. Corbining ecquations 5.08 and 5.09 the expression vfor. the |
fractional change in K is finally given by

P
‘
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N ) 2 .Y 2 " . . .
i Zl{azsz_n Y * Bg’s;n Yﬂ,} 5.;0

R

r = 1.
K

Q

C

with oy and B.Q. given by

ay = (22 + 1)fp' () {nz,;(kfx) - 3, Uer) Yer - s
and
By = —(22 + 1)£°°p" (r) .nz(kFr)'jl(kFll') .“d3_1;. , - 5.12 ,
2

where p' (f) = g(r)‘. 4ny Po

The coefficients o, and B, are independent of the model scattering

L
potential; they describe the atamic distributions in the liquid metal.

5.3.3 Screened Free atom model potential This model potential
(18) -

is compatible with Ziman's pseudo-atam concept of an atom in a metal;
which is treated as an 'ion + screenir_xg cllarge" . Though the present -
treatment is a single centre scattering calculation, this repreéentation
oontains an elément of self-consistency not present in the previous model
in that the screening'part is built into the potential. Asik et al.
first determined sp!n-dependent phase shifts for electrons scattered by
such a potential. The calculation was simply modified to calculate spin-
independent phase shifts; the effect of spin-orbit coupling being neglected.
It has been shown that this vis unimportant except when thé Knight shift itsélf
is small. The form of the model potential is shown sdaenaucglly below.

~ The self-consistent atomic potentials of Herman and Skillman are used

together with a variable parameter A which essenticlly provides the

screening shell at a digtance r = R. At large r, a real potential would



= ==0

Ee=Fermi energy

Eog= energy at the bottom
of the conduction band

—— __ free akom potential

L]

model potential

i . . .

smoothly meet .E ' whereas Vt.he free atom potential reduces  to l/r
depéndence. The model poténtial meets ECB at RI.; at which point it
is terminated. To determine the incident and scattered electron wave- -
functions, the Schrgdinge,r equation must again be séivéd. However,
because of the form of the potential this cannot be doné ‘analytj‘.cally,
except in the region where >R From r=0 up to Ry the Schrc';dinger .
radial“ equation is solved numerically'_'using i:'he Numerov method(lg) .

The radial equation for r>R; is o N

. 2 ’ - " S .
ap, (r) =h(r).pyx) ' S
2 v

~* where h(r) = - Egt W(r)-2(2H]), .
L2,
r

™

W(r) is the modélvpotential and Pz(r) is the wave function. The Numerov
" method requires two starting values of Pg (r). To a good approximation for

small r, Pz(r) = r’q'.‘ The Schré'dinger equation is then solved fdr = 0,
1 and 2, the phase shifts for higher values being negligibly small, As
before, matching‘the electrun wave functions at the pbtential boundary

yields the phase shifts., The parameter A is vai:ied until the Friedel sum
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satisfied.

Tables 5.3 and 5.4 oontain the phase shifts calculated from

' the screened free atom model potential, with and without dilatation.Table

5.5.1ists the phase shifts obtained using the square well potential, where

dilatation effects have been included. The s light discrepancy between

the 2' values in tables 5.3 and 5.5 for the same‘system is because two

different methods were used to'calculate the atomic volumes.

Table 5.3

Asik, Ball and Slichter (ABS) phase shifts from the

Screened free atom potential with dilatation effects

Ag Cua Au

- Solute Au Ag . Ca In Sn.

in " - . : \
Solvent I, W In S\ S S G cCu

z' -1.083 -1.130 -0.337 -1.653 -1.713 -0.703 0.756 1.651

ABS |y, ~-.5783 -.5518 -.2138 -.7984 -,7270 -.3909  .2637 .5992 -
DIL | . ‘ o . | -

¥, -.0660 -.1121 .0573 -.1757 ~-.1830 -.000l .3148 .6332

Yo |y, -.1808 -.1737 -.0929 -.2569 -.2873 -.1419 -.0l81 .008l

Actual  ~1.070 -1.118 -.322 -1.662 =~1.727 =. 701 . 712 1.617

g > b ‘ e M2 d
| 2.65 219 2.25 2.46 2,04 2,07 284 2.9

RI‘ (a.u.)

»
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Table 5.4

Asik, Ball and Slichter (ABS) nhase shifts from the

screened free atom potential without dilatation effects

Solute Au Ag Cu Au Ag Cu In . &n
in . .
Solvent In In  In  S»  Sn - Sn  Cu . Cu
. ¢
A -2 -2 -2 X -3 -3 2 3
ABS Yo -1.2681 ~-.7167 -.4685 -1.4612 ~.8488 ~-.5469 .6254 .8365
NO |

v, --6470 -.1711 -.0408 -1.1090 ~.2325 =-.0642 .8305 1.1990
b ) . A .

Yy Yy .0097 =-.3792° -.5955 .0100 =-.6401 -.6586 .0182 .0504

Actual - 2.012 -1.990 —2.272v -3.017 -3.022 -2.567 2.042 2.983

2! .

RT(a.u.) 1.4z 2.00 1.98 1.35 1.90 1.93 "3.34  3.32

Table 5.5

- Friedel square well phase shifts with'

dilatation effects

Solute = Au Ay Cu.  Au Ag cu In Sn
in . o |
Solvent In In In Sn Sn S .. Cu . Cu

——— co—

A -1.062 -1.090 -0.386 -1.618 =1.537 ~0.759 0.835 1.726

-

Y, ~-.778L -.7963 -.3273 -1.0391 -1.0193'-.5888 0.5669 0.9292

Ye|v, -.2310 -.2372 -.0781 -.3489 -.3426 -.1616 0.2117 0.5155

v, -.0354 -.0366 -.0083 -.0659 =-.0641 -.0216 0.0204 0.0438
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5.4 Calculation of the Blandin-Daniel coefficients, 0 and B 2

5.4.1 Evaluatioh bf I(K) and g(r). -The remaining factors.

required for the evaluation of equation 5.10 are the coefficients oy and
By. As experimental I(K) or g(r) values were not available for all of the

solvents, use was made of the hard-sphere strud:ure factors of Ashcroft

and Lekner(zo). ‘ ‘. .

The total structure factor is given by Ashcroft and Lekner as ‘
I(Ko) = {l-pc(Ko)} 503

where Po is the number density of ions,o 'the hard sphere diameter and c(Ko)

the direct correlation function in momentum space. c(Ko) is given by

c(Ko) = —41rc3fs2 sin sKo (o + Bs + ysz)____ 5.14

sKo

where a, '8 and yare functions of a packing density pararreter' n, defined
as the fraction of the total fluid volume occupied by hard spheres. These -

quanitles are defined as

34
i

(m/6)o,0°, a = (L +2m?/a-m?,

~en(1 + /2077, v = a/2ma + m¥a -t

@
L]

The values of 0 and n used in the present calculations were obtained from

Ashcroft and Lekner. I;xtegration of equation 5.14 is immediate and gives
" c(Ko) = (—41\0 , {cos(Ko) ((28 + 121) - (a + 8 +x) - 24y 3
K (Kcﬂ3 (o) !

o+ sin(ko) (@ + 26 + 4y) - 24Y }" 23 + 24Y 1 . | | 5.'15
‘&K)? (Ko (Ko) (Ko)? COE
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whence I(K) is given by equation 5.13 in terms of ‘elementary functions.

The radial distribution function is defined by

glr) =1+ _1  FI(x) -1} Ksinke.K. '_ 5.16
Zﬂznbr

Equation 5.16 cannot be evaluated analytically and therefore a numerical
integrat_ion procedure was adopted to evaluate g(r). Clearly the numerdcal
integration must be truricate‘d at 'sone stage, though not too early be,causev’
the information contained in I(K) at large K gives g(r) at small r. The
| effects of an early truncation are shown in figure 5.5, where ‘'structure'
lS introduced into the first peak of g(r) and 'ripples' cccur before the
first peak, at smallr. A straight’-fom,trdlsimpsor‘ls rule type of
numerical integration of equation 5.16 with a fixed interval in K, cannok
be simply carried out because at large r the term sin Kr oscillates
ra;;idly with K. This"problém was overcame in the foiléwing'way. A change

of variable was made such tha{:_.

+ (2n + 1)m, thus dK = dx.m and sin Kr = sin(x + 1)1 -
r r

N
H'a

The integral then becomes

N x—-l-l
=3 [{I{(x+ 2n + l)w/r} -1} x + 2n + 1)m sin(x+ 1)7 dx (m)

n=o0x --—1 : r ‘ r

where the upper limit of K is determined by the value of N. - For example
when'n = 0, K is integrated between the following limits

x==1, K=-1+171 =0,
r r

x=1l, K= T =21

r r .

For n = 1, X varies from 2m + 47 ; as n increases each tir_ne‘ by unity, so K
r . r : '



increases by 27. However, as r increases, so 27 decreases, but the integration

r , .- r : _ .

range remains at 2m. Thus the integration is perfoumed each time for a
r S _

cycle of the oscillating function and the accuracy does not decrease on

increasing r. The integration over'glr_, or x varying from -1+ +1, may be
. X
simply and accurately performed using a Gaussian integration technique, for

which:

+1 n ' i
J £(x)dx=IQ f(x )
- =1 1-—1 '

(34
[
w

" where the abscissae and the weighting factors, Qi, are given in Abramowitz
and Stegun‘®Y). By using both a 16 and 32-point fit to.evaluate the
integral in equation .5.13, no disdérnible- difference in bthe g(r) values was
obtained. Subsequently a 32-poin_t: £it was used. However g(r) was consiger—
ably affected if the wupper X limit, or N value, was too low; as seen in
figure 5.5. A value of N = 30 was fihally used, no improvement ensuing if
a higher value was taken. As showh in figuré 5.4 for N = 30, g(r) is a
smoothly varying function of r, approaching l for r>~15 x 10 8cm. Thé )

data for N = 8, in figure 5.5, is for Na at 573K and forN 30 is Sn at
573K. A listing of the Alg ol 60 ccmputer program which calculated g(r)

is given in appendix 1.1

~

5.4.2 Evaluation of oazand 69. The g(r)' values calculated as

above are substituted into equations 5.11 and 5.12, and an integration out

to large r gives a, and ~B,. Two requirerents are necessary before accept-~

able values for the coefF1c1ents are obtalned the calculation being perfonned

initial ly for Na in order that a ccm)ariscn w1th Thornton and Youngs (22)

values can be made. The first is that in order to make the :mtegral
'converge, an exponentiaL damping factor exp(mﬁr) must multiply the 1‘1te- o

‘grang, The integral was 'repeated for several values of § and the coefficients

- -
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obtained plotted as a function of §; the plots were all approximately

linear. Extrapolation of & + o, gave the final values of the coefficients

for &

=0, 1, 2 and 3.

The second requirement is that the integration

mist be taken out at least 1000 for each value of § as earlier truncation

caused the values to change.

As may ke seen in figure 5.4 g(xr)=l at

=15 x 10"8cm and therefore, the intcegration was performed exactly up

tor =2 x lonscm, after which it was assumed that g(r)zl. The az's

and Bz's for Na, In, Sn and Cu are tabulated below and for Na are compared

with those obtained by Thornton and Young.

Table 5 ._6

Blandin-Daniel coefficients 0‘2, and B 2

Solvent o oy o,y a3 By 8y B, B4

In -0.23 0.60 0.04 =-3.21 -0.04 0.27 -0.87 0.56

_ &n -0.06 -0.02 0.80 1.79 -0.07 0.26 -0.33 -0.47 | .
Cu 0.63 -1.38 -1.78  4.40 0.07 -0.70 1.58 3.74

Na 0.69 -1.59 -1.95 5.53 0.073-0.81 1.93 4.04
Na* 0.68 -1s62 -1.86 5.63 0.04 -0.70 1.84 4.25
£ (22)

Value from Thornton and Young .

oo

- Table 5.6 shows that f.he present values of a, and By for Na compars

favourably with those of Thornton and Young.

‘The rough calculaticns of

- Flynn et al. (23) for Cu and Al are in reasonable agreanent with the present

values for Cu and In respect:«.vely

L
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5.4.3 Results and Discussion Cambining the phase shifts Yq

and the coefficients az'and 82,’ the initial slopes of the Knight shift as
a function of concentration may be calculated for In and Sn alloyed wiih

the noble metals and for Cu alloyed with In and Sn. The results are

tabulated below.

Table 5.7

Comparison of ,r.eszpt with values calculated

using two model potentials

r r T
, ( y (( screened) (- screcned)
. square atom ) ( atom )
Solvent  Solute Texpt  ( well ) (potential-) (potential-)
: (potential) ( with ) ( witkout )
' v (dilatatiori) (dilatation)
au 283 -.109 239 ~.248
N5 g - .222 =12 .213 466
ca A4 ~.026 . .198 780 .
Wey | cag  « .10  -.089 .197 -.109
cu’ 133 - -.016 151 -
g In ~.478 -.031 -.523 -1.109
B " Sn 137 -.372 - -.859 -1.101
115 119

" ‘Considering first the results for ~ > In and ~~$n, table 5.7 above shows that

the experimental values of I' are in reasonable' agreement with the theoretical

P
“ - RN




values obtained using phase shifts calculated from the screened free atom
potential with dilatation effects includeﬁ. In the noble metal-indium
systems the variation in magnitude is reproduced, whiéh is largest for
Au-In and smallest for Cu-In. In view of the approximations made, exact
agreement is not to be exvected; in particular the effeéts of dilatation
are considerable anﬁ the aséig.mption that the solute ions retain their
pare metal volumes when in solﬁtion is probgply unsatisfactory. Also no

account has been taken of the possibie variation of Xp' Bowever valﬁes of

Sl é_lxp given in table 5.2 shows that in some cases the agreement of
X, dc '
P

Tapg-pm, With T xpt is improved and scmetimes worsened. Contrasting with .
this good agreement are the poor results dbtained using the sjuare well

model potential which gives values of T of the wrong sign. !

The results obtained for 3cu in’ Cu-In and Cu-Sn are less encoura-: B
ging, though the screened atom potential phase shifts do lead to good
agreement with I, in Cu-In, vhere dilatation effects are included. In
fact pexpt for Cu-Sn is obtained by extrapoléting the results from low ’

to high Cu concentrations. It is possible that this extrapolation may not

be valid. None of the calculated I' values predict the éorrect sign for Cu-Sn.
A fréquent and valid ::riticisn_p 6f the phase shift approach is that its
application is not justified £o systems in which k; changes strongly on
alloying, since this method assumes that k, remains constant. Table »15.8
show; that the maxinum c.l;lange in k, for In and Sn is appréximately 3% when

. alloyed wifh’ 10% of noble metal. Hopefully this will not causé the phase
Sh:-i.ft‘ap;moach o be gfossly in erréfc. Recentlﬁr(n) it has been shown that

- the Cu Fetmi surface electrons ﬂave 18% d-character in the liquid due to

the close proximity of the filled 3-d . band to the 'oonduction band,’ This

s—d4l~,1ybridizatimi has mot been taken into account in any of the models uséd
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to calculate the I's. The following section discusses this effect in more

detail .

Thornton and Young(zz) have suggested an altermative method of
. accounting for the screening by taking the Y!L'S as a difference botween
the phase shifts which screen out the solute and solvent ions respectively. -
However it is not clear from their work how ’d:ilatation effects may be
included. Table 5.7 clearly shows the :importence of these effects hy
the marked difference from rexpt"’. of the T values obtained from the.
. screened atom potential which neglects dilatation. ~-

These calculations plainly show that the screened free atcm‘
model potential of the scattering ion leads to a much better prediction »f
the experimental data than the square well potential. The reascnable |
agreement obtained from the screened free atam potential iﬁdicates that
the principles of the calculation are,correct, at least for llSIn and
M9 A further test of this model would be to calculate the, ohanqe in
the solute P values and also to calculate both solvent and solute PFL's ‘
for existing Knight shift data with polyvalent solvents and solutes. It

is envisaged that these calculations will be undertaken in the near

future.
’ ]
N

5.5 Pseudopotential theory calculation of the Knight shift in alloys

5.5.1 The Pseudowavefunct:.on Approach - It has been shown by

Faber(3) that an alternative to the phase shift approach for calculating
: SZPF in an alloy lies in the usé of pseudopotential theory. The wave
function of a Fermi surface electron at the nucleus as a fuﬁction of oon~
centration-is found in terms of a pseudowavefunction which is formed by
a first ordef perturbation of an electron plane weve by the weak local

»
PR



pseudopotentials of the solvent and solute ions. The true wave-

function is obtained by orthogonalising the pseudowavefunction to the
| ionic core states and then renohnalismg. QPF is finally calculated

by evaluating the square of the true wavefunction at the nucleus

ard averaging over ionic positions. Unlike the phase éhift approach,

the pseudopotential theory is applicable across the complete range of

s

concentration.

Recently Perdew and Wilkins‘¥) (henceforth PW) have extended

~ the Faber theory by removing the assumption that the conduction electron
plane wave is constant over the ion core so that the calculation is exact
to lst order. The calcuiations of PW were limited to the alkali-alkali
alloys due to the non-availability of suitable analytic core waveﬂmctioxgs

for other metals.

This section contains an extensi_on of the Py theory to éoly—
valent systems, in particular the liquid noble metal-tin and noble metal-
indium systems. The PW théory lis first set out in detail as this .
clarifies the work which follows and because it is not available else-
where. However emphasis is givgﬁ to the evaluation and computaticn of
the PW expressions, whichfoikilow the theory.

