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Abstract

In this investigation, an attempt is made to correlate magnetic
susceptibility and nuclear magnetic resonance properties in a wide
variety of metallic systems. Such an approach is adopted in order to
obtain greater insight into the atomic and electronic structure of these
systems. The magnetic susceptibility of several pure metals in the solid
and liquid phases is presented and it is shown that in the liquid at
leagt these can be understood in terms of free interacting conduction
electrons. Thus, in these metals the spin contribution to the susceptibility
(related to the Knight shift) can be confidently estimated. The measured
values of the Knight shifts in these pure liquid metals are then compared
with those calculated from the susceptibility and the conduction electron
wavefunction density at the nucleus, found using a pseudopotential
method., It is seen that the temperature variations of the shifts are
better explained than their absolute values. In view of the greater
success of the prediction of fractional changes the approach is extended
to the concentration dependence of the shift upon alloying. Experimental

results are presented for the 113Cd and 19

Sn resonance shifts and the
magnetic susceptibility in tin-cadmium alloys (a system chosen for its
simplicity). These shifts are compared with values calculated using either
the pseudopotential method or the more limited partial wave analysis.

Good agreement is found and the method of correlation is extended to

less simple systems., It is used with success to separate spin and orbital
contributions to the shift and susceptibility in the transition metal
oxide, V02, but is of more limited use in heavy metal alloys and in those
suspected of liquid atomic ordering or of localised magnetic moment

formation.
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Chapter 1

Introduction

The underlyipg thread of this work is the mutual comparison of the
nuclear magnetlic resonance (NIR) and maegnetic susceptibility propertics
of metallic systems. It was expected that the study of both together
night yield considerable .insight into the electronic structure of such
systems. Thie should certainly be true in the simpler ligquid phase,
vhere the predictioﬁs of the free electron theory may be tested.
According to this theory, the conduction electrons form a dense sas.
Their wavefurctions are simply described by plane waves, and the Ferni

surface is both sharp and spherical in k-space (where k is the wavevoctor)

7.

However, before discussing predictions of theory and the observations
of experiment in detail, it is necessary to expand upon the concepts
of magnetic susceptibility and nuclear magnetic resonance, and the
various experimentally observable quentities., Particular emphasis must
be placed on their behaviour in metals, for although the systems
investigated are widely different, all of them are metallic. The
information available from combining ¥R and susceptibility data in any
given system will then be considered. Such discussions have proved
valuable for some transition metals (1); the object of the present
investigation is to evaluate the method more widely, particularly for

non-transition metal systems.

11 Masnetic susceptibility

1+1+1 Introduction

The magnetic susceptibility characterises the responge of a
system to an applied field. A negative susceptibility describes a
diamagnetic response, a (pmall) positive susceptibility, paramagneticnm,

In a metal there will, in general, be several different contributions



to the susceptibhility, some paramosnetic and oihers diancgnoelic. It is
possible to consider the total suaceptibility as

. NS ' : : 1 2 .

X = Xy >\:e ¥>(an (in volume units) (1+1)
whereixli-is the suscentibility of the ion coxes, ><’e the conduction
~

electron component and ><’n that duc to the mclei. ?K;n is gufficiently
small, except under resonant conditions (section 1¢2) to be neglected.
This simple division into ion core and electronic componcnis becemes
more complicated in the presence of s-~d hybridisation, when mixing tekes
place between closely spaced conduction and valence bands. Thig
rarticular problem will be discussed in section 3-3, for the noble
metals, for which it appears to be important. Returning to equation 1%,

the two remaining contributions will be considered in turn,

1:1.2 X
—————

This term is usually a diamagnetic contribution (see, however,
section 1+1+4), In the absence of an applied field the orbital anguler
momentum of a core electron is quenched. The electron orhbit could be
considered as the path of the cord in a ball of string. Application
of a field causes one sense of rotation to be more favoured, The
wavefunctions of the electronic state will adjust so that the orbital
has a slight circulation in the favourable sense. In accordance with
Lenz's law, this has the effect of introducing a diamagnetic field,

opposing the applied field,

Angus (2), amongst others, has calculated this contribution for t{he
free ions of the elements, utilising a slightly modified form of Slater's
rules (3) for calculating the screening constants for the various core
electronic shells, In a few cases, there may be another coniribution
to the susceptibility, the Van Vleck term, arising from the distortion
of the wavefunctions produced by the magnetic field when there exists

a degree of covalency. Such a term will be considered in chopter 6.