5.5.2 The Theory of Perdew and Wilkins. The following notation

contains a mixture of conventional and Dirac representation <;f wavefunctions.
This is used, in the present context, because it combines clarity with

. conciseness .

In the pseundopotential formalism, a conduction electron wave-
function ishwritten - o

/

D = o <lpeyR)Y, . 5.4
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where ¢(x) is the pseudcwavefunction,wa A 'core function and the sum is
to be taken over all core states and all ions. The constant C normalises
¢ (r) in the volume of the specimen V and is sinply determined by tak/:i.ng

Gl = 1= @ - 2l<alel® - zlsarlel

a,i o ,]

The sums over i and j may be replaced by SZ}_ and ?_I; respectively; where

ap “ap

c':A and Cy are the concentrations of i and j type ions and QAB' is the ionic

* volume. The expression for ¢ then becomes

= * @) - ¢, Ii<ale>]? - oy B[<|e>].
= O = o'

B

“rp

Taking the équare modulus of Y (r) we obtain

i) 2 = 2 00* (o) ~2ReZ<o [$>¢* (£)¥ (x - R,) +
1,a

Iz <a]¢><a|¢>*1p (r-R, )0, . (=R }.
i,3 a,a’ J

To zero order in the pseudopotential the pseudowavefunction may be written
as a plane wave, ¢(r) = elk— F—, evaluating the wavefunction at a particular

site Bs then gives *

-ik.R_
IW(BS)I = c%(1 - 2Re §<g|k>e =35 Y RR,)
+ I I <alk<a’[k>y, (R -R, )\p* : RyRy )} -. 5.15

i, o,af
| : . _ ‘ ik.e.
The overlap integral <alk> = fy * (r-R;)e’="~dr

i.li B_l lk (-E_Rl) . il-’—
= Y * (R e d(r-R;) =e Lea Ika and is the same for all

ions 4n pure metal. "
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When these integrals are substituted into equation 5.15 the
sumations give non-zero terms only for i = j = s and the exponentials
cancel with their complex conjugates. Equation 5.15 thus reduces to

o | = 2L - Refedlliov, ) + <o Alro<ar®[k>y 09,3 O)] 5.16
a,a’ : ,

Since o only enters for s-states <o | k> and 1p (0) are both real. Thus

[ -

finally

bR 12 = 201 - z<cP oy, © 2 2 we. 517
o ' ] .

Extending the theory to lst order in the pseudopotential the pseudowave-

funtion may he written

%&)—e~~+z¢ﬂ|b K-, ' | 4 k.18
KB T B |
¢k (r) being normalised to unit volume. Replacing the surmation over k' by

an integration and introducing g = k' - k, equation 5.18 becames

ik.r i) r _ Jkr i(ktq)or 5.19

6@ =eFEs 1 ragaealulke

em? BT Bug

+ fdg flge

where £(q) = <k + g|ik> and k rmay be taken as the Fermi wave vector since
%P+ g |
only Fermi surface electrons are involved in the Knight shift, Substituting

5.19.into 5.14 we have .

: lb(r) = cleM®E 4 Jagf (g )el(lg +g).r ..iz <a{k>¢a(£ = Ry)
. 1,0 )

- 1 alfe@et®t D Tapy @ -l , 5.20
1,4 . . .

For an A-type atom at Bs and taking the square modulus of equation 5.20
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) ;
kR, kR A 1k + q) Ry

, ; K |
[, @)% =CPlle ™ S-1e S [K> ¥ (0) + fdgE(ge
. |

ik +9g.r
- I <a|ff(g)e Ay (R, - R, )}I

i,o

ik.R lk ik +q) R
T8~ e T TSk lk>1P ©) + fag{t(ge - o
o

itk +g).r .
- L <alf(gle >\P (R, - i)}}l

O

= Czl{e

" As before, we may write

ik +qQ.x ik + ) A
<alf(g)e > = f(gle- e [k +q > and therefore

2, By kR -
| R P2 =c?{e ®-2e S« lk>wa ©) +
o S ' J

itk + g).R

Jq £(ge - =S 1 - Z<ocA|1_c_ + 9>wa(0)}},2
. ’ o s

ik.R_ - o ik+g.R, ' 5 .
= c?lle Py, () + SE(@dge AT 2 521

-

Expanding the square modulus and _neglecti'ng. 2nd order terms containing L

' expressions in {f(q)}z,r we then obtain

2 2 " iGR o
I\UA(R )€ =cC {Y A k) + 27, (k) Reff(g)e Yok +9) dg}
ig.R, ig.R_ .
now Jf(ge  “y,(k+gq dg=_1 Jdge Sk + glulloy, G+a),
. 3 ———
- 2 -
e % TP+ g

however U(r) may be taken as the sum of the individual ionic potentials,

U@ =I (£ By) andhence<k+g|0|k>~fdrel(k+9) rii(r..R)e____

i

-ig.R -ig. (® ~ R,)
= e ifd(;_ - RiJu; £ - R;)e .

1
iRy
=%  Tul(g
.

—~r
.
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igq.R eq.R_ ig.R
Thos JE@e Sy k+ gldg=1 Je T tu(@vyk+Q ag.
“(2m) L
Ek Be +
It is necessary now to take the time average of , IlpA(.BS) |2 over the °

ionic positions, which may be written

s s pann

<ly, B %> = zlwAuz |2, ,

1
M 8

where N is the number of A-type ions and the summation is taken over

'. ‘the A iaons at the R sites.

Hence <|wA(_13$)t2> = CZIYA(k) lz

2 A ig.R -ig._l}_'j'. _
€7 2y, (k) z _.1__ Refdge Ze u, @Yk + Q) ‘
Nl‘x (21r) i . o
T Fxe+g .
. K IgR. - R, |
=2+ 2Pyt e 0 Fu @y, k+9 d
g My 5 - E
(2m) kT Pk+g :
A ig. ®R_ - R,) : A ig. (R, = R,) .
Nowg._z):eg—s lui(q) =l{Nu +IXd s iuA
N, si N. . 8i
A A
?z G 7 By } Ni {I( ) - 11 +Nv {I( ) -1}
+ e = + c Cc q) - q) -
S Ys Ya U % e

='uAh+ Cp. {Ilg) - 1} uA'+ Cq {I(g) - 1} v,

. where it has been assumed that the vbartial structure factors I i () = iJ (q)
=1 JJ (@ = I(g) are mnnalised such that all partial q(r) -+ l as r + o, and
q is i:sed instead of K to avoid confusion with k. Finally we obtain
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QoI =Pl P12 Uu @1,k +9 dag

3 .
(2m v, (k) .
k+g

+ MK D (-1} (e uA(q) +euy(@} dg) .
%o+ g

Using equation 5.17, 5.22 may be written

1 - 0pW
IwA(R)|> =y, @) {1*2 (k) + By (k,cBn
1+6(C) '
CZ
vvherb Ealk) = 2 u, (@) YA(k +q) dg '

(2m) YA(k)f - kT Ecrg

- and .AAB(k’CB) = --»2..« flale +a) {1 - 1} {c A(q) + cBuB(q)} dg. 5.25

en ) B TR &

The factor appearing in the dencmina{:or_on the r.h.s. of equation 5.23 i%

a small, first order renormalisation correction which will be ignored -

as PW have shown it to be small. The first term on the r.h.s. of equation

5.23 is the contact density for a single orthogonalised plane wave (OPW)..

The 's'elf-tex.zlh, Z (k)has been neglected in former alloy Knight shift

calculations. It measures the effect or influence cf the ion pseudopoten-

tial at %\ on its own Knight Shlft. The distinct term,

AB(k.’CB) is.a

general expression of the Faber theory and if a0 is substituted for

YAQS + g) , his formula results.AAB (k,cB) is a measure of the influence of

the ions other than at R, in the alloy. The following section contains a

complete breakdown and full statement of all the terms in equation 5.23.

'5.5.3 Details of the Calculation PW evaluated the terms in

equation 5 .23 for the alkali-alkali ézlloys, performing the ahgu]_ar and
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radial integrations explicitly using analytic core wave functions. .These
however are not available for any of the elements of concern here, except

Cu. As a first approximation the calculation was performed using _simple

slater () analytic core functions. However the value of lS‘JAl—OPW(BE) |'2 a

for Na using these functions bore no resemblance to the value obtained by

PA. The present calculations have therefore been perfotrned using the
mumerical core functions tabulated for all elements by Herman and Skillman.
Use of these numerical core functions requires a different method of

. calculation from that used by PW in that all integrations over core functions
| must be performed numerically. In fact the total core function is written ‘
as a product of a radial part and angular part. As will now be shown, the -
angular integrals are performed expl:llcitAly, leaving a numercial’ integratiop
over the radial part. - N
Overlap Integrals The full core function xriay be witten ¥, = R (r).

Yoo (8/9), where R (¥) =P o (r)/r and the Y,.'S are ponnalised spherica}
harmonics. Herman and Skillman tabulate the radial part Pnz(r) . In performing
the integrations it is convenient to express thc;z plane wave in terms of

spherical harmonics, that is

ell(-"-l-:: = 4nl iz

A A
T 4 3 0e) Y)Y ),

' e AR A A 3
thus <alk> = IR, (x) Y, (6:9) g? 1% 3, 02)Y, L (OY (D)
’ ) P

ml
= 41rih'Y* (]{")IR* (r);{* (6,4) I kkr)Y . (8 ¢)vd3r '

v £'m' 77T ng T J o VI g uqe s =
. ’
The above integral may be split into angular and radial parts, the angqular
" part only giving non-zero terms for &' =2 and m' =m. Since the E&m.'s are

normalised, the angular part becomes

e 2m " ,
JJ Yom Yo Sin 0dodé =_3_1._1T. ar = 1.

8=0 ¢=0
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*x A % x ) 2
Thus <a[k> = 470'.2'! (k) /R (x)j, (kr)x“dr,
fm o nf L
fe. <afl> = % (0B, 00
o 2 o ’
where an(k) = anér) 4mr jg’(kr)dr = é’Png(r)lmrjk(kr)dr. 5.26

Orthogonalisation Factors

Now v, (k) = 1 - I<d |k>1 ) s
a .

_ using the overlap integral result just derived gives
k) =1 -ZR,0 Y, 0,0i% 5 &8 K
YA = n ng’ ) Qm( lq))l &m ( ) nz )-

Now since only s-states contribute £ = m = O and we have

: % A .
Tak) =1 - IR _(O)Y_(6,¢) i°yoo (kB (k) _ v
n

ie. Y,(k) =1-1 IR _(OB_(k),
. 'A 4T n no no

. v : O

First order corrections The ZA (k) and AAB (k,cB)‘ terms mav be expressed-as

the product of an angular and radial integral. The angular integral, which

appears in the same form in the self and distinct terms, is written

I‘(k,q) =1 1 g Pqu YA(k + Q)
(k)21r 2m * i
'h?.<.+ B_:_*_ a

where d@ signifies an angular integral. Changincr the variablé so that
y =‘-k q = - cosh, the above integral, which has a pole at y q/2k, may

: be evaluated in a stralghtforward way to give

A

Inl -1 >: R ©c. nk,q},
™ _q%k ©

P(k:CI) =1 .
. : (}\) zk Zm no

vhere the sum is taken “over.the A-type lons and C,(nk,q) is given by
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+1 2
C (n,k,q) »PfdyB {(k +q—2qu) }.
-1
2%ky-1
g

If u,(q) and u,(q) are expressed in units of 2 E., then the self and distinct
3. : :
tenes may bce simply expressed by '
(k) = 2 £uA(x) P(k,q) ax

*

and By (k) =2 o () + ey (0} {T@) - 1} T(k,q) ax,

, ,
szABo " | |

where x = q/2k and Q' is the average volume per electron in the alloy.

Normalisation factors The single OPW normalisation factor involves only

2
)
1 ZIl<alk>|"=1 2 ]1 Ym(k)B R(k)l =_J; Io(20 + 1) B o (k) y
QAB o QAB n,%m ' Q n,%,. 4w 4
The full normalisation term is then given by
-2 1 o 2,
c =l-~cA z (22,_‘_4-1)B (k)—cB T (22.+1)B - +k),
TR AL o n,t 4w : -

- AB : . AB
" where ,p 1s the average volume per ion in the ‘allcy.

The following section describes the actgal input parameters
used to calculate SZPF. |

5.5.4 Descripktion of the input parameters Free electrcn values

of the Femu. wave vector kp are used throughout and are calculated using
current l:Lqu:Ld metal dens:l.ty values given at the melting point. For

the ‘alloys it is assumed that kp and the density are linear between the pure
metal values. The volumes §',, and 2, are calculated from the alloy k,

and density values.

’ .‘.". . : ! - N *
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Structure factor Due to the non-availability of experimental I(q) data

for these alloys, the hard-sphere model structure factors of Ashcroft

and Lehler(z) were used, as fully described in section 5.4. However,

in the present calculations on alloys, the packing density n was taken

as 0.45 at all concentrations and an average hard sphere diameter used,

[ -

given by

1
G = (18mz)>

where the valency 2 and kF are the current alloy values.

Pseudopotential The local electron-ion pseudopotential of Ashcroft(24)
4 ‘ ' . -
- was used and is defined by
n 2 : , ,
V(x) = ~A" cos sx , » 5.27

X% + A% (x)

¢

where x = q/2k, A’ = _1 , s=2kR_ and the Lindhard function .

naokF

+ 1 - x |l + xl The quantity s determines the location
l-x _ '
»

| Of the first node of the potential and values of R _ are listed for

a number of elements by Ashcrofi. V(x) is measured in units of 2 EF
. - 3 4

‘Wave functions As previously mentioned nwner:.cal core wave f\mctions of

~ Herman and Skillman were used. The values of the s-state function at

r = o, ‘ns(O) , were obtained by extwpolatmg the Herman and Skillman

, values\ to r = o. The calculatidnjwas done in atomic units and tabulated
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below is the input data for the e lements Sn, In, 2Au, Ag and Cu in these

units.
Input parameters used in the first-order
psewdopotential calculation of QP...
ionic . . _
.elenent " volume R R (o R (o R (o) R (o R (o
: g Q core  ]s ) 25( ) 35( ) 4s( ) 55( ),
Sn 0.837 202 1.297 €96 . 227 98 45 -
In 0.772 193  1.323 670 219 97 43 -
Au 0.605 1134  0.813 138 465 220 110 49
Ag 0.600 137 1.00 639 207 91 41 -
Cu  0.701 86  0.813 304 94 36 - -

of the computer plogramme is given in appendices IV, A and Vl

~ 5.5. 5 Results and Discussion A full explanat:.on and listlng
The

programme was tested by running the calcalation for Na as the A«element

in pure Na and a NakRb allov and ccmparlng the results with those obtamed ‘

by PW. Table 5.9 which follows compares the present and PW values.




Table 5.9

Comparison of PW and present calculations, for

Na as the A—-elenent.

Na 0.6Na-0.4Rb
| Present, PW ‘Present PW
results results results results
v, O R ) |2 165 151 186 175
1+ I, (k) 1,04 0.99 1.35 S 1.32
By (ks G) -0.31 ~0.29 -0.34 ~0.34
o, 121 102 188 162

In view of the different core ﬁmctlons used the close agreement between

-

the present results and those of PW is very satisfact_:ory and the results .

are presented for the noble metal-tin and noble metal-indium systems

115

with some confidence. QPg and other parameters are given for ~In,

119Sn

and 63Cu in these systems in tables 5.10, 5.1]. and 5.12 respectively.

-
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' Table 5.10

Camputed Eseudopotehtial Knight shift parameters

for T2In in the noble metal-indium systems

G | o | | | |
System at.2 of ~—~I\—I——2~ ) 1+ ZA(k) : ‘AAB(k, B) 1+1+ A QPF
noble metal| - "k .

0 508.5 |  0.831 0.035 0.866 | 440.5

10 517.9 0.841 | o.o18 0.859 | 444.9

20 527.4 | 0.88 | 0.005 | o.s54 | 4s0.z
30 537.3 |  0.857 | -0.007 0.850 ~ | 456.7
& 40 547:6 | - 0.863 | -0.011 0.852 | 466.4
! 50 | 558.5 0.871 | -0.011 | 0.871 | 480.6
A 60 50.2 | 0.875 | o0.001 | 0.876 | 499.6
70 583.1 |  0.877 0.017 0.894 | 521.3
80 597.8 0.881 | 0.016 ° | 0.897 | 536.2
o Y 9% | 614.9 0.882 | -0.019 0.864 | 531.0
A 0 508.5 0.831 | 0.035 0.866 | 440.3
10 535.1 | o0.858 | o0.013- | 0.871 | 465.9
20 | 559.7 0.877 0.003 .| 0.880 | 492.6
30 - 562.8 |  0.848 | 0.041 | 0.889 | 518.2

& 40 605.0 0.930 | -0.020 , 0.910 550.4
! 50 626.4 0.965 | ~0.035 | 0.930 582,8
S (N 647.5 0.992 | -0.036 . 0.956 | 619.1
70 668.4 S Lo2 | -0.022 | 0.98 | 655.0
g0~ |689.6 | 1044 | -0.059 | 0.985 | 679.3
90 711.3 1.061 -0.104 | 0.957 680.6
0 508.5 0.83. | 0.035 | 0.866 | 440.5
10 - 537.5 0.857 | 0.013 0.870 467.8
20 | 565.3 0.875 | 0.005 0.880 | 497.5
0 592.4 0.874 | 0.021 | 0.895 | 530.3
E 40 ' 619.3 - 0.921 | -0.001 0.920 | 560.9
. 50 646.3 |  0.958 | -0.002 0.956 | 617.9
*E',l 60  673.9 0.984 0.017 | .00l | ¢74.4
70 702.6 1.012. | 0.030 . | 1.042 | 732.4
80 722.8 1.037 0.018 - 1.055 772.9
% 765.3 | Lo | 0082 | Low |78

”»
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Table 5.11

Computed pseudopotential Knight shift parameters for

119Sn in the noble metal-tin systems

@ YZA(k) , , |
Systen | at.¢ of | i1 1+ 5, (k) AAB(LfCB) L+ 3+ Al P,

0 4921 0.781 0.061 0.842 | 414.5

10 | 509.1 0.784 10.055 0.839 | 427.3

20 525.6 |*  0.766 0.072 0.838 440.4

30 541.9 0.804 0.029 0.833 | 451.3

& 40 558.1 - 0.819 | 0.013 0.832 464.3
| 50 574.6 0.835 0.002 0.837° | 481.0
&l 60 501.8 |  0.847 0.002 | .0.849 | 502.7
70 610.3 0.862 | o.l0 | 0.872 |532.1

80 630.8 0.869 | 0.025 | 0.895 | 564.3

Y 90 654.4 |  0.874 -0.006 | 0.869 | 568.4
' 0 492.1 - 0.781 0.061 | 0.842 414.5
10 |s%.2 |° o.788 | 0.06L | 0.848 | 449.7

. 20 563.6 |  0.833 .| 0.027 | 0.860 | 484.9
30 593.7 0.864 | o0.012 | 0.876 | 520.2

40 621.6 |  0.87L | 0.020 | 0.891 | 554.0

) 50 648.1 0.928 | -0.008 | 0.919 | 595.9
ol o 673.7 S 0.970 | -0.021 | 0.949 | 639.3
a8 - 70 698.9 | - 1.006 | -0.023 | 0.983 | 687.0
l B 80 724.3 Liodo | -0.030, | 1.010 - |.73L.4
Al 20 0.4 | 1.06a | -0.081. [g-0.983 | 738.0
N 492.1 |~ o781 | o0.06l | o0.842 | 414.5

| 10 532.3 0.784 0.061 | 0.845 450.0

20 568.7 0.831 0.023 | 0.854 | 485.8
30 602.9 |  0.862 | 0.007 0.869 | 523.9°

1o 40 635.7 0.877 | 0.011 0.888 ' | 564.3
K 50 667.9 0.918 0.001 ©.919 614.1
&l 60 700.5 |  0.962 | 0.003 | 0.965 |676.3
70 734.0, 0.997 0.028° | - 1.025 752.3

- 80 769.3 1.031 | "0.048 1.079  |830.1

Y o0 | 8072 1.054 | -0.008 | 1.0%0 |sa7.5
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Table 5.12

i

- Computed pseudopotential Knight shift parameters for

630y in the copper-tin and copper—indium systems

B W : |
system |at.% of |~ L+ 5,00 | bpliCy) | 1+ E+ ) o2
0 467.1 1.480 ©0.140 | 1.340 | 625.9
1o | 488 | 1.497 -0.045 | 1.453 | 652.0
20 433.9 |°  1.484 -0.006 1.478 641.3
| 30 421.2 . 1.465 | -0.017 | 1.449 | 610.2
@ 40 909.9 |  1.438 -0.022 | 1.416 | 580.5
3| 50 399.5 1.409 -0.020 | 1.389 | 555.0
60 389.7 1.376 -0.009 | 1.367 | 532.6
70 380.1 1.337 0.008 | 1.344 511.0
80 370.7 1.257 0.044 | 1.301 482.1
90 361.2 1.276 0.035 | 1.311 | 473.5
o | 467.1 1.480 -0.140 | 1.340 | 625.9
10 | 453.0 1.503 -0.083 | 1.420 | 643.2
20 441.6 1.496 | -0:039 | 1.456 | 643.2
30 432.0 1.486 | -0.032 .| 1.45¢ | 628.3
| '.5 40 423.7 1.475 | -0.041 | 1.43¢ | 607.5
ETRRY - 416.3 1.465 | -0.049 | 1.416 |589.2
60 409.5 1448 | -0.047 | 1.0l | 573.6
70 03.2 | 1.432 -0.041 | 1.392 | 56l.1
80 97.2 | 1l.412 0.027 | 1.385 | 550.1
50 391.5 | 1.393 | -0.013 | 1.380 | 540.3

-

. Before discussing the alloy results it is instructive at this Stagé to point
out the discrepancy in the pure metal values of Y'500)/c* Detween the present
results and those recently bbt?tinedby Heighway and Seylmur(zs) . The val'ues‘.'
of v2, (k) /c? obtained by them for In, Sn, Cu and Na are 646.3, 57’6.2‘, 467.3 |
and 178.9 respectively. Tables 5.9, 5.10, 5,11 and 5,12 show that their
values. are considerably Bigher for In and Sn than the present values. The
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Teason for this difference lies in two factors, the first and most impor-
tant are the values of R (o) used by Heiglway and Seymour. In their
calculation tlese were Gbtained at the smallest r value listed in Herman

- and Skillman instead of extrapolating Rno (r) tor = o. Clearlyvthese '

values will be in erxror and this could be as much as 10% for some elements.
The second facter is that instead of expressing the plane wave in

spherical hemmonics, it was written

XL oy 4ikr - (kp)?

- In their calculation only terms up to kz were included. It may be
simply shown that neglect of theée higher terms is juétified. However
marked discrepancies were found in some ’»falues' of the oveJ':lap integral
B, (k), equation 5.26, between the present results and those of Heignway
and Seymour. The reasoﬁ for this is not known at present but a detailec‘i
comparison of the two calculations ought to reveal the cause of the .
discrepancy. Calculations of Y2A (k) /C2 for a range of pure metals will be
undertaken shortly using PW theory éllowihg a more extensive comparison”
with Heighway and Seymour's values. -

. The pseudopotential theory predictions of Pp fof 1151n and
11981_'1 as 'a function og noble metal concentration are plotted in figures
5.6 and 5.7 respectively. In the noble metal-indium ‘systemé, comparison |
with the experimental K variation in figure 3.9 shows that the theory
always predicts a larger_ effect than is cbserved, though for Cu - In the
results are in agreement up to =40%Cu. For Ag - In and Au = In.the
théoretical 'fnrédictions are too large by facto:;;'s of 3 and 2 ‘respect_ively.
However, é.’l.l of the other features of the experxmental results are i:epro-
 duced by the theory The observed K(llsIn) always increases with increasing |

noble metal concentration, the magnitude being grea{:est for Au - In and

smallest for Cu — In. "The theory prodﬁces iust this behaviour. However
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the other prominent feature in the 6bserved K(llSIn) is the turnover
between 40 and 60% of .noble metal concentration. This behaviour is
predicted by the theory, though always at a higher concentration of |
.noble metal and is not sO marked especially for the Ag - In and Cu - In

systeus.

Comparison of the observed and predicted results for K(llgsn) ’
figures 3.4 and 5.7, show that,the thecry gives results which are approxi-
mately three times too large for all three systems. However the other
featurss -are reproduced, in that K(ll9Sn) increases with concentration of
. noble metal and the magnitude of the variation is largest for Au - Sn
and smallest for Cu - Sn. Also the upward curve in the cbserved results
for Au - Sn is predicted by the theory. As in the noble metal-indium
systems, the theory predict_:s_’a turn over in K(llQSn) a£ high noble metal t
concentrations. It would be of interest to extend the measurements in |
these systems to higher noble metal concentrations to. see if K(llgsn)

does in fact flatten out as pitedicted. At the highest concentration

measured Au-21%Sn, K(llgsn) is in fact still increasing rapidly. v .

For K(63C‘u) in both the Cu - In and Cu - Sn systems the predicted
- variation is in the opposite direction to that observed experm\entally, com—

‘pare fiquresB 3and38with figure 5.8

A number of approx1mad.ons have been made in the theory which
could cause both the predicted variations and absolute values of K to be
in error. Inspection of tables 5.10, _5.11 and 5.12 shows that the major
contribgtion bto the variation of QPF comes firom YZA (k)/Cz. - Now YzA(k)
changes with composition via the variation of kF while éz depends on thd
average ionic volume QZ\B’ Both kEand QAB have been calculated on the

assumption that the alloy densities ’vary linearly betweenﬂthe pure metal

-
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values. However since the OPW factor is so sensitive to the values of F‘F
and QAB used, this assumption is probably not adequate. Unfortunately

density measuremeuvts in these alloys are not yet available.

In this connection it is appropriate to consider the change in
K with temperature in the liguid. Figure 3.2 shows the variation of

ll9811) in sowe liguid Au ~ Sp alloys, while figures 3.5, 3.6 and 3.7

K(
show how the temperature coefficient of K(llSI_n) change sign beyond the
turn over. In order to try and predict this behaviour the above calcu-
| lations must be performed at different temperatures. A variation in

P, would be expected to result from the variation of kg and Q with
tamperature. Again in order to calculate the kF and Q variations densi-~

ties measured as a function of t emperature are required. It is hoped ‘.

to make density measurements in' these and other systems in the near future.

Another approximation lies in the use of a local pseudopotential
to represent the solvent and solute ions whereas a non-lo;:al pserdopoter;?
tial ought to be used. PW show that this is not too seri;)us'for sjjan:e
metals since the high q Fourier components of uA(g) and u.B(Q) are suppressed
in the integrations over q in the present calculation. If the values of
apy, are combi;xed with “XP values given in table 5.1, for pure In and Sn, the
K value obtained agrees fairly well with tilat obscrved exPerimeﬁtally. This
agreement however is not reproduced for Cu where an excessiVeiy largé
value wof .QEF is obtained.* As previously mentioned this is probably due to
the neglect of the strong s-d hybridization which will réquire a non-ldcal '
pséudopotential representation if agreement witﬁ experiment is to be forth-
~caming.  This problem has been fﬁlly discussed by Ha_nrrism(%) whe proposes
a non-local pseudopotential for - the tranéition and hoble métals,, though it
is not easy tol see how.these could be incorpbratéd into the calculation.

He doe; obtain however a total form factor for Cu, made up of a screened

hybi:idization form factor and pseudopotential form factor. Moriarty(27)
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~ has recently extended Hari:ison's work and calculated form factors for the
noble metals at both solid and 1 iquid‘ densities. His calculation

| includes the full non-local character of the ordinéry pseudopotential terms
and additional hybridization terms without approximation. However because
a Knight shift caléulaﬁion requires all the matrix elements of a potential -
and not just those between Fermi surface states, a single form factor |

cannot acequately take account ,of the non-locality.

Perdew (private communication) has suggested a simple fon: of an
. energy dependent pseudopotential by using a concentration dependent value

 of the Ashcroft core radius given by R, = Rco 1-a '(kzF - kozF)}, where

o2
k%%, o

' Roc and koF refer to' the pure liquid metal. and a‘ is an .additional paray
meter characteristic of the pure metal. The value of R, at an appropriate
concentration and for a particular nucleus would then be used in Ashcrofts
local pseudopotential expression and PF calculated as already described. i
Recently Jena et al. ?%) have successfully calculated the Knight shift in
Cd as a function of temperature using a non-local pseudopotential and i; is
envisaged that such potentials will be used in predicting alloy Knight
shifts in thg near future. Also in a very ;ecent paper Ll -Hanany and Zamir
have“ accounted fairly “well for the variation and magnitude of (P, in solid
and liquid Cu by a semi-quantitative consideration of the s-d hybridization

and its volume dependence.

- Another possible source of error is that the core functions of
Herman and Skillman used in this calculation do not take into account
relativistic e ffects, which are probably important forﬂtllle heavier eiements.
However it is thought that the effects are probably Smali for In, Sn and Cu
which do not lie particularly high in the periodic table.

v -
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The asswnptionA that the partial structure factors Iij (X) in the |
alloy are identical is certainly not corfect. This could be rectified
without too much difficulty by incorporating the I, (K) of Ashcroft and
Langreth (29) into the caiculation. However PW have found that for the
alkali-alkali alloys, the use of partial structure factors only changed
their results by =3%. Unuil they have been used for the present

alloys, it is not clear by how much the present results would be changed. -

| It has been assumed tliioughout this work that the Chenge and
. Mmagnitude of QP,‘ has been due only to {:he direct hyperfine ‘s~contact
. interaction. As mentioned earlier there will be other contl ibutions due
to orbital effects and core polarlsation terms which may make a positive
Or negative contrnbutlon to the Knight shift. For example Mahanti and
(30) have calculated that the core polarisation contributlon is +18%,

+23% and +26% of Kg in Cs, Rb and Na respectively. However DJ.cksonBl)

has estimated that the K ., . contribution to K for Wsn is probably

only a few per cent while Rossini and Knight estimate that for 11°Tn thik
is -0.. 1 Ks. The discrepancy between the observed and present calculations

of Fnight shifts justifies the neglect of these small, additional terms.

Sumary The initial‘ changes in K(llsln) and K(len)- due to alloying
‘with the noble metals have been quantitatively repreduced using a partial
wave analysis of the electron scattering fram a screened free atom poten-
tial to calculate QPF. ‘I‘He variation of K( In) and K( Sn)‘ across the

range of oconcentration has been semi-quantitatively reproduced ueing a

: pseudopotential calculation of {IP,. The agreanent obtained by both methods
indicates that the calculations in .prJ'.nciple are correct and that the

- approximations made ere not grossly in error. The spin susceptibility
data listed in tables 5.1 and 5.2 show that Xp increases on alloying In or

»
-
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or Sn with a noble metal. Combining QPE values with these xp's gives a '
total Knight shift for l}'SIn and ll9Sn which is generally larger than

that observed. The theoretical estimates of QP for K(**cu) in the

Cu - In and Cu - Sn systems are less encouraging in that in all but one
case they fail to predlct the correct sicjn.- The reason for this

failure is thought to be due to the strong s—d hybridization which has
not been taken into account. That this will affect K(GBCu) more sericusly
thar . K(ll9s.n) or K(llSIn) is evident frpm the absolute values obtaiﬁed for
" K, vhich are good for In and Sn but poor for Cu. In order to improve

the theoretical estimates for K(®’cu), as well as for K(llSIn) and K (Msn)
in these alloys, a treatment which takes account of the hybridization must
be made. As a first step towards accounting fof these effects the simpje
enargy dependent pseudopotential sugéested by Perdew 'Z“W',dbe used together-
with partial structure factors for thése alloys. Other improvements will
cane when density measurements have been made on these alloys which will_
give more reliable k; values and atamic volumes. These mbdifications may
be fafrly .easily incorporated into the present pseudopotential calculation
and it is envisaged that they will be carried out in the near future.
Fina_iiy relativistic core functions and reliable X, values are required.
However it is extfanely unlikely that the Xp wvalues will become available
from CESR and therefore the assumptions made when extracting x;, from
the total susceptibility must be carefully examined, especially for the

- noble metals and their alloys.

Tow
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CHAPTER SIX

RELAXATION IN LIOQUID METALS AND ALIOYS |

6.1 - Introduction

In nearly a}l liquid metals and alloys the durinant contribution
to the relaxation rat;e Rl arise; from the ma§hetic hyperfing interaction.' '
However there are two other maf;*net_ic- coﬁﬁi:ibutiorxs which arise due to
orbital and core polarisation effects. Obata ) has shown that the’re,—

: laxation rate due to the orbital motion of the p-electrons is given

approximately by

: Rlorb

. L R2 3

= a_l_g (Yeynﬁ )k‘I‘.NO(EF) <1l/r”>, . . R 6.1
In fact this contribution turns out to be small for all elements and may
therefore be neglected. The relaxation rate due to .exchange core polari-

sation is given by(z)

- R ’f‘l‘l‘-?{Y} K. S 62
] .
The largest estimate of K p in any metal is Koo «]o. 25K l which gives
Rlcp = 0.02 Rigr which is smaller than a typical error in relaxat:n.qn time
measurements. Similarly it has been shown that the dipole-—dipéle, pseudo-

exchango and pseudo-dipolar contributions to Rl are very small(3 )

The relaxation rate due to the magnetic ‘hyperfih'e' interaction is

given by

2‘ - .
2 K TR(o) . | 6.3

Calculations of the electron-electron correction factor K(x) have varied
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with the choice of Vlg) the electron-electron interaction potential.
Narath and vWeaver_ @ obtained K(a) as a function of a by assuming a |
spherical Fermi surface anaV(g)f is a constant, i.e. V. is a $~function
in real space. More recently Shaw and Warren( ) have used a more realistic
momentun dependent V(_q) and obtained K(a) for the alkali metals._ Rossini |
and Knignt have founa that for In, Ga, Sb and Rb a value of K(a) = 0.75
gives a c:ood fit with experimer,ltal RlM data and suggest that this value may - :
 generally apply for all liquid metals However E1 Hanany and Zamir(6) .
have xecently found that for 1iquid Cu at its melting point a value of
| K(a) = 0. 64 more adequately describes their results. Equation 6.3
' reasonably describes the observed relaxation rates in a nwnber of 1iquid
' metals and alloys and in particular Rl(ngsa) for the nable metal-tin "
o | systanscmsideredhere.' Homeverthereexistsalargebodyofexperi— v
mental relaxation rate data, :ln particular that for the nobie metal— : |
: indiun allovys, which is not acooxmbed for solely by R . Almost invariably |
these systems have nuclei with I>¥j and it is ncw well established that
| dynamic electric quadrupole interactions contribute to the observed relaxation
'ratesandinsm\ecasesaaninateﬂleoa@etingmagneticprooess. The
qlmdrupolar relaxation RlQ iS brought about by the ooupling of the nuclea.r '
| ‘,quadrupole moment with the time dependent electric field gradients which -
exist in a liquid metal. The sources of the. electric field gradients are
U,D-Fo]d , the most mportant is the thermal modulation of the screened |
~ lmic charge around the pucleus by diffus:.onal motion while the second is
‘ due to the direct nuclear interaction with the oonduction electron charge.
- Attetpts have recently been made to calculate the R1Q omtribution in llquid o
 metals and alloys and have had some 1neasure of sucoess. A discussion of |
' these calculations is deferred uni_il sections 6.3 and 6.4, -
The relaxaticn r_ate'data» for the_noble metal-tin and indimn .