Despite the fact that improved Hartrvee-Fock wavcfunctions have become

available for most ions, the values due to Arngus were found, by Dupree
) /

and Seymour (4) to give the most acceptable set of j&,es for all the

metals for which susceptibility measurements were available in the liquid.

Following this review (4) of the magnetic properties of liquid
metals, the values calculated by Angus will bve adopted throughout for
the ionic contributions in the elements, The values in the alloys will be
calculated from the weighted values of the pure metels, agcqrding to
concentration. The validity of this approach will be discusced in the

first alloy chapter.

~
1.3 A
Creae3 A
This contribution to the susceptibility may be further exnressed
as a sum of calculated terms, to be compared with the experimentally
~./ ~/
derived AL — /o i

Xe - Xp + Xd + X,o (1-2)

r\

./ :
where’><,p is the Pauli spin term, .°\.. the Landau diamagnetic part, and

d
jﬁ'o an orbital contribution. The Pauli term arises from the net mngnetic
moment caused by the differing shifts in the energy distribution of

states for electron spins parallel to and antiparallel to the applied

field, For free, non-interacting electrons,
X = 4vrp, 2 D(E,)
po M £ (1:3)
where P p is the Bohr megneton and D(Ef) the density of states at the
Fermi level (for both directions of spin together); ’><"p0 is normalised
to unit volume. However, in a real netal this contribution is modified by
three factors: these are the electron-ion, electron-electron and electron-
phonon interactions. The last of these has been shown to be negligible by
HBerring (5). The simplest way of accounting for the electron-ion term
’\’,/ . ’\\ s _:\(v/
(initially assuned zero, them obtained by fitting ~ o with /\ /\1) is

by use of the effective mass approximation, thus:



Ko = Xy, (/m) . (1:4)
Independently of this, the electren-electron enhancement has been
calculated for a free electron gés by a number of authors (Rice (6),
Dupree and Geldart (7), amongst others). Duprec and Geldart, whose
results appear to give the best agreement with experiment, calculated

the enhancement by expanding’><,p(k) in terms of the screcned interaction,
making a term by term iﬂvestigation of the resulting expansicn. They
obtain an enhancement factor in terms of an electron-electron separaiion

parameter, r (defined in equation 1-7). See figure 1+¢1. M vilgo oF
the  enhincad  Paude OM@PMM, 3(9&, e woek  Phowyhanl tha preeak wiR

The contributionéxgd, the Landau term, arises from the orbital

moment induced in the free electron gas by the applied field. The term,

unmodified by electron-ion and electron-electron effects is

Ko = =35 Xopo (1-5)

manner to that above, but here,
ﬁ>(,d1 = F)(.do (m/m*) - (1-6)
Kanazawa and Matsudawa (8) have calculated the effect of the electron-

electron enhancenent as

e dz/ixldo = 1 +(Qrs/6fr)(1n x +4+1n (‘;/2|123 .

where(4/3)?7rz = V/X, 3. 4/9+i, V is the volume, and N is Avogedro's
number., This was obtained through the effect of the interaciions on the
form of the energy-wavenumber relation. Typically,‘><,d is increased by
15-20% for most metals, For‘>(,p and ?X;d' the two effects (clectron-ion
and electron-~clectron) are for reasons of practicability caleculated
independently, though it is assumed that the two corrections may be

applied together,

The final contributicn to the electronic susceptibiliily is the
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orbital component:XLo. In metals, this Kubo-Obata (9) term is the

analogue for itinerant elcctrons of the Van Vleck paramasnetism for

bound electrons. It arises from tﬂe admixture of higher cenergy unoccupied
levels into the occupied levels, unguenching vart of the orbital moment
upon application of a magnetic field. This term is zero for free electrons,
except in the case of come transition metals and their oxides, where the
presence of degenerate unfilled & sub-bands can give rise 1o an

appreciableixlo. It will be more fully discussed in chapter 6,

114 Localised moments

The introduction of transition metal impurities into simple metals
sometimes results in the formation of localised nagnetic moments on the
impurity ions. The behaviour of the net susceptibility (>(minus the hosi
metal susceptibility) due to these moments can sometimes be described
by a Curie-Veiss law, above the neighbourhood of a critical temperature

€9, where

!