~
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L

systems are considered to arlse only from RlM and R Q’ all other oontribu—- .

2 tions being neglig:.bly small.

- 6.2 Discussion of Exper.ﬁnental data .

6.2.1 Noble metal-tin systems - Sin 1195n has a spin of %

M1, which should be

there will be no quadrupolar oontribut:.on to Rl(

ccmpletely described by 119 Sn). No pulse measurenents of relaxation

. time were made and the rates were therefore calculated fram. the Lorent~
zian 1ine widths Av using the relation B ) | o : -‘;&}. o

v=1.1, 6.4
T

2

rm

~ where it was assmnedthatTl-"I' inthepureliquidmetals andalloys. |
o -Rl('ugSn) in pure liquid Sn measured in this way agreed within exper:l.mental
error with the direct measuranents of Dicksm(7) Figure 3.10 shovs that
8¢ %sn) and thus Rl( %n) increases as a fmctmn of temperature in al1”
) the gold-tin alloys.. This temperature dependenoe follows frcm equation 6.3
and - isduetoanincreasjngnmrberofelectronsabouttheFennilevel -
omtributing to the relaxation prrooess Figure 6.1 shows the variatim of
R (119sn) as a function of concentration in the noble metal-tin alloys and
Coe Rm( Sn) calculated“fmn the measured Knight shifts using equation 6.3.
In plotting R 119Sn) 1t was assured that K(a) = 1.0 and K other = O-
Dickson found that for na value of K(a) = 0.80 was required to e v
v Rm(llgsm to Rl(ll95n) as. measured, with Kother = Q.. Agreement within S
" expertrental errar is dbtained betveen R1(1193n) and Ryyy("sn) showing that
/ ‘_ the relaxation is probably entirely magnetic in origin and tlms RlQ 11?&) = 0.

6:2 2 Noble metal-indlmn systems Pulse measurements of

| Rl(llsln) were made across the Cu - In system and in a selected number of

- Ag = :rnandAu-—Inallqys. TheseareslminfiguresBlS 316and317

115

_Rl( Jn) measurements from the line widths obtained fo:r all the noble metal
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indium alloys agreed withm experinental error with those obtained frcm the
present pulsed measurements and also those of Rossml(?) However the errors
on the pulse Rl( In) measuremen‘cs were much greater than those obta:.ned

v from the line widths and ccnsequently the R ( In) data plotted are obtamed
fram the line widths. Figures 6.2, 6.3, 6.4 and 6.5, 6.6, 67sh0wR( )
plotted across the concentration range in gold- y silver-indiun and
copper-indium at two temperatures, together with the magnetic hyperfine
contribution, lM( In)v The latter was obtained by assuming mat ; R
K(a) =0.75 for llSIn across the complete range of concentration for all - o
threesystans Thismaybeinerror: PartimlarlyfortheCu-Insystem
where K(o) has been found to be 0.64 for pure liquid Cu at its melting

_ po:Lnt However Warren ‘and Wermck(9) found that K(a) = 0.78 for. liquid

Au - 66%In which suggests that the present assumption is a. reascnable cne
Rossini and Knight ) have shown that for 155 in pure liquid indium,

K thor~ ~O-1K, and in the present treatment it has been assured that this
is the case across the whole range of concentratim._ since M5 has

I= 9/2 there exists the possibility'that there is a quadrupolar .cmtribu-
tion to R (M%) in these systems. Figure‘s"slz, 6.3, 6.4, 6.5, 6.6 and

6.7 all show that Rl( 1n) cannot be accomnted forbyRm( Bm) alone

and that RlQ In) myst contr:ibute :i.tmoortantly to the relaxation. Sub—-
l]'sIn) gives RlQ In) the quadnxpolar
contribution to the relaxation. In considering ccmtributims to the re- |

traction of R].M( In) from Rl(

| laxation it would be advantageous. to be able to separate experin'entally the

observed relaxatim rate uniquely into its magnetic and quadrupolar parts.§
‘ Unformnately this is possible only for elements with two measurable

magnetic isotopes such as Ga or Sb. Warren and Clark(lo) have done this for
Sb and InSb and give a detailed desm:iption of the method.

 Figures 6.2, 6.4 and 6.6 show that at a tenperature 60K above the
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Liquidus Ry, ("°In) dominates in all of the gold-indiwi and silver-indiun
alloys, though in a few of the copper-indium alloys RlQ(ltlsIn)' dminates
the relaxation.. The dramatic drop in R (“'°In) at Cu - 208In is confirmed
both by direct pulse measurements and line WJ.dth data. Rl( Cu) was
‘measured using pulsed NYR in only three Cu - rich Cu - In alloys and these
rates agreed within expermental error with >those calculated fram the line
widths. However the experimental error on Rl( Cu) was oonsiderable as
figure 6.8 shows, where R ( Cu) plotted as a function of ooncentration
hasbeenobtained by assuming that . otha_‘.-—OandK(a) 1.0, Whilethe
) former assumption is’ adequate, El Hanany and Zami_r (6) have shown that the
latter certainly is not. In view of the large errors involved this facl:or
is not incorporated into the present estimation of RlM( Cu) El Hanany
and Zamir also find from their K( Cu) and Rl( Cu) data i.n pure Cu tha'g
the only siginficant relaxation mechanism present is the magnetic hyperfine
one, even though a quadrupolar contribution is possible sinoe for 63Cu 1 = }2.
The present data confimm this but on alloying Cu with In, Rl( o) and o
R].M( Cu) diverge at high In ooncentraticns suggesting that RlQ( Cu) begins
to become important. In view of the errars incurred in the R (%%cy)
,measurenents however these will not be oonsidered further and the discussion
‘which follows is devo::ed to Ry, llsln) in the noble metal-indium alloys.

6.3 Quadrupolar relaxation in pure metals

| The two factors which determine the magnitude of the quadrupolar .
interaction are the nuclear quadrupole moment Q and electric field gradient
‘_q.’ The electric field gradient at nuclei in solid and liquid metals arises
from extemal charges of either other ions or electrons, the most important
' oontribution arising from the electrms near to the nucleus concerned. The -
difficulty in calculating the field gradients arises because of the moertainty'

w.o

L
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in representing the 'effect of the ions by a realistic screened potential

Also the £ 1eld gradient is modified by the distortion of the core elec*trons L

due to these charges This effect is taken into account by nultinlymg q
by (1 - v, ), where v_ is the Sternheimer anti-shielding factor. The factor
(1 - v,) may be as large as 100 for the heavier elements, though its |
determination is not straight forward however and only rough estimates of
its magnitude have been made (1,12) “The most important source of the
time dependent electric field gradients responsible for quadrupolar re-
laxation in liquid metals is the thermal modulation of the ionic charge .
distributions around the nucleus by vibratimal, rotational and diffusional.,
L ) motion. In solid metals  the lattice vibrations( provide the daﬁinant
| S contribution to the electric field gradient nndulation, and for T>6De]oye
it is found that RlQaTz  This has reoently been verified by Warren
and werntck® for the alloys AuGa2 and Auln2 who show that the self X
diffusion and defect: diffusion provide negligible cmtrih1tions to RlQ '
' in the solid. They point out that in the liquid this vibrational oontribu-.,
tion to qu, which has previcusly bea'l ignored could well be significant

and estimate that it constitutes approxi:rately 20% of RlQ( In) in liquid '_ '

-

Aulny.”

~

In a liquid metal the correlation t:ime for themal motion is

typically 1- < 10 -1 sec ¢ SO that at a Lanmur frequency of v 107Hz

one is in the extrene namcwing limit where WT <<l. Under these conditicns :
the quadrupola.r relaxation rate has ‘been shown to be(13) '

-

RlQ 'éo 21 + 3. {g_Q_q_}J(O). . 6.5

@1y B

where J(w) is the Fourier transfom of the reduced correlation function G(t)
" which is given by |

- Glt) =E) F (t+'_t) . S | 6.6
=t TF® A |
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If G(p = exp(——c/-cc) , then J(w) =21, - and in the extreme narrowmg - e
' 1+ wz‘rcz

 Limit J(w ) = J(0)= 2 1 . The quadrupolar relaxation then becomes

2’ | . : -

?er-1 B

Using equation 6.7 Rossini et al. ) calclated RlQ in liquid indium

by considering the electric £i81d gradient to be made up oOf an ionic part *
and a part due to the effect of the ions on the conduction electrons. They
~ approximated the étructure of liquid indium to be body centred cubic and |
' calculatedi the r.m.s. ~e;Lec£ric field gradient produced by deviations of
~the ions at the lattice points from the equilibrium values. They found
that the electric field gradient had its largest contribution from the

. .gfféct' of ionic motion on the p-conducticn electrans which were ——

- to bond covalently. The correlation time T, Was deduced fragthe ex-
pression involving the r.m.s. Jump distancé.,v <1:2'>'_=W “and the diffusion
constant, D= <r2>av /616. 'Reasorjlable agreement with experiment was obtained
using ;a, Jump d.istan'ce cbtained from the pajf distribution function.

4 15)

The calculation of Borsa and Rigamont assumed that the

| efg..?, were produced solely by the diffusing ionic charges and neglected
contributions from the oondﬁc’tim‘ electrons which Rossini et al. found to
be ‘so important. They represented the ion as an effective point éharge |
Ze by a screened potential of the form V() = Ze 'exP(—'otér) where the;' | .
| scréening constant ds is found from asz = 41re211\:l(13i_,). . Taking the effectA |
: of'che ions on .the core electrons into account using the Sternheimer
anti—shielding factor and using equation 6.4 with 6.5, Borsa and Rigamonti
- arrived a£ an expression for the quadrupolar 'reléxation i‘:ate} §iven by

21 +3 P wla- vl fea, 6.8

Bt

o) B g

8!::
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where d is the closest distance of approach, N is the ion number density. and
Eagd) = exp(20,0) (9 + Aod + 1 @a? + 1 (asd)3}., Using the above

expressions, Borsa and Rigamonti. obtained reasonable agreement with experi—
mental RlQ values in a number of liquid metals using current values of.

D, d and v,_.

rd

Though the treatment of Rossini et al. and Borsa and Rigamonti
. g

consider that the efg's arise from’ different sources, both treatments

' give reasonable adgreement with experiment which reflects the inherent
- uncertainty in both calculations. S
Sholls (16) calc;ulation of' RlQ is more fundamental. He ineluxies' '
long range screening effects of the oonduction electrons using an ionic
potential of the fomm V(r) = A.cos ZkFr Q- v,). o 6.9 ¢
v o tae? B

The factor A(l -Y,) was detennined from experimental measurements of the

~ static quadrt.tpole interaction in the corresponding solid metal Sholls

expression for R1Q is o : _ o . S g
Rio g 21 +3 {A(l = YR jﬂp(xl. + 2mpL,), S ~ 6.10
D ar- R 7
vhere I, =/ fr)G)dr and |
o )
o0 ’1 +l . - ‘ -.,
I, =/ £(0)g (r)x? dr J'G(r )ar' fl{g(r) - 1} P, (2)dz, . 6.11

 with £(r) = (sz) 7(2kFr) %sin (ZkFr) + {15 - (ZkFr)z}oos czkE;)
' (&)

. . o .
and G(r) = ;5 g mis f(r)g%(r)r dr + ro ff_(;_)gﬁ(r)dr}, ‘
: 0 r.,.r .
- Tt
g(r) is the familiar pair distribution function. In practice I and 1,

;
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are difficult to evaluate. Sholl cbtains good agreement for RlQ in licquid -

In only if the I2 term is neglected..

" The common feature of all three treatments outlined above is that
the temperature dependence of RlQ comes in through D and P, though in
Sholls expression a slicrht dependence comes from I and 12 The Sholl
model has more in coxrmon with that of Rossini et al. in that the most s:.g-
nificant part of the electric field gradient arises fram the thermal
modulation of the p- conduction electron cha.rge in the vicinity of the
. nucleus. A further mechanism which may produce quadrupolar relaxation
| is the interaction between the nuclear quadrupole moment and the electric
field gradient of the Fermi surface electrons This contribution was
found by Mitchell(u) to be approxmately the same magnitmde as thEt

from orbital and core polarisation effects and :Ls therefore fairly small

The R data as ebfunctim of tenperamre in '1i§uid metals is
usually mterpreted in terms of the temperature dependence of the diffusion
coefficient D(T), such that RlQ i equations 6.6 and 6.7 reduce to

D(T) |
‘such a dependence. Usually an Arrhenius form is assured such that

D= bbexp(—Q/fd‘) where Q=3R'rm. I+'It=3i<_:;hway(l ) recently obtained RlQ 09131)
.a8s a function of tetrperature in pure liquid Bi Assuming R1Q 209B1)a1

he ‘reascjnebly e xplained the temperature dependence of his data, b .
though his experimental error was so large that this explanation | could
not be taken as conclusive. However the RlQ nsln) values in pure liquid

..‘ indium of Rossini and Knight (which agree with the. present data) shows that

: the simple relationship of R1Q Y- is not obeyed, as this in fact predicts
 amore Capld decrease in Ry, than is actually. cbserved. marren and Wernick

’ have suggested that a further contribution to RlQ (:L In) comes from the
vibrational ionic motions and that these must be included if RlQ as a
o function of - temperature is to be adequately described _ ) .
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6.4 Qaadrupolar relaxation in alloys

As for the pure metals, the variation of RlQ with temperature in.
a liquid alloy may be investigated by assmm.ng that RlQ(T) D(T)' and A
Heighway has obtained good agreement with exper:unental -
RlQ(2 Bi) in the liquid alloys In - 50% Bi and P - 60RBL assuning N
such a dependence. R'.LQ- In) was obtained only at two temperatures in £

the noble metal-indium systemsand this prevented an investigation of an . v
RlQ(HSIn) ol dependence. However the value of.RlQ(115
4 D(T)

: decr:ease at higher tanperatures in all three systans as a ccmparison of

In) was found to

figures63,65and67with62 64and665hows

_ " The calculation of the actual magniuxie of RlQ as a function of
ooncentration in liquid alloys is difficult. .The observed features of
the R1Q behaviour in many liquid binary alloy systems is that the magnitide
| of RlQ increases on alloying and the value passes’ through a maxi:m:m around

the middle of the ooncentration range. i Figures 6 2, 6.4 and 6 6 show.

R (llsln) as a functlon of concentration m the liquid gold—indnml, s:leer-

1Q
indium and oopper--—indimn s ystems respectively. a1l three systems show

Ry ('%In) increasing as indium is alloyed with the noble metal and that

" " . < o ‘ . L . v ) .
RlQ (115111) passes through a maximm value between 50 and 70% of concentration

1:“sIn) is greatest for

of noble metal. The magnitude of the ‘increase in R1Q
Cu - In and least for Ag - In. Warren and Wemick(g) have suggested’ that .
’ RlQ increases on alloying due to the onset of molecular association which
. wouldleadto anincreaseint and, asequat10n67stnws, anincrea.,ein

R, If atomic associations were occuring at a particular oonoentration

lQ'
. in a liquid alloy systen then T c would be at its maxirm.nn-value at this
concentration and t herefore so would RlQ'- Although the noblé metal ~indium

. systems do contain compounds in the solid (see figures 4.4, 4.5 and 4.6)




- =115 -

the maxumm values of RlQ-(llSIn) observeél here do not coincide Wiﬂ} these
campounds. Further, as discussed in chapter four, the .Knight shift data
do not point to the existenoe of émupmgs in the liquid state and
K(l;sln) in these systems has been fairly well reproduced theoretically by
assuning the alloys to be random mixtures of the two camponents. An
explanation of R, (g'lsIn) in these systans will therefore be sought in
the light of the two existing calculations of RlQ in liquid alloys R ‘
where both treatments in fact p;:edict a md.mum in RlQ‘ cross the range

of oonoentration._

Helghway (ll)} has assumed that the only effecti of elloying was to
modify the electric field gradient byl ionic diffusion. By postulating the ,
liquid alloy to be face oentred cubic with twelve nearest heighbours, he

calculated the extra electric field gfadient at a host nucleus due. to
increasing nunbers of ittpurities with valence 2" vhere the host ion has

valence 7. His expression for the quadrupolar relaxation rate is
. 12 - _ o
=3 2I + 3 eQ(l-Y) q Tor 6.12
10 £ 2 { i} _ -
- 9O 2011 .82 '

where P, is the probability that there are i impurity ions in a nearest
neighbour position, qj is the extra electric field gradient due to the

added solute ions and the sum is taken over the nearest neighboﬁr positions,
Heighway anly evaluated the sumation inside the brackets and -found that the
. Predicted curve for R |

10
' through a maximum at 50% of impurity oono_entration. Figures 6.2, 6.4 and .

was approximately parabolic in shape and passed

6.6 show that Heighway's model does not predict either the shape or the
position of the maxima in RlQ(llsIn) observed in the noble metal~indium

alloys.

Both the model of Heighway and Sholl, which is to be discussed

shortly, have assumed that RlQ arises solely from the diffusional motion
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of the ions. Warren and Clark (10) “have ‘recently measured RlQ (llSIn) '
RlQ(.lZl-Sb) and R (*#3sb) in the liquid alloy In - 508Sb and found that -
contributions to the electric field gradient from the Fermi suiz_faoe
electrons are important. Their measurements of RlQ(llsIn) and RlQ(lZISb_)
as a function of temperature in the liquid were markedly different. Since
Qand (1 ~ Y,) are nearly equal for In and Sb the effect of the diffusing
ions should have comparable magnitude for both species. They concluded
that the contribution to the electric field gralient from the Fermi
surface p-electrons were important and tha‘t‘ In - 50%5b retains a memory |
of its congound which extsts in the solid. | : |

- A more rigorous and ftmdamental approach to the. problem has been
taken by Sholl (private communication) who has extended his theory for
pure metals in a straight foxwaxd way . to calculate RlQ in alloys. His |

theory gives a final expressmn for the quadrupolar relaxation rate as

’

Ry=(c I + c2'12 +l-c a211 + (1= 0l + c'(1 - ©) aI,(L + 1)y. 6.13

Py Dy Dy . Dy “‘-..‘DADB
In the above expression ¢ is the impurity cancentration and D, "and Dy are
| the diffusion oonstants for_ type A and B ions 'respectivelly. Unfortunatel:;r
there is very little experimental data on alloy diffusion constants, which
in same systenas have been found to change by a factor of' 2 across tne
concentration range. I and I, are similar to tha mtegrals defined in
equacion 6.11 but are modified for a particular alloy system In particular
this requires triplet correlation functions, one of which is gAAA (x ,rz)
which is the probability of finding A type ions at r, and given an ion -
| Aat the origin. In practice these are very difficult to dete.rrnine
; though> they may be obtained in a less accurate form using the superposition.
_ approximation where they are written as the product »"of 3 two-body cofrelation

»
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functions. The term o is defined by % - o s where qu and gy are the electric-
field gradients at the A and B nuclel respectively. Due to the present d&hml&ﬂ
n obtqn‘m\ﬁ I and I and the mdeterminacy of =N and Qv only an enplrical |
fit of equation 6.13 with the experimental data is possible at present |
However D. S. Moore (private oommanication) has found that the magnitude and
position across the conoentration range of the maximum in RlQ observed |
experimentally may be fitted to the Sholl theory by varying the parameters
| o and IJ/I2 in a consistent way. His work, which is still in the
. ' prelinu.naxy stage, reveals that d shows no systematic variation with either ,
R atomic mmber or valence ratio of the two alloy elements. The present
data of Ry,(*1°In) in the noble metal-indim alloys bear out his findings
where o needs to be largest for Cu ~ In and smallest for Ag ~ In in order
that the theory predict the maximm and minimum magnitudes of RlQ m) Yin
the Cu - In and Ag - In systems respectively. The calculations are at an
early stage and await a full evaluation of I; and Iv together with calcula-
| tions of d and %y and experimental diffusicm coefficients before meaning-

ful oomparison of the theory and experiment is possible. . -

Swmary
The experimental relaxation rate data foi‘. llgSn in all of the
noble metal~tin alloys are accounted for by'the.magnetic. hyperfine contribu-
tions RlM_(llgsn) , where it is assmned’thet the electron—eleétron enliapce—-
~ ment-K(a) =1.0 and K ;e = O. The total relaxation rate in the noble metal- i
- indium alloys could only be accounted for with a magnetic contribution o :
the relaxation Rnd(llslﬁ) and a quadrupolar contribution RlQ'(llsIn)'.-
Reasanable values of Rig (llsIn) in these systems were obtained by subtracting

115

fron Rl(llsj:n) the magnetic term Rm( In), where it was assumed that

K(w) = 0.75 and K

= c - : 115
other 0.]1(s across the concentration range. RlQ

- -
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increased on alloying In with a noble metal giving a maximum between 50 and |
70 at .% of noble metal concentration. The simple model of Heighway was

unable to predlct Wlth any accuracy eJ.ther the positlon or the magnitude

115 ) Although atomic association in the liquid

oould result in a maximm in RlQ l]stn) , the Knight shift evidence fo: these

of the varlation in RlQ(

systems does not support this view. The Sholl theory, though it has not
been applled spec:.fically to these alloys is able to predlct both the po.-.ition
and magmtude of RlQ 113 In) ' however the theory is at present only

applicable on a semi~quarrtitative basis.

Clearly there is a need for improvement in the celculation of
1o in both pure liguid metals and alloys and in particilar to include
vibrational effects as well as Fermi surface electron contributions, both

of which seem to contribute importantly to quadrupolar relaxation rates.

’

Refefences
(1) . Obaﬁa Y., J. Phys. Soc. ‘Japan, _1_8_, (1963) , 1020.
(2)  Yafet Y. and Jaccarino V., Phys. Rev., 133, (1964), Al630.
(3)  Rossini F. 3. and Knight W. D., Phys. Rev., 178, (1969), 641.
@ " Narath A. and Weaver H. T,, Phys. Rev., 175, (1968), 373.
(5) Shaw R. W. and Warren W. W., Phys. Rev. B, 34 (1971) ' 1562
' (6) .  El-Hanany and Zamir D., to be published. ,_ oy
(7)' Dickson E. M., Phys. Rev., 184, (1969), 294. N |
(9 ' RossiniF. A., Ph.D. Thesis, University of California, Berkeley (1968) .
(9) B ‘Warren W. W. and Wernick J. H. Phys. Rev. B, 4, (1971), 140].
(10) Warren W. W. and Clark W. G., Phys. Rev., 177, (1969), 600.

(11) Heighway J., Ph.D. Thesis, University of Warwick, (1969). 736,

»



(12)
(13)
(14)
(J-.S)
(16)

(17)
"(18)

- 119 -

Sternheimer R. M., Phys. Rev., 84, (1951) , 244; Phys. Rev., 8s,
(1952), 316; Phys. Rev., 95, (1954). | |

BAiragam A., The Principles of Nuc!lear Magnetism; Clarendon Press, .
Oxford, (1961). | | |

Rossini F.) A., Geissler E., Dicksdh E. M. and Knight W. D.,

-

Adv. Phys,, 16, (1967), 287. | _ v
Borsa F. and Rigamomsi A., Nuovo Cimento, 488; (1967), 144.
Sholl C. A., Proc. Phys. Soc., 91, (1967), 130.

Mitchell, A. H., J. Chem. Phys., 26, (1957), 1714.
Egelstaff P. A., Page D. I and Heard C. R. T., Phys. Lett.,

308, (1969), 376.

° .
»



- 120 ~

CHAPTER SEVEN

THE CESIUM-OXYGEN SYSTEM , -

7.1 Introduction

The :importaﬁce of the esi_stence of oxygen 1n thebcorrosion
processes of many metals used to'contain alkali metals is fully recognised
but the detailed role played by the oxygen is not understood. The present
work was initiated in support of the investigation by Kendall(l) of the |
form in which oxygen exists in the liquid alkall metals. Kendall measured-
the Hall effect in a number of liqqid cesium-oxygen alloys' and successfully
interpreted his data using a free :.elect.rm ‘model in which two electrons are
removed from the conduction band for each oxygen ion added. He concluded
therefore that oxygen in liquid cesium exists in the form of O ionms. mght
shift (K) measurements offer the opportmity of distinguishing between the
metal atoms forming a regular oxidé in solution and those solvated as a
charged* species. In the fJ.rst case K would be expected to remain unaltered
- from that of the pure metal of those nuclei ‘not involved in oxide formation,
~ while the oxide forming nuclei would show a ze'rb shift. In the second case -

" K for'all nuclei would be shifted below that in the pure metal due to6 removal

of electrons fram the conduction band and the'redistribution of electrons

to screen the negative oxygen ions. Cesium was chosen because the SOlublllty
of oxygen in liquid cesium is mach higher than in.the other alkali metals and
further 133Cs exhibits a strong resonance signal due to:its large: iséﬁopic- |

‘abundance and magnetic moment.

7.2 _E_;gperﬁmantal results

' Measurements have been made of K( CS) and AH( cS) in pure
liqu:.d Eesimn metal, in liquid_ cesium ccntalning approximately 12at.%:

- oxygen and in solid Cs,0. The metallic specimens were prepared by irmersing |
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the molten samples under paraffin wax in a sealed ampoule and then sheking |
to produce a fine dispersion, the resultir;g droplets having diameters less B
than the r .f. skin depth. The measurements were made on a Varian spectro-
meter as described in Chapter 2. Tne results are given below in table 7.1.
The line widths 1n both metallic specimens .could be closely approximated’
by Lorentzian functions and that in Cs,0 by a Gaussian.
. , . o ‘
' Table 7.1 -
133 knight shifts (K) and line widths (Am).

| 1334 Lk o[ m | e
Specimen ( Cs) (%) ¢ K (gauss) | ?K) ‘
- Cs 1.443(20.022) | O | 1.16(:0.05 | 30941
Cs - 1280 | 1.303(x0.020) | -0.81 . [  1.30(20.05) © 312:3
Cs,0 o o ] ase | 2e3m |

One resonance only was observed in the Cs-lz%o specimen and this showed a.
shift of about 90% of that in pure cesium. A2n extended search for a further
resonance in this\s pecmen at the position of that in Cs,0 produced no

- detectable ‘signal. A campariscon of the signal strength obtained wnder
.identical' conditions in Cs,0 indicated that not more than l"part in 40 of

- tvhe. cesium in ‘the Cs—-12%0 spec:imen was in the form of. Cszo. A similar
‘search showed no resonance at the position of pure Cs in this sample.

7.3 Discussion

~ The fact that the 133Cs nuclei in (,s-12%0 give a single resonance

With a’shift slightly less than that in the pure metal is a clear indicatmn
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that the oxygen atoms gov into cesium as dissolved ions and that there is no-
oxide formation. This change of shift is in fact quite comparable with that
observed when the alkalis are alloyed with metallic solutes such as ,
Hg, T1 or 15-&,7(2) . The magnitude of the observed change m K offers. the |
possibility of determining the degree of ionisation of the oxygen atams .and

in particular of dist;inguisl 1ing between O and' 0 . The Knight shift:is
proportional to the product of PF and” Xp and the change in shift ﬁm solute .
concentration is given by equation 5. 02‘. .. The spin susceptibility in’the
free electron approxnnatioa;x which should be adequate for a liquid alkali

3 —3
metal is given by Xp oN where electron—electron and electron-lon inter-

actions have been neglected. The volume change on adding oxygen may be
deduced from the density data cbtained Ly Kendall and the change in N from
the con'centtatim and assumed charge of the oxygen ion. This yields val:zes
for 1. 6__3)_(‘of 0.0 for O (the effects of the changes in N and V fortuitously

o X, _
cancelling) and -0.47 for o . The poss:bllity of a change in the enhance—

3 has been neglected’ since |

ment of Xp due to the electron-electron interaction
this is not thought to have a strong dependence on electron density. The
product QP, will change due to the electrostatic screening of the oxygen
ions by the conduction electrons. In Chapter five it was shown that using

a part1a1 wave analysis of the impurity scattering the change in the solvent

{Pp, value per unit atcmic concentration of solute ion is given by

I=1. 6(9PF)— Z(o smzvz + B, sin 2Y2) | 7.1
: c QPF L o

As no experiméntal data for ion distributions are available for this system,
the hard sphere structure factor of Ashcroft and Lekner for a pure liquid
alkali metal is used and the values of a, and B, so obtained are listed in

table 5.6 As before, two model potential‘ representations of the solute are

i
/
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used i:o find the phase shifts, YJL Taking volure dilatation into account
the Friedel sum z‘ values were -1.57 and .92;57 for O and Of‘-'.i:espectively.
When using the square potentiai barrier the v,'s are usually determined by
" ascribing a width to the barrier and then adjusting the height wtil the
Friedel sum rule is satisfied. In the absence of a spec:LfJ_c Value for the
radius of an oxygen ion in cesium, the Yz's were first a.alculated by taking

the O value of 1.4 x 10 lom found by Tsai et al.( )

for SOlld Cs2 For ) b
this width however it was impossible to find a barrier height such that the |
Y!,'s eatisfied the sum rnle. Instead, ’_t;merefore, three £r1a1 values were
ascribed to the width of the barrier for which it was possible to choose
heights which allowed the sum rule to be satisfied. The result was that for.
o end 0~ separately the three sets of phase shifts for the different

- conbinations of barrier height and width were identical and thus so long ‘

as the sum rule is satisfied the actual electrcn density disnr:.butlon about: |
the solute is J.ndependent ‘of the barrier height and width separately. No
such problem was encountered using the screened free atom model potential ‘
of Asik, Ball and sncht_:er‘s’ , though as table 7.2 shows actual Friedel.
sums olgtained were -1.43 and -2.72 compared with the effective valence
differences of -1.57 and -2.57 for 0 and O re‘spectix}ely. Thus the sums
are in error by approximately 10%, however this is probably not too serious
in view of the uncertainties in the other parameters in the calculation,
particularly the values of a, and 8). Table 7.2 lists the phase shifts
obtained for O and O using both model potentialsl.



- 124 -

Table 7.2

Phase shifts for 0  and O using two model potentials

Screened free atam L Square vwell
potential -potential
. System o o. o o
Cs . Cs Cs Cs
YA | -1.57 -2.57 -1.57 .- -2.57
YO -.6015 : -,6092: v _ j-l.2201 -1.5896
Phase < ‘
: Y, © | --5473 ~1.2230 -.3363 | -.5852
Y, 0oL | .0001 - f-joa10 | -.1200
Actual z" ~1.43 | -2.72
Rp a-u. 1.73 | 1.76

- —

These values of y, together with the coefficients o) and B, when inserted

into equation 7.1 give the values of 1. §(%Py) listed below in table 7.3.
| A L '
' qp
F

Also given in the table are the contributions 1.8y and the total theoretical
~ c X .

change in Knight shift, 1. 6K (theory),
- c X

.‘ ol
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Table 7.3

Changes in Knight shift parameters with solute concentration

Square well |screened atam 1.8K -
c K €0
mdel | z¢ 1.5 (1.5%Fp) 1.6%m |16 theory
c Xp | € - Pp c P c K
. _ 1 square iscreened

1 ‘ : - well - atam

oo |-157] o 4L .445
L]
741 .445
—§81 ! '
o |-2.57| -.47 .662 -.03 192 5o

As can be seen in the table the agreement between theory and experiment
is very poor for the square potential barrier model no mattef whether the
oxygen is taken to be singly or doubly ionised. In view of the results
discussed in Chapter five this is not surprismg However assuming )
doubly Jionised oxygen atams the screened free_u atam potential gives reasox;able‘
agreénent between theory and experiment; Exact agreement is not expected
in view of the approximate estimate of the xp changes and the tmcertaj_nties
involved in the parameters used in the calculation of the g 's. Also the |
coefficients a

and Ei, are probably inappropriate for the'Cs ~ 12% oxygen

2 .
specimen as they do not take into account the 17% ‘change in the density

-

over the pure metal.
7.4 Conclusion

Clearly the changes in Xp alone cannot account for the observed
change in K and screening of the charged oxygen ions by the conduction

electrons must be .considered to play an important role. This ‘reinforces the .
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earlier statement that the exygen atoms form a metallic solution with the -
cesium. Table 7.3 shows -that reasonable agreement with experiment 1s
obtained for the 0 model using the phase shifts calculated from the screened
free atom potential. Indeed only thlS model gives a values of 1.6K of the -
same sign as that observed experimentally. Thus the present rgsulfts in
con]unctlon with the measutements of Kené{al1 pomt to the existence of the
Oxygen atoms in the doubly ionised state and clearly establish that no

o:ygen exists in the Cs,0° molecular- form.
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APPENDIX I
Table 1

The temperature dependénce of the isotropic Knight shift
119

K and line width AH of ~~“Sn in tin and same gold-tin alloys-

K(%)

Specimen Conditions T?%) : AH(géuss)
sn liquid 511 0.717 (iO.‘QOZ). 12,97 (#0.10)
state, 571 0.716 (0.001) ©3.19 (0.15)
Ho‘ = 3,5 628 | 0.715 (:0.001) - ' 3.58 {0.20)
' kgauss 675 | 0.715 (20.002) | 3.06 £0.20)
| 744 | 0.714 (:0.001) 3.66 0.20)
Au-80%Sn liquid 585 0.760 (0.001)- "3.13 ¢0.10)
state 654 0.759 (0.002) | 3.44 ¢0.15)
Hd = 8.6 723 0.757 (%:o.ooz)_ 3,57 £0.20)
: kgauss 786 0.752 (#0.002) 3.82 £0.20)
AU-66%Sn liquid 632 | o0.801 (10.001) 3.53 (+0.10)
. state 53.7 0.802 (iO-OOl) 3.52 (£0.10) .
Ho = 8.6 741 0.798 (0.001) 3.83 @0.30)
 kgauss 785 | 0.796 (10.002) 3.53 £0.10)
Au-29%Sn 1iquiq' | 494 0.972 (£0.003) | 3.66 (0.40)
 state, 533 | 0.988 (£0.002) 3.96 £0.20)
B = 8.5 553 | 0.993 (20.002) | 4.31 (0.35)
kgauss 603 0.990 (:0.003) | 4.34 £0.28)
653 0.988 (+0.003) 4.52 ¢0.22)
723 | o0.984 '(:.to.'oo4) 5.03

¢ 0.30)




Table 2

The temperature dependence of the isotropic Knight shift

K and line width AH of .