Z&jx; = <»net = ¢ y where C is a constant.
' T +©

However, the behaviour in real systems is often more complicated than
simple theory would suggest, and the temperature dependence of,ZX7K4
may not be as simply described as this law sugrests, In view of the
fact that this particular problem will only be investigated in some
gallium alloys, a fuller discussion is postponed until chapter 8, where
susceptibility results will be considered, along with the behaviour of

the host NMR,

1.2 ¥R

1:2+1 Introdvetion

The basic theory of WR has been adequately described elsewhere
(see, for instance, (10) and (11)), and will only be discusced briefly

here, A nucleus of spin I and magnetic momentf; interacts with a static



magnetic field, Bo, applied in the z direction., The interaction energy is

-’!.B = - ¥ hBI (1-8)
o n o=

where an is the nuclear gyromagﬁetic ratio, 2177h is Planck's constant.
Now there will be (2I+1) Zeemen levels, and clearly trancitions can occur
between these levels, which are spaced fnhBo apart. Radiation of angular
frequency EIIN must be applied, where

b ; = ynhBo

or wo = fnB, - (1-9)

This is the resonance condition. Het absorptioh of energy takes place,
despite the equality of upward and downward transition probabilities,
since the Bolizmann factor ensures that the lower energy level will he
more heavily populated. Consequently, there will be a2 net amount of energy
absorbed from the radiofrequency transmission. This process would halt
upon equalisation of populations if it were not for the spin-lattice
relaxation. The spins in the higher levels release this potential energy
to some other system (usually the lattice), repopulating the lower

levels. This often exponential process is charecterised by the so-

called spin-lattice relaxation time, T,. The transition is accomplished

1
by local magnetic fields having a component fluctuating at the resonance
frequency (and in certain circumstances, twice that frequency). The most
important source for metals is usually the contact interaction with the
conduction electrons; that is, a mutual spin flipping process cccurs

between the nucleus and Fermi surface conduction electrons (those for

which changes of spin state are possible).

Relaxation also takes place due to the interactions between the
nuclear spins themselves. The coherence of the precession of the spins
ahout Bo is destroyed in a time charecterised by the spin-spin relaxation

time, T,.. The cause may be the local field due to the neighbouring nuvclear

2.

spins, giving a spread in SR and consequently broadening the KR line.



Purther, 2 spin flipping process which limits the lifetime of +he siates
and consequently brcadens the energy level through the Uncertainby
Principle, may occur between identical nuclei. In the presence of
thermal motion, the 'randem walk' process effectively reduces the value

of the locz2l field and the line narrows, For very rapid motion, in liquids
for example, the dephasing becomes so slow that the relaxaiion raie is
governed by the lifetime-limiting processes, and T2 becomes equal to T1.

Under these conditions, the linewidth is given by

2 . . :
AU)= ——— , for a Lorentzian lire.

31,
o
In metals there will be other contributions to the linewidth, and
these will be discussed briefly. The muclear dipole-dipole interaction,
causing varying local fields, gives a coniribution wvhich averages to
zero for liquids. Indirect interactions of the nuclcar megnetic mouments
with each other via the conduction electrons give rise to further
contributions., A pseudo-dipolar term arises because of the existence
of a non-s part of the conduction electron wavefunction. 4 pseudo-
exchange term arises through the contact part of the hyperfine
interaction, Both of these terms are fully discussed by (11) and are

both zero in liquid metals.