119

Sn in some gold-tin alloys

Temp.

Au-21%5n

kgauss

(+0.013)

Specimen Cdnditi\qns (K) K(%) AH (gauss)
solid 285 0.975 (£0.002
state, 362 0.972 (3_0.003)( line assymetric
H, = 8.6 435 0.978 (:0.005) | 1in the solid,
" kgauss 502 | 0.975 (¥0.003) | width not
576 .| 0.975 (#0.002) | recorded
Au~50%Sn 625 0.976 (40.001)
683 0.973 (£0.003)
=1 650 0.886 (20.002) | 3.66 0.40)
liquid, 683 0.886 .(io.901) 4.23 (20.40)
| state_’ 705 0.882 (#0.002) ' | 3.76 (+0.20)
) Ho - s6 729 0.876 €0.003) | 4.52(+0.20) ~
kgauss 750 0.876 (:0.004) | 4.73"(:0.30)
79 0.871 (:0.003) 4.32 (+0.20)
, - — ‘
Au-25%Sn liquid state,| 720 | l.QlO (;-tO.d)?) widthsl not
Hé =9.3 m 1.068 recérded |

N




‘Table 3

S

The variation of the isotropicKnight shift' K and line width Ay of
119n in the liquid silver-tin and copper-tin systems

Speciman - Conditions T?Ig). | K. ¥ ‘vAH(gauss)' St
Sn I -0°704 (;o-ooz) 3:8 (20-3)
Mrgstsn | ligud | | 0729 (0°004) | 40 (s0°2)

Ag-77% sn | state 1. . | 07735 (20:002) | 4-3 (z05)
Ag66b Sn | B =8.4 | 840 | 0765 (20°008) | 4°8 (s0°5)
Ag-55% Sn kgauss | 0775 (10-004) | 47 (20-4)
Ag-45% sn | ' 0777 (10°006) | 4°3 (10°6)
gasen | | 01794 (20°004) | 46 (10°7)

a0 | o . 830 | 0714 (20003 | 3-8 (0-3)
Ccu-95% Sn | liquid 755 0722 (?:o-d'oz); 35 (10°2)
'Cu-95% Sn | state - 830 ‘50'723 (20°004) | . 3°5 (10°2)
‘-0t sn | H,=10.8 | . 7% | 0730 (x0'003) | 3+ (03)
Cu-908 sn |  kgauss 830 | 50‘726j(?10°0'02)‘ 4°0 (t072) -
Cu-85% sn ' | 0735 (20:003) | 4+0 (20-5)
Cu-80% Sn 830 | 0°738 (200002) | 3+7 (20-2)
1 ©u-75% sn .. | 10°740 (30°003) | 35 (£0-2) 4‘
Cu-65% Sn 50'747 _(’io-oos) 4-1 ($0-2)
| " Table 4
” The variation of the Knight shift K of %3cu in the liquid copper-tin systen’
Specmen { Conditions T?%) o K(%)
Cu-95%Sn liquid | 0.282 (:0.003)
| Cu-80%sm  state, s0 | 0-275 (20.001)
. Cu-75%sn B =10.8 | 0.274 (,0.002)
4;52—55%311 | kgavss | | 0.270 z0.00n)

-



Ve

Table 5

The variation of the Knight shift K and line width A of
1151, in the liquid silver-indium system

. u Tmpo ._ . Y

Specimen Condx.tions ® | K3 M (gauss)
In Liquid 473 0-793 (20-002) | 1-30 (10-08)
state 513 | 0°793 (#0°002) | 1+41 (#0-15)
921 0+773 (10-001) 2:22 (10-12)
‘Ag-90% In H, = 11.0 578 0:812 (30-001) 1:69 (40-06)
kgauss 939 - 0°786- (20-002) . | * 2-42 (0-15)
Ag-80% In .| 613 | 0826 (20:002) | 2-21 (s0°12)
954 | 07808 (:0001) | 2°40 (20°15)
- Ag-66% In o 766 0+848 (20-002) 267 (20+20)
971 | 0:830 (0-001) . | 2+61 (0-15)
Ag-55% In 831 | 0-858 (0°001) | 2+99 (20-15)
. - 970 | 0-847 (0-002) | 3.05 (10:30)
Ag-40% In |- - , 922 | 0849 (x0-002) 3:16 ($0-12)

. 985 | 07849 (20-001) | 3-19 (£0-20)

Ag-33% In t 988 0829 (£0-003) | 3-23 (:0+12)
Ag-25% In - 1085 0°807 (+0°001) | 3+11 (#0°15)
Ag-17% In | 1153 0°786 (+0°001 | 3-28 (0°16)




Table 6

The variation of the Knight shift K and line width Ay of

llsln in the licquid goid--indiwn system

Specimen Conditions TE(!KE) "l kK% AH (gauss)
Au-90% In | ligquid | 743 | 0812 (x0°001) | 2°16 (:0°10)
| state, 1050 | 0°792(20°001) | 2°69 (10°16)
Au-80% In | };o = 12.0 §38 | 0°843 (20-001) 291 (£0°12)
kgauss 1057 | 0°828 (10°001) 2°97 (10°10)
Au-66% In Solid 293 | 0°894 (:0-002) 2+67 (#0°10)
state 416 | < 0+902 (0-001) 2-99 (£0-09)
Hy=12:0 | 634 | 07905 (20°002) | 351 (20°25)
 kgauss |0 784 | 0901 (:0-001) | 3.37 (:0-12)
: 798 0-901 (20°001) | 359 (0-15)
liquid © 838 | 0:898 (:0-001) | 3.30 (0.12)
state . 877 | 0°895 '(10°001) | 3-49 (10-15)
H,=12.0 | 966 | 0889 (20°001) | 3°51 (20°16)

_ - kgauss |- 1060 .| 0-882.(20°001) | .3-47°(20-20)
AU-50% In liquid ' 860 | 0958 (x0°002) 465 (10-18)
 state 1056 |- 0°950.(20-002) | . 4+35 (:0-30) .

_ : . L 7 v . . _. . . B . N
Au-40% In | B = 12.0 78 - 0-961 (fo 001) 4-40 (:0-18)
Kgause 876 | 0-970 (:0.002) | 4.84 (40.30)
- .| 1061 0°972 (20°002) | 4-80 (:0+30)
" Au-30% In | liquid 843 0-946 (£0-002) 4-58 (0.50)
| state - | 1004 0.959 (£0.004) | 4.92 (+0.50)
.Au-20% In | H = 1‘2.0 1065 0-949 (iO-OO?) 4.48 (0-20)
Kqauss 1170 0°958 (20°003) | 5-08 (:0°15)




Table 7

The variation of the Knight shift K and line width AH of
1151 in the liquid copper-indium system

T . xp ’ ’

Specimen Conditions Eég’ K% AH (gauss)
Cu-90% In ' 70 | 080l (:0-001) | 2°25 (:0-10)
| 1070 0786 (:0°001) | 2°47 (:0-08)
Cu-758 In | 894 0-816 (10-001) 3-11 (10-12)
1071 | 0-807 (:0-001) | 3-09 (:0-15)
Cu-60% In | 1liquid | 958 | 0822 (:0.001) | 3.90 (20.12)

' 1072 _0+818 (20-001) 3:37 (10-17)

Ccu-52-5% In| state, | 962 | 0°814 (t0-001) | -4-29 (:0-20)
| 1 1072 0-813 . (20:001) | 345 (0-30)
‘Cu-45% In | .H =12.7 | 1000 | 0-798 (:0-002) | 4:35 (20-40)
' kgauss | 1073 | 04799 (30-001) .| 3.59 (0.10)
Cu-37 5% Tn| 1008 0764 (20.002) | 4.58 (0.30)
| 1082 | 0771 (20.001) | 4+38. (:0-30)
Cu-30% In " 1012 | 0+723 (20:002) | 4-51 (20.40)
1080 | 04732 (20-003) | 432 (10-40)
Cu~20% In 1075 0°679 (:0-002) | 332 (20-40).
) 1154 | 0-691 (0-002) | 3-57.(40-50)




"I‘able 8

The variation of the gnight shift K and line width Af of
63 cu in the liquid copper-indium system

Specimen | conditions | UGF" | K% | (gauss)
cwo0t In | | 793 [ 0.314 (20:001) | 050 (:0-03)

| 1070. | 0.322 (20°001) | 0760 (:0-03)

Cu-75% In | | 85 | 0-298 (#0°001) | 061 (20.05)
| | -1070 . ] "0.305 (#0-002) . " 0+50 (20-03)

- .Cu-60% In liquid - {962 | : 0279 (20.001) ?O"37 (20-04) -
B o 11072 .| 0.286 (20-001) | .0°44 (£0°10)

Cu-52'5% In | state, | 962 | 0-263 (30-001) | 0-39 (:0-06)
~ C]10m2 | 0.272 (£0.001) . | 0744 (20-03)

ust In | B =10.5 | 1000 0,255 (40.002) | 0-42 (£0-07)
:;kgauss , ‘,1073-4, - 0259 (iO'm]_) ‘ 0°37 (iO’b4)

Cu-37-58 I | - | 1008 | 0-240 (20-001) | 0:45 (20-03)

| 1082 | 0+247 (#0.001) | 0-45 (20-03) .
‘Cu-30% In ' 1012 0:230 (¢0.001) | 0°39 (£0-03)
| 1080 | .0.234.(t0°001) | 0-35 (:0-03)
w2t | .| 1075 | 0.2 @oool) | 0.30 (20-03)

|| use | 00235 (z0r00L) .| 0°35 (:0.03)




63

Table 9

Cu and 1151, relaxation rates R, in same

| ylig"[u‘id copper-indium alloys

Specimen Nucleus 'Cbnditj'.o‘ns T?%" Ry x 103 (sec.”"l)
In 115 1, Liquid | s0 | 6415 (20-80)
1008 | 11.41 (25)
Cu-90% In 115 'state 1006 | 13°1 (£1-0)
Cu-75% In 15 1 H = 9.6 835 | 154 (20-4)
kgauss | 1003 | 17°1 (42-0)
Cu-60% In 15 1 ?875 14-5 (£2-0)
! 1005 | 19%6- (s1-8)
Cu-52:5 % In 115 1n 900 | 153 (£0+7)
1000 | 203 (s2°0)
Cu-45% In 5 m 923 | 191 (£1°0)
Cu-37-5% .In 115 1 943 | 28.5 (%5°+5)
63 cu 1943 | 1°85 (£0-20)
Cu-30% In 151 960 2(5.2,. (£2.0)
63 cu 1960 1:66 (+0-10)
Cu-208 In 115‘13 1010 | 169 (_;5.0,
63 cu 1010 |  1°55 (20-20)




Table 10

1157, relaxation rates R, in same liguid

silver-indium and liquid gold—indium alloys

Specimen Conditions TGZ'I‘})"- R, x 103 (sec'.'l)
Ag-90% In Tiquid- 597 | 140 (20°7)
937 14+6 (20-4)
 Ag-55% In  state, 790 17°9 (£0°7)
991 15-0 (*0°2)
Ag-40% In H =9.6 " | 1007 16°3 (0-3)
Ag-25% In koSS 1010 | 131 (%0-4)
Au-80% In 797 | 17-8 (1.0)
. 984 15+5 (0-6)
AU-66% In SOIid . i 346 | 6°72 (#0.20)
state, 1595 10°16 (#0-35)
H = 9.6 i
© joauss | 781 13:1 (20-4)
liquid . 880 20+8 {10°9)
state, 1009 | 19.7 (20:7)
Ho = 9.61 ]
Au-40% In kgauss 1008 22°9  (10-5) B

pod B




Table 11

The variation of the magnetic susceptibility, X,

with concentration in some liquid noble metal-indium alloys

Specimen Te(‘l?)’ ‘| x x 108 lemu.gm Y) | Specimen T?%" x x 10° (em.gn™ly
Ag 1283 | -0-217 (*0°004) Fu-50%In| 1073 | --0-152 (0-003)
Ag-178In| 1150 | =-0-208 (#0-003) 833 | --0.161.(:0.004)
 Ag-25%Tn| 1073 ~0-213 (20:002) | pu-gesrn | 1073 | 0129 (20.005)
Ag-30%In| 1073 | -0-218 (20-003) | e | 0133 (10-002)
| 990 | -0-223 (20-004) Au~80%In | 1073 ~0-109 (0-003)
Ag~33%In} 1073 -0-211 (#0-002)- 816 ~0-114 (10*603)
991 | -0°216 (£0-003) | Au-90%In| 1073 | -0-091 (10-002)
Ag-40%In| 1073 | -0-198 (10-003) 73L | ~0-096 (10-004)
g93 | -0-204 (#0°002) " |. cu 1373 | -0-088 (20-006)
- Ag-55%In| 1073 | -O-164 ($0°004) Cu~208In| 1073 | ' -0-137 (40-006),
798 | -0-172 (:0-006) | Cu-30%81n|1073 | -0-154 (20-003)
Ag-66%In| 1073 | —0+129 (20-002) 993 | -0-162 (:0-004)
733 | -0-136 (20-004) | cu-37-58|1073 | -0-142 (:0-004)
Ag-80%In| 1073 | -0-104 (*0-005) ‘ In 992 ~0-150 (20-003) .
Ag-908In| 1073 | -0-088 (t0-004) | Cu-45%In[1073 | -0-132 (:0-002)
In | 1073 | -0°071 (#0°003) o '952" 0-140 (£0-005)
188 | -0-083 (:0°002) | Cu=52.5%| 1073 | -0-120 (+0-002)
Au | 1383 | -0-159 (%0-003) In 950 | -0-126 (0-003)
Au-20%in| 1133 | -0-167 (0°004) | Cu-60%In|1073 | -0-110 (:0-003)
| 1033 | -0,167 (0,003) 923 | -0:115 (#0-003)
Au-30%In| 1073 | -0°174 (20°006) | Cu-75%In| 1073 | —0-093 (:0-004)
' | 823 | -0.,189 (0,005) - 873 -0+095 (+0-005)
Au-40%In| 1073 | -0+166 (£0+003) Cu-90%In | 1073 | -0-079 (20-003)
| 773 | -0+181 (20-004) ] | ‘




Table 12

The temperature dependehce o.f_' the magnetic susceptibility x

in liquid tin and some gold-tin alloys -

Specimen . T?;(q)p. X X ‘106- (emu.gm‘l)
sn | s 0.041 (£0.002)
| s ~0.039 (£0.002)
| ea -0.038 (40.002)
89 ~0.036 {£0.002)
Au-50%Sn 712 ~0.134 (£0.003)
' 754 | -0.133 (20.004)
783 -0.133 (20.004)
Au-29%Sn 567  =0.177 (20.003)
5 | -0.176 (£0.002)
629 ©=0.175 (0.002)
638 | -0.174 (:0.002)
690 ~0.171 (#0.003)
694 -0.171 (#0.003)
) 730 0.170 (£0.002)
767  -0.168 (10.003)
Au-80%Sn | 553 ~0.088 (£0.003)
612 ~0.086 (£0.005)
699 | -0.084 (0.004)
~ 759 | . -0.082 (£0.002)
-A Au-6638n 60l -0.113 (40.006)
’ 659 0.111 (:0.002)
705 . -0.109. (+0.002)
754 ~C.108 (+0.004)
-+ | aw-218sn | 789 ~0.178 (+0.004)
811 - =0.177 (+0.004)

-



APPENDIX 11

Calculation of the radial distribution function, g(r), which is

subsequently used to evaluat_e the coefficients o, and B g

The weighting factors, W (3), and abscissae, X (J), requifed in the
Gaussian integratidn are taken.from. M.Abramwitz‘ and I. A. Stegun,
Handbcok of Mathematical Functions, P.917. The other data is read in
the following or’derﬁ . ETA = packing .fractim, SIGQA = hard sphere
| diameter, NN = number density of ions/dn3. The parameter ERROR is not

used in the calcuiatidn. ~ All parameters are in c.g.s. units.

N.B. All the Algol 60 programmes listed in the appendices were run
on an Elliot 4130 computer at the University of Warwick.



&JOB; PH/R004/46; ARDF';

&ALGOL;
LIBRARY
ALGQL
&LIST;
1 RADIAL DISTRIBUTION FUNCTIONS IN LIQUID METALS;
2 "REGIN" "REAL"ETA,SIGMA,NN,R,FR K,ALPHA BETA GAM,J..,ERRQR GR;
. 3 “REAL""ARRAY"W{0:31},X{0: 31} - i
4 "“INTEGER"J,Q,N;
5 YREAL" "PROCEDURE"A (K) ;"VALUE"K; "RFAL"K,
6 "BEGIN""REAL"C,X; X:=K*SIGMA;
7 C:=(COS(X) * ( (2*BETA+12*GAM) /X4 3~ (ALPHA+RETA+GAM) /X
8 ~24*GAM/X45) +SIN (X) * ( (ALPHA+2*BETA+4*GAM) /X‘l‘2-24*GAM/X+4)
°] +24*GAM/X¢5—2*BE'1‘A/X+3)*(—12 5664*SIGMA1*3/X) ;
10 '—l/ (l“NN*C) ’
11 IIENDII. . .
12 "PRINT"''S7'Q' S7'GR L'Y;
13 IIFORNJ =0“SI'EP"1 'UNI‘E"B]."DO"" "W{J} X{J},
.14 YREAD"ETA, SIGMA ,NN,ERROR;
15 ALPHA:=((14+2*ETA)42)/(1-ETA) 44;
16 BETA:= —G*E'm*((l+E'l‘A/2+2))/(l’-Em)‘4°
17 GAM:=0,5*ETA* ( (1+2*ETA) 4+2)/ (1~ETA) 44;
18 IIFORMJ wIISI’EPOI1IILMII‘lI3lnmlI ) ) .
19 "BEGIN "W{J}:=W{J}*SIN((X{T}+1)*3. 1416),
20 Illel )
21 “F‘OR"Q _lilm!ll"mm"zw"ml!
22 *; "BEGIN"R:=0*1,5-9;1:=0;
2 3 . "FOR"N. =0" STEP" l llmell thmn
24 vBEGIN" "FOR"J :=0"STEP" 1 "UNTIL"31"DO"
25 "BEGIN"K:=(X{J}+(2*N+1))*3,1416/R; -
26 I:=I+W{J}* (A (K)-1) *4*3,141642*K/ ( (2*3, 1416)+3*R+2*NN)
27 IIEND" .
28- Y"END";
29  GR:=I+l:
30 "PRINT"PREFD((' 'S4y, 'L ',DIGITS(B) Q,GR;
31 "END";
32

"END"
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APPENDIX 111

Calculation of the Blandin-Daniel coefficients,o, and B, used in

chapter 4.

N,

The weighting .facto‘rs, W(J), and Abscissae, X(J), required in the
gaussian integration are taken from M.Abramowitz and I.A.Stequn, Handbook
| _of Maﬁhenatical Functions, P.917. The other date is read in the following
order: ETA = packing fraction, SIGA = hard sphere diameter, NN = nwﬁber of
ions/cm3, RADZERO = starting value'of integratiqx over r, ’usually just less
than SIGMA, DELR = interval of R, KF = Femi wave-vector. All paramcters

[}
3

are in c.g.s. units




¢ &JOB;PH/RO04/20;BDLM;

SWOP
BATCH
&ALOL;
LIBRARY
ALGOL
&LIST;
1 BLANDIN DANIEL OOE'E‘FICIENTS FOR LIQUID METALS;
2  "REGIN""REAL"ETA,SIGMA,NN,K,K,ALPHA,BETA /GAM, I, GR, RADZERO DELR, KF RO, B,
3 DELTA;
4 "REAL""ARRAY"W, X{0; 31} ,JK,NK{O: 3} ,FALPHA, ,FBETA{O: 3,0: 2500} ,8A1,
5 SsA2,SBl1,8B2,SC1,S1,52, SUMAL, SUMBL{0: 3} ;
6 "INTEGER"J,Q,N,M; ‘
7 "REAL" "PROCEDURE"A (K) ; "VALUE"K; "REAL"K-
8 "BEGIN" IIREAI‘"C x,x -—.K*SIGMA
9 +=(00S (X) * ( (2*BETA+12*GAM) /X43- (ALPHA+BETA4CAM) /X
10 _ -24*GAM/x+5)+sm(X)*((ALPHA+2*EE:J:A+4*GAM) /X42-24*GAM/X44)
11 , +24*GAM/x+5-2*BErA/x+3)*(-12 5664*SIQMA+3/X) :
12 —-1/(1-NN*C) ;
13 mD"
14 ~ upRINT"''S8'A, 5'510 B,S'L''; ;
15 "FOR"J: =o"erP"1"UNrIL"31"DO“ " "W{J },x{J},
16 "READ"ETA, SIGVA, NN, RADZERO,DELR, KF': |
17  ALPHA:=((1+2*ETA) 42 (/ (1-ETA) 44;
18 BETA:=(~-6*ETA* ( (14+ETA/2) 42) ) / (1-ETA) 44:
19 GAM:=0,5*ETA* ( (1+2*ETA) 42) /(1-ETA) #4:
20 "EPOR"J s =O"STEP"1"UNTIL"31"DO"
21 "BEGIN"W{J}: =w{J}*sm((x{J}+l)*3 1416)
l‘ 22 ’ "END" ’ ) . -
23 -"FOR"B:=7,22"DO" o L |
24 " RRGIN"DELTA: "B*llos
25 "PRINT"' 'L3'DELTA=": SCALED (5) ,DELTA, "L"-
26 "FOR“Q ﬂIISTEPNINUNI\ILllzw"DO" e
27 v "BEG]N"R"—RADZM*DH‘R’I =0;
28 ) &u ____ollsfmpll llltmn‘ll 30"Dol| . .
29 "Bmm""lelJ =O|'SI‘EP"1"UNIHJ"31"D0"
30 _ 4 "REGIN"K:=(X{J}+(2*N+1))*3,1416/R;
31 I:=I+W{J}* (A(K)-1) *2*K:
. 32 tlm)ll; . .
33 "END";
34 .o "RO:=(4*3,1416*RA2*NN+1) *EXP (~DELTA*R) :
.35 - JK{0} :=SIN(KF*R) / (KF*R) :
- 36 NK{O}:=-COS (KF*R) /KF*R) :
37 : JK{1}:=JK{0}/ (KF*R) +NK{O} :
38  NK{1}:=NK{0}/ (KF*R) ~JK{O}:
39 . "FOR"M: =2l'erP..ll.UIW]Il'l3l'm"
40 - "BEGIN"JK{M}: 2 (2*M-1) *JK{M~1}/ (KF*R) ~JK{M~2} :
41 NK{M} : 2 (2*M~1) *NK{M~1}/ (KF*R) -NK{M~2}
42 !lmll. .
4 3 - R"l‘d' 20|ISTE:P" l"Uan" 3nm"
4 “BEG]N"FALPHA{M,Q} =RO* (NK{M}42-JK{M}42) :

45 o FBEI‘A{M «Q} :=RO*K{M}*JK{M} :




46 llm)";

47 . an": . . .
48 - nFORuQ:=‘..201lSrIp‘E:PulﬂvvA n"ﬂzsmumn_
49 "BEGIN"R:=RADZERO+Q*DELR; :
50 RO:=(4%3,;1416*R+2*NN) *EXP (-DELTA*R) :
51 , JK{O}:=SIN (KF*R) / (KF*R) :
52 : NK{0}:2-COS (KF*R) / (KF*R) :
53 - JK{1}:=JK{0}/ (KF*R)HK{O} :
54 ' -~ NK{1}:=NK{0}/ (KF*R)~JK{O}:
55 - ‘ WFOR"M:=2"STEP" 1"UNTIL" 3"DO"
56 "BEGIN"JK{M} : = (2*M-1) *IR{M-1}/ (KF*R) ~JK{M~-2} :
57 - NK{M} 1= (2%M~1) *NK{M~1}/ (KF*R) -NK{M~2} :
58 "END“; * - :
59 :‘FOR“M: =Oll mllltlmm" 3 Igmll . : .
60 "BEGIN"FALPHA{M,Q} : =RO* (NK{M}+2-JK {1} 42) :
61 R FRETA{M.Q} :=RO*NK{M}*JK{M}: :
62 . "H\D"; }
63 "mll; : . . . . )
64 "COMMENT" AT THIS STAGE WE HAVE CALCULATED THE FUNCTION AT ALL
65 . VALUES OF R.WE NOW WISH TO SUM THESE FOR EACH M(=L)
66 VALUE USING SIMPSONS RULE , HENCE OBTAINING THE
67 ELANDIN DANIEL COEFFICIENTS:
68 "FOR"M:=O"STEP" 1 "UNTIL" 3"DO"
69 "BEGIN"SAL{M}:=0;
70 ' sa2{M}:=0; '
71 . "FOR'?Q:=]_“SI‘EP"2"UNTE"2499".00"
72 "REGIN"SAL{M}:=SA1 {M}+FALPHA{M,Q}:
73 SA2{M} :=SA2 {M}MFBETA{M,Q} :
74 "END";
75 . SB1{M}:=0; ‘
76 SB2{M}:=0; ‘
77 ' "FOR"Q:=2"STEP" 2"UNTIL"2498"DO"
- 78 "BEGIN"SB1{M} :=SBL{M}+FALPHA{M,Q}: .
79 , sB2{M} :=SB2{M}4FBETA{M,Q}:
2] 5c1{M}:=FALPHA{M.OHFALPHA{M, 2500} :
81 5C2{M} ;=FBETA{M,OMFBETA{M, 2500} :
82 "END“;
83 . +g1{M}:=4*SAL{M}+2*sB1{M}+SC1{M}:
84 . - §2{M}:=4*gA2{M}+2*sB2{M}+sC2{M} :
85 SUMAL{M k=S1{M}*DELR/3* (2*M+1);
86 SUMBL/{M} :=S2{M}*DELR/3* (2*M+1) ;
.87 : “PRINT"PREFIX('*S4'') ' 'L, SUMAL{M} , SUMBL{M} :
_ 88 ‘ lel; ! ) -
89 “END";




APPENDIX 1V

The following is a full parameter list of the Algol 60 progrm
used in the alloy knight shift calculation. The prograrme listing follows
in appendix V. ‘ -

K- n&rber used to set alioy éoﬁcentfation |

Kz"kzF S - e

R - r, in atomic units, the distance from the nucleus.

RZERO - r starting value of Simpsons rule integration before conversion

" to atomic units (taken directly from Herman and Skillman)

A BL - overlap integral befo;fe it is equated to overlap integral procedure
result. . o |

F - Simésons rule interval parameter

Bl
B2 - Intermediate sums in Simpsons rule,BLL procédure.

B3

L S S S R X

B4 .

_ HOON - Simpsons rule interval in BLL procedure. .

RZEROCON - starting value of Siﬁpsms rule integration ( in atomic units)
in BIL procedure. '

o) . |

) - Intermediate Sums in CO procedure.

CEV ) -

CIN - final sum of CO procedure.

X -2k .

DELY - interval in y in Simpsons rule in GO procedure.

DELF - © procedure paraneter, starting value of interval in y.

DELYA') starting values for interval iny, to be used in CO

" DELYB ; procedure. | A

Y - y, abscissa of y - integration in procedure CO

KF - kF

Q-q



@ -q
K20 -~ 2qu
YB ) _

) Starting values for y in Simpsons rule in CO procedure.
@) A . ,
YER )

) - Ranges of integration for y in Simpsons rule in CO procedure,

YAR )
Cz ) : '

) - first and last temms in Simpsons rule in CO procedure.
N ) e

¥FA - kp for pure A element.
KFB - kp for pure B element ‘ ' : _ :
" OMEGAA )
) - ionic volumes of pure A and B elements.
OMEGAB )

RCA ) - core radiiof Ashcroft pse{idopotential for A and B elements.

) 4 _ ,

PI - 3- 14159 _ v , ,
- lﬁrkF' term in Ashcroft potential
TERYA ) | R o
- R Normalisation terms for A and B elements. -
TERMB ) : ‘

PS ) - Intermediate sums in Simpsons rule integration of self and

PD ; distinct terms“Z and A, . Lt

H3 - Simpsons rule integ'c'atiOh ‘intefoal divided by 3 for use inf and Aintegration.
SIG .-" hard-sphere diameter R o

‘SI'R-:I,(kU) -1

. FL_? 2n '1 - g@kpl
‘ l + q/2kF
XFL q/ZkF enll .-Z}EF‘

o 1
CAPGAM - rtk,q) |
RB ) '

) - intermediate sums used in evaluation of I‘(k,q)
RC ) -




Vw; i - Ashcroft potentials for A and B elenents.

GS ) ’

© ; - self ard distinct term integrands in Simpsons rule.

PST ) S -

- ; -~ final sums in Simpsons..rule integration of I and A.

DENS - Ya2 (k)/ N (Cg) {1+ I +4}.

~ PF - DENS/Q )

ORA - g X R? core.

ORB ~ g X RB cx"ire.

VAL -~ al].oy' valence.

N - principal quantum munber of vcore statev.

L - angular momentum guantum muber of core state.
RAD - abscissa integer for core state.

M - ruming integer used in integration over q.
KINT - k - value integer. v | _ .
RADZERO integer representing starting r value in overlap interval.

C I ~ integers used in BLL procedure

'A,B ~ integers used im OOvprocedure.

E - integér representing A or B element (E=1or 2)

NJ1, T - integers used in q- integration. o

BIA {E,L,N,KINT} - overlap integral array, E specifies elem@rrt, r.. = quantum
B | nunber, N -n: quantmn.nutrber KINT - the k value.

" J{L} - Bessel function array.

P{E,L,N,RAD}‘ - core state wave function array.

@, cB{K} - concentrations of A and B elements.

QEGAE{K} - volume per electron.

BETA K} - N (Cp). " |



opW {K} - va2 (k)/ N (Cg).

H{T} - Simpsons rule interval, q integration.

AJ {T} - starting q - values for Simpsons rule g integration.

Pr{k}- 1 +% + A , for a given concentration.

OMEGAI{K} - average VOleP per ion at a given eoncentratim.

xs{n} - R, (0) for s-core functlons. ’

PLK{N} - BLL for K = kg, overlap integral.

CON{E} ~ conversion factor for Herman and Skillman wavefunctions.- |
~ NMAX{E} - maximum n - value for core functions.

LMAX{E} - maximum 1 - value for core functions

NRAD {E,L,N} - number of wave function ordinates for given core state.

NWF{E} - number of core states for given element.



APPENDIX V

'&JOB; PH/RO04/94;

&ALQOL;
LIBRARY
ALGOL

&LIST; \ ' .

e -

&TIME; ;O;

PERUEW AND WILKINS CALCULATION OF KNIGHT SHIFTS IN LIQUID ALLOYS; -
“COMMENT"CALCULATES PF IN LIQUID ALLOYS AT SPECIFIC CONCENTRATIONS,USES
ASHCROFT AND LEKNER STRUCTURE FACTORS ,ASHCROFTS LOCAL PSEUDOPOTENTIAL
AND HERMAN AND SKILLMAN CORE WAVE FUNCTIONS; . .
"BEGIN" "RWJ"K,RIRZEIDPBL’F’BI ,B2 ,B3 ’B4 ,I‘m‘],RZEm,COD ,CEV,Cm ,X,
DELY ,DELF, Y ,KF/K3,Q,02,K2Q,YB, YA, YBR, YAR, DELYB, DELYA, CZ ,CNKFA KFB,
OMEGAR,, OMEGAB, RCA,RCB,P1 WI ,GAMYA,, TERMA, TERMB, PS, PD , H3, SIG, STR, FL, XFL,
CAPGAM’RB,RC,VA,VB,&",G)-,PST:PDI‘IDENS'PF'QRAJQRBIVAL? ,
, uREAL""ARRAY"BLA{l:Z,033,125,0=80},J{0:4},P{l=2,0:3,1:5,.02100},
@,CB'W'MA,OPW'H,M'W’H,W{I.:ll}' XS’BT.K{1=6}, y
‘conN{1:2}; ' ' ‘
"mrm“N,L,RAD,M,’KINI‘,RADZEIC,I,C,A,B,E,NJl,T; :
" INTEGER""ARRAY"NMAX 1:2 ,IMAX 1:2,1:5 ,NRAD 1:2,0:3,1:5 ,
. NWF{1:2}; o
"OMMENT"PROCEDURE CO EVALUATES Q DEPENDANT INTEGRAL REQUIRED IN
SELF AND DISTINCT TERMS; : . '
lllel “PMUREV"CO (N) ; : :

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17 :
:ll:g uBmmu “REAL" "PMUREHCM (YZERO;DEIJF,S) : ' -
20 ) "VALUE"YZERQ,DELF,S; ' ‘
21 ~ "Rm"YZER‘J,DELF; _
. 22 "mmﬂs; .
23 "BEGIN"CIN:=0;
) 24 . ) "EOR_"A:=l"STEP"l"UNI‘HJ"7"m"
25 *  "BEGIN"COD;=CEV:=0; e
2 DELY:=DELF* (104A) /10;
27 IIFOR"B:=1|ImH2HUNrIL"9!ImII
28 YBEGIN"Y :=YZERO+S*DELY*B;
29 KINT :=ENITER (10%SORT (K2+02-K20%Y)) :
0 : - ‘ og\]:;cx)o«» (BLA{1,0,N, KINT}-BLK (N} ¥/%-1) ;
B} ’ r .
g% . . . [11 R“B:=2 “SPEP"Z"IMHJ“B"DO"
33 ] "BEGIN"Y:-‘-‘»YZERO*-S*DELY*B:
34 KINT:=ENTIER (10*SORT (K24Q2-K20Q*Y) ) :
35  CEV:=CEV+(BLA{1,0,N,KINT}~BLK{N})/(¥/X~1) :
’ llmmll; : .
£ KINT: =ENITER (LO*SQRT (K2402-K2QHYZERO) )
38 Cz:=(BLA{1,0,N KINT}-BLK{N}) / (YZERO/X-1) ;
39 YZERO :=YZERO+S*10*DELY;
40 KINT :=ENTIER (;O*SQRI' (K2+Q2-K2Q*YZERQO) ) ;




CN:=(BLA{L.0,N KINT}—BIK{N})/ (YZERO/X-1) ;
cm =CIN+ (DELY/3) * (CZ4CN) + (4*DELY/3) *COD

v +(2*DELY/3) *CEV; .
"END”; . :
" CINT :=CIN;
"END"OF PROCEDURE CINT;
K=:=KF*KF;
Q2:=0Q*Q;
K2Q: =2*KF*0);

W TP %> "THEN"CO:=CINT (1 ,0,00000018,~1) "ELSE
"BEGIN"YB:=X~0,0000002; -
YZ\."X“PO'OOOOOOZo
YBR'—YB+]-'
1—ml” .
DELYB:=-0.00000009*YBR;

DELYA:=0.00000009*YAR; , ,.