For metals with I >, a quadrupole moment exists. A quadrupole
moment is a measure of the departure of the ruclear charge digtribution
from spherical symnetry. The moment can give rise to a splitiing of the
resonance line, VWhen the effects of the quadrupolar interaction as a
perturbation are taken to second order, the central component is shifted

by an amount proportional to the applied field, and dependent on crystal

oricentation. In a polycrystalline specimen this gives rise to a broadening.

In liquids, the splittings are averaged to zero, bul the fluctuating

local electric fields can give rise to spin-lattice relavation. The

-3



contribution which is cdominant in liguid metsls is that acrising from
lifetime broadening through the Uncertainty Principle. lHere, T1=T0,

and the shorter is the relaxation time, the wider is the line.

Je2:2 The Knicht shift and Yorrince relation

The resonance of the specics in metals is shifted relative 1o the
resonance in a salt. This is usvally predominantly due to the contact
interaction of the nucleus with the conduction electrons. These are
polarised by the applied field which, as explained in thg last section,
causes a net paramagnetic spin moment interacting with the nuclei to
produce a static noen-zero average local field at the nuclear site. This

contribution to the ¥night shift is given, in SI units, by
A 2 2
K, = £ ;Xp<l\{/k(o)[ > .

.:.‘)CPQPf (1-10)

H

1

where Bo is the applied field for resonance in the metal at a ~iven

frequency and AE% is the amount by whigh the field for resonance in

the salt at the same frequency excceds that in the metal; Pf is the

probability density at the nucleus, averaged over the Fermi surfoce

Yoo v N vt olatin winefunstan, ot The widmo,

electrons, and 01 is the atomic volume.Thcrec are other contributions

to the Knight shift which are occasionzlly more importani (chapter 6).

Nuclei at non-cubic sites have an anisotropic component to the shift,

which gives rise to line broadening for powders. This disappears for

liquids, which are isotropic. Two further contributions to X (important

in some cases) will now be considered.

Kc : This is the core polarisation contribution. Tt is an indirect
“cp

contribution to the contact tewn (whoreas ¥ is the dircct term).

S
S

Consider the following: d elcctrons perturb the core wavelunctions

differently, depending on whether the spivs ere parallel to or antiparallel



1

to the core spins. The clectron density at the nucleus is then net the
same for any two pairved s electrons, leading to a non-cancellntion of
4.

the contact interactions. This can recult in positive or nesative
I3

contributions to the total shift., - .

KO: This is an orbital cemponent arising from the orbital nonent
of the conduction electrons, in an analosous way to the term arising
from the spin moment. It is consequently inportant only in soue transition
metals and their oxides, wherc an orbital couponent of tuc oﬂ»@q“LJnllliV

exists.

The orbital and core polarisation contributicns are difficult to

-

rod which may be used with success to

(4

separate normally, lowever, a mo

2

separate and distinguish then will be discusced in section 1+¢3+1. low,
the relaxation rate discussed above, ariscing from mutuzl spin flipping
of the nucleus and conduction electron mry be described by

Vryo= (64/9) Wr \’Eui [<N) (O)I >, un)] (1-11)

where ch is the electron gyromasznetic ratio, and k is Boltzmann's
constant, A full derivation is given in (11), With equation 1-10, this
yields

Tk = (1/16)X, /00| 2 (/a7 7 g o) (1012)

n
This is the Korringa relation. For a Fermi gas of non-interacting spins,

it reduces to

T = (A (Y /Y )P (1+13)
Althoush the contaet interaction dominates in most metals, cquation 1413
is not usually satlisfied. The discrepancy is attributed to electron-
electron interactions which cnhanoc)cb and also (TNQu h differently)
affect T1, since the relaxation process invoves scotlering of C]CPtTOLQ
from one part of ihe Fermi surface to aroiter (end the expreesion for T1

can be re-formulated in terws of the i~ inary part of  the k-dppendent:y%).



10

Another possible contribulion to the discerepancy could arics when the

metal or alloy has a quadrueclar moment. An exira contrilution to

relaxation then comes from the time-varving electiric field grndients
produced by diffusing ions. Similarly, there may be orbital and core

polarisation contributiorns, producing local majnetic field coupenents

of the required frequency. ‘ihe behaviour of the Horringa product upon
q Sa p !

alloying may conseguently give infermation into the processcs oceuring

in the alloy.

1¢3 NVR and masnetic susceptibility

There arc {vwo distinct approaches to the cormwelation of ¥night

shifis and sucsceptibility discussed here,

1-%-1 Temperalure dependence of I amiy
P re 4 Ay

It was mentioned in section 1+2-2 that there iz great difficulty
in scparating the orbital and core polarisction tewirs in the ¥night
shift, One way which has been used with success by earlier workers for
transition metals (12) and for V O (13) is the use of the temperature
dependence of ¥ and?( . This process ie used in chapter 6, where it will
be fully explained. In brief, for a uarrow conduction band the spin terus
in the susceptibility and the shift can be exypected 1o be anpreciably
temperature dependent, whereas the orbital parts of both are likely to

be virtually temperature-independent.

132 The contnct density texm

From equation 1+10 it can be scen that comnrison of experimentel
Knight shifts and experimentally derived )C values in metals and alloys

yields information abiout {1¥.. Clearly, in order to investijote expected

e

and sctual behaviour of ¥, this term runt be evalunted.

144 Calculation of L,

Uquation 1410 shows that the spocificd conlvitution to ¥, the



"

s-stete direct term, X_ , is sinply related to ihe product of’>Q“ and
s D

the conduction clectron wavefunction density at the nucleus. Iwe general
metheds have heen adopled for the colecwlation of the varinticns in the

latter quantity, both of which will now he discussed. .

1¢4+1 Partial wave an alyzis for 2llovs

Upon the introduction of an impurity atom intn a pure meinl solvent,
the electronic structure is perturbed in such & way as to screen out
the excess charge of the impurity. This causes electron density
oscillations avound the impurity which extend for large distances into
the metzal. The solute is represented by some potentizl V( ). The exact
forms chosen vary in the particular alloy system discussed, and will be
listed in the relevant chapters. The incident and scattercd wavefunctions
are analysed in terms of spherical wave componente, diffeving essentially
by a shifting of phase. These phase shifts, 51, wviich depend of course

on V(g), appear in the expression obtained for ithe electron density f’(r),

(14):

f%%%%) ::f% (2141) {éf(kfr) - ji(kfri} sin®d - 3 (k)0 (k r)sine §

1
(1-14)

where n, and jl are Spherical Bessel and Neumann functions respectively,
and 1 refers to the angvlar momentum -f the pertial wave. “he change in
the contact density at a macleus at ;xgi y due to an impurity at the
origin, is given by

i = ;x

A(.Q.‘f) '—/\<ﬁ‘) (1.15>
T
Qre e

The average shift for all the solvent nuclei is obtained by integration

over all R

A

.(L'I

r(r) d3 r (1+1¢6)

Fr—-
\_/
Hi




where P(r) = g(r).4'ﬁ§2 no o g(r) is the radial distribution function,
no the number density of ions, c:=cy is the concentration of sclute (y)
atoms, and cy<<1.

Combining equations 1+14 and 1+16 yields

1. wi‘} =Z ([a. sin 6 + B uangl) (117
_Q_Pf dcy 1
where A = (21+1)JI5(§) l—ni(kfr) - ,ji(kfr)] de_'
B =—(21+1)jp(1_~) n (kr)3, (k) &x (1-18)

It should be noted that A, and B, are independent of the model potenticl,

1 1

V(r), and that the above equations are only valid for low colute

concentrations, ¥For the evaluvation of A1 and ]31 it is necessary to

obtain-the radial distribution function, g(r), which is in turn defincd

in terms of the structure factor, I(K). Bxperimenisl values of these
quantities are not always available for liquids, and so use ia often
made of the hard aphere structure factors of Ashcroft and Lelner (15).

In addition, g(») for the pure solvent is used as an approximation to

the quantity strictly involved, the distribution of solvenl atoms arcunrd

solute atoms, The structure factor,I(!Zo-),is

I(Ko) = 1-n C(Ke) (1:19)

where o is the hard sphere diameter and C(Xeo