*TFMYAR<O, 0000002 "THEN"CO: =CINT (YB,DELYB, -1)
"ELSE"00:=CINT (YA,DELYA, 1) +CINT (YB,DELYB,~1) ;

lIENDlI -

"END" OF PROCEDURE CO; :
"COMMENT"PROCEDURE S CAICUIATES STRUCTURE FACTOR USING CURRENT
ALLOY VALUES OF KF AND SIGMA, THE PACKING FRACTION ETA IS 0,45
'I'HROUGHOIJT
REAL" "PROCEDURE"S (2) ; o AREEE g
REAL"Z . . . :

“BEGIN" "REAL"ZZ ,22% ,R1,R2,R3, R4,R5,

l|IFﬂZ<O S“TI'IEN"S "-‘O 025"EI_SE" PN

llemU

27:=2%%;

2573 =2%2*Z;

Ri:=-13. 59880-'213 0346/ZZ,

R2:=-4.040587%2+17,96189/7~213.0346/22Z;

R3:=88.55543/2*213, 0346/ZZZ,

R4:=10,8/22Z; :

R5;=R4* (RL*SIN(2) +R2*COS (Z) *R3) ;

S:=1/(14R5) ;

“mm" .

END"OF PROGEDURE Si

"COMMENI‘"PROCE)URE A C‘AI.CULATES THE PSEUDOPOI‘EN‘I‘IAL USING THE
APPROPRIATE CORE RADIUS, IT IS TRUNCATE) AT THE SECOND NODE;
“REAL""PROCEDURE'V(QR): |
“REAL"QR

"BEGIN" "REAL"DENOMIXZ :

W IF"X<0,01"THEN"V:=~1,0"ELSE" " IF"QR>4 , 71"THEN"V: =0. oo
EESE"“BEGIN"}Q "'X*X,
- DENOM: =X2+WI* (0. 5-0, 25% (1-X2) *FL/X) ;
V:=-WI*COS (QR) /DENOM;
"Em“' : :
"END" OF PROCEDURE V;
"REAL" "PROCEDURE"BINT (NILIRAD E) H
"INTEGER"N,L ,RAD, E;
uBEGmn "R_AL“X!GR'
 XKR:=KF*R;
| W TPUXKR<O.O1"THEN"XKR:=O. 01
. J{0} :=SIN (XKR) /XKR;
- “IFYLSO"THEN"J{1}: -J{O}/XKR-COS (KR} /XKR;
o epEL>TMTHEN"J {2} :=3*T{1}/XKR~J{0};
o TF > 2 THEN"T {3} :=5%3{2} /XKR~J{1};
| "IF'L>3"THEN"J{4 k=7*J{3}/XKR-0{2}; '-
\ pow=ar3.14150RP(E,LN,RDIILY:

S

e A ST



101 END"OF PROCEDURE BINT;

102 “REAL" "PROCEDURE"BLL (N, L KF E) H
103 IIREALIIW
104 " INTEGER"N L, E, 1 ‘
105 YREGIN"RZERO;=-0.05; : L .
106 , o BL:=0; .
107 "FOR“C"‘l"STEP"l"UNPIL" (NRAD{E L,N}-1) "DIV"
108 ) lollmll
109 "BEGTN"F:=0.01* (214C) /2;
110 ' ' Bl:=B2:=0;
111 S RADZERO:=10% (C-1) ;
112 | RZERO: =RZERO+5*F;
113 _ HOON:=F*CON{E};
114 ! _ ‘ RzERcmN» r-RZERO*CON{’"} ;
115 4 "E‘OR"I _,lner‘EPHz"[MII‘llguDon
116 o : "BEGIN"RAD:=RADZERO+1 ¢ ,
117 o ‘ o - R:=RZEROCON+HCON*1;
118 . ’ ) Bl:=Bl4+BINT(N,L,RAD,E);
119 ’ C "END";
120 § . . IIFOR"I:=2!ISI\EP"2NUNTHJII8"wn
< 121 o "BEGIN"RAD :=RADZERO+L; -
122 o o -+, R:=RZEROCON+HCON*1;
123 g S : ‘ B2:=B2+BINT (N,;L,RAD,E) ;
124 R . MENDY; -
125 _ . ' RAD: --RADZERO
126 . . s=RZEROCON; . _
127 o .. .B3:=BINT(N,L,RAD,E); \
128 : - - RAD:=RADZERO+10; ’
_ 129 . Lo ‘ R:=RZERQCON+1O*HCON;
130 ‘ B4 :=BINT (N,L,RAD,E) ;
131 ‘ ] S ; El'a"‘BL+(HCON/3)*(B3+B4)+4*(HCON/3) *R1
132 v ) v S E ' +2% (HOON/3) *B2;
133 ' - "END"; '
134 _ o BLL:=BL;
135 “END" OF PROCEDURE: BLL;
136 “FOR"E:=1,2"DO" ‘ )
137 ) "BEGm""READ"OON{ E},NWF{E} NMAX{E};
138 o "—‘OR“N "l"SI'EP"l"UNI‘IL"W{E}"DO""READ W{E,N},
139 "FOR;.M --l"STEP"l"UN’I‘IL"NWF{E}"DO" .
izg "BEGIN""READ"N,L,NRAD{E,L Nj, R .
N YFOR"RAD : =O"STEP" 1 "UNTIL"NRAD E L,N}-1"Do"
142 . “ “READ“P{E,L,N,RAD}’ { ’ IN} 1 DO
143 o . IIFORIIW =0"SIVEP"O 1l|mn'l18 O"DO"
ﬂg "BEGIN"KINT':=ENTIER (10% (KF+0,001) );
us - BIA{E,L,N,KINT'} :=ELL (N,L,KF,E) ; .
147 . IIEND";
| ‘148 "END";
. ].49~ IIFOR"E:=1’2IImlI .
lm lleIN"lIPRINr"E; . : . .
‘ 151 "FOR"N:=1“SI‘EP“1"UNI‘IL"M'BX{E}"DO“
152 "BEGIN" "PRINT"N; '
153 : "FOR"L:=0"STEP"1"UNT Ir_.“mAx E,N "DO"
- 154 ‘ : "EEGIN""PRINT“L :
) }.55 "EOF“KINI‘ w"erPlllllUNrII‘llsonmu .
it L1 Tt ] '
123 .} - PRINT"PREFIX(''S2'') ,SAMELINE,LLA{E,L,N,KINT};
158 . "END"; . .

159 - "END*;" - el
"READ"KFA, KFB ,OMEGAA , OMEGAB  RCA , RCB;

)




161  "PRINT"KFA,SAMELINE,KFB, OMEGAA ,OMEGAB, RCA , RCB;

162 YFOR"N: 1"S'I'EP"1"UNI‘IL"I\IMAX{1} "DO""READ"XS{N};
163 "FOR"N: . =] "STEP"1"UNTIL"NMAX{1}"DO" "PRINT"XS{N};
164 PT:=3.14159;
165 _ "COMMENT"THE PROGRAMME NOW SETS UP CONCENTRATIONS FOR wmcn
166 CALCULATIONS WILL BE PERFORMED. THE FOLLOWING msmucrxom MUST BE
167 CHANGED TO CHANGE THESE coucmnmxms, . ,
168 *FOR"K:=1,5"DO" _
169 "BEGm"CA{K} =1-0.1% (K—l),
170 cB{K}:=1-Ca{K};
171 OMEGAE{K} :=2*PI*PI* (CA{K} /KEA43+CB{K} /mam ;
172 OMEGM{K} - 2CA{K }*OMEGAA+CB{K } *OMEGAB;
173 CA{K}*OIVEGAA*KE‘AB-&CB{K}* OMEGAB*KFB43) / (3*PI*PI) ;
174 S =(3*1>I*P1/0MEGAE{K})+(1/3), ‘
175 W1:=0,31831/KF; -
176 KINT: - <ENTTER (10% (KF+0.0001)) ;.
177 "PRINT"CA{K},SAMELINE,CB{K}, OME‘.\AE{K} ommu{x},w,m
178 ’ GAMMA: =1;
179 TERMA :=0;
180 . "FOR"N: "l"SI‘EP"l"UNI'II-"I‘mX{l}"DO“
- 181 . "REGIN"GAMMA:=GAMMA-(1/ (4*PI))*xs{N}*BLL(N O,KF,1);
182 BLK{N}:=BLL(N,O,KF,1); )
183 "FOR"L -—-O"STEP"l"UNTIL"UMX{l,N} "Do" :
184 - TERMA: erRMA+((2*L+1)/(4*PI))*BLL(N,L KF,1)42;
185 : "END";
186 “TERMB:=0; ~ _
187 4 “FOR"N--l"SI‘EP“l"UNTIL“NMAX{Z}“DO“ S
188 WREGIN" "FOR"L:=0"STEP" 1"UNTIL"LMAX{2 N} "DO" '
%89 ;  TERMB: ~TM+((2*L+1)/(4*PI))*ML(N.L,KF 2)+2,
90 . "END";
191 .- BEL‘A{K}'~l—(CA{K}*TERMA+CB{K}*TERB)/OMEGAI{K},
192 ‘ OPW{K} : =GAMMA*GAMMA/BETA{K}; . |
193  "PRINT"GAMMA, SAMEL.INE TERm,‘mRMB,BErA{K} OPW{K};
194 ' pS3=1;PD:=0
195 H{1l}: -—H{lO} =0.05;H{2}: :=H{9}: =o 025;H{3}:=H{8}:=0.01;
196 . n{a}:=5{7}:=0.00475;H{5} :=H{61:=0.00045;H{11} :=0.10; T
- 197 , AT{1}:=0.05;A3{2}:=0.5;AJ{3}:=0.9 ;AJ{4}:=0,98;
- 198 | AT{5}:=0.999;AT{6}:=1.0001;AJ{7}:=1.001; AJ{B} =1.02;
199 AJ{9}:=1.40; AJ{lo} =2, so-AJ{ll}.-3 40;
- 200 NI{1}:=9; NJ{Z} =16;NJ{3}:=8;NJ{4}:=NT{7}:=4;
201 . ~ . NJ{5}: —-NJ{G} =2;NJ{8}:=28; NJ{9}-=44 NJ{10}:=18; NJ{ll} =26;
202 " nCOMMENT"PROGRAMME NOW ENTERS Q LOOP, INTEGRATION MESH.
. 203 FINEST CLOSE TO SINGULARTTY (Q=2*KE‘) ; ‘
204 ) "FOR"T "‘l"STEP"l" ILullnmn
205 WBEGIN"NT1:=NI{T}+1;
206 : , H3:=H{T}/3;
207 ’ : R "FOR"M'"l"STEP"l"UNTIL“NJl"DO"
208 R UBEGm"x-=AJ{T}+ (M~1) *u{T};
. 209, s - Qi=X*2*KF;
210 R : ORA :=Q*RCA; ORB:=Q*RCB;
211 . ) ) ‘. . IIIFNQRA>5 2"ANDII®>5 2llﬂm1llﬂm CO!TI‘INU'E
.212 ' ' SIG:=((25.447*VAL) 4(1/3) ) /KF;
o213 _ ‘ STR:=S (Q*SIG)-1;
214 . - o EL.—LN(ABS((I-X)/(1+X))),
215 XFL:=X*FL; ‘
216 ‘ ,  RB:=RC:=0;
27 . | "FOR"N:=1"STEP"1"UNTIL"NMAX{1}"DO"
218 . . “BEGIN"RB:=RB+XS{N}*BLK{N};

Cim S R RC:=RC+XS{N}*CO(N) ;
B "END"; - :




221
222
223
224
225
226
2217
228
229
230
231
232
233
234
235
236
237

238 -
239

240
241
242
243
244
245

246 -

247
249

CAPGAM: = (XFL* (1~ (1/(4*PI) ) *RB) - (1/ (4*PI) ) *RC) /GAMMA;

VA:=V (QRA) ;VB;=V(QRB) ; “
GS 1 =2*CAPGAM*VA ;
GD : =2 *CAPGAM* (CA{K}*STR*VA+CB{K}*STR*VB) ;
"COMMENT " INTEGRATION OF SELF AND DISTINCT
TERM INTEGRANDS OVER Q WILL NOW BE DONE
USING SIMPSONS RULE;
" TEM=1 "THEN" "GOTO"FIRSTANDLAST;
" TF"M=NJ 1" THEN" "COTO"FIRSTANDLAST ;
WIPUM-ENTIER (M/2) *2=0"THEN" "GOTO"EVEN"ELSE"

“GOTO"ODD; .

STANDLAST: PS:=PS+H3*GS;
FIRS PD:=PDHH3*GD; ST :=PS; PDT:=FD;

"GOTO"EXTT; - :

FVEN: PS:=PS+4*H3*GS;
PD:=PD+4*H3*GD;
"w:DOIIEXIT; .

ODD: = PS:=PS+2*H3*GS;
PD:=PD+2*H3*GD7+

EXTT: PT{K}:=PST+FDT;

CONTINUE;  "END";

. END" ; -
"PRM"PST,SMELNE,PUP,PT{K}‘7

DENS :=OPW{K FPT{K}; E
PF:=DENS/OMEGAT{K}: ;

"PRINT" ' 'L' 'S3'CA'S8'DENS'S11'PF';
wpRINT"FREEPOINT (5) ,CA{K} , PREFIX(' 'S4" ') ,DENS, PF;.

"END"OF PROGRAMME; -




APPENDIX V1

i . e

The Pseudopotential calculation Computer programme

A listing of the progranme is glven in appendix V, the following
briefly describes v.hat the programre doos There are five procedures
which are used frequently in the prqqrame and they are listed in the order

in which they occur.

. Procedure BINT This evaluates the integrand P-ﬁz(r) .41rj o (kr) used in
determining Bnl x). In order to avoid divergence of the jg's for small
arguments, if kr<0.0l, it is set equal to 0.0l.

Procedure BLL This evaluates the integral B e (k) using the integrands

_ ' ‘ | .
found by procedure BINT', a Simpsons rule numerical integration being

performed. In order to save canputér i:ime these overlap inteqrals
are evaluated for a large nunber of k-values and stored as an array
BLA. When the B ,'s are required in further integrations, the array
element nearest to the value of k actually required is selected and
used. If a specific B , is required that is not being used in an integration,

then it is calculated exactly.

Procedure Co This calculates Cs (n k,q) and uses the mtegrals B Q,(k)

. calculated by pmcedurp BLL.

2 . 2qu)2}

Now C_ (nk,q) —f B, {(k +q
-1

2ky-l
q

| hcwever_ the integrand has a singularity at y = g/2k and to get round this

difficulty C,(n/k,q) is written

+l 5 E o :
C, (n/Xk,q) —_{ {B, {(k + q - Zeay) °} - B {k}lay +_{ Eno{k}dy
s ' "2ky-1 ‘ 2ky=-1

q q -



The first integral no longer diverges so that we nay write

- q/2k-€
c (k. =g |l - g/2 le {k} + f{B {(k + q2 - Aqu)’} - B {k}} dy
2k T+g/2k

2ky -1
q

1
+/ {B {(K. + qz - 2kq§ %} - B {k}} dy. with e<< 1.
a/2k+e-22

2ky - l
q

-~

Writing this equation in another way

C_ (nk,q) —glnll—g[Zk!B ok} +C k)
1+ q/2k

Procedure CO evaluates Co_' (n,k,q) using a Simpsons rule numerical inteqra-
tion and functions in three different ways depending on the value of g/2k.
If g/2k>1 then the singularity is outside the range of integration which
is then performed 'downwards' from y = +l. The mtegration range is
divided into 7, each range having 11 points. The interval is increased .
by a factor of 10 each time the range moves downward from y = +1, the .

starting .interval being 0.0000018.
If 0.9999998<d/2ks1 the smgularlty is efi'ectlvely at y = 41 and the

integration is again performed downwards fromy = +l. The integration is
started at g/2k - 0.0000002, the range is again divided into 7 and the

| interval increased by 10 as the nextranée is covered. The smallest’
interval is chosen so that the complete integration range is exactly

covered.

- All other valuns of g/2k, the integration is performed upwards fraom

q/2k + 0.0000002 to y = +1 and downwards from g/2k -~ 0.0000002 to y = ~1;

the ranges and intervals being chosen as above. For clarity; the



integration procedure is shown diagrammatically in figure Al.
Procedure S(2) This cvaluates the Ashcroft-lekner structure factor using
an average hard sphere diameter for the alloy.

Procedure V(QR) This calculates Ashcrofts pseudopotential; setting

V=0forgxR, 2> 4,71, i.e. it is truncated at tbe second node

Main programme Following the procedure declarations, the programme

enters a routine for the célcdlation and storage as an array of the

the overlap integrals b , (k). Each array element is identified by

E =1,2 -~ the element; N and L ~ the quantum numbers of tﬁe weve function
involved and an integer KINT = ENITER (10 *¥ K); i.e. KINT = 35 correspbnds
to K = 3.5 a.u. The array elements (overlap integrals) are printed out:
by the routine which follows. 1In this routine the core functions are read
in and stored as an array, as well as other iﬁfomation relating to +he '
core functions. This is clearly seen from the programme and parameter

. listings given in the preceding appendices. The concentrations at which
the calculation is to be performed are set up and the programme goes round
the K:-looP once for each concentration. The Q-loop is inside ‘the K-loup
and after the mesh in g is set up a Simpsons rule integration over q is
performed. Finally the parameters required are printed. The entire cal-
culation is ‘performed in atcmic units and for, say, fhe Sn~Ag system the
.progranme took 28 minutes of computer time where the parameters for 119311

were calculated at 10 concentrations.

o
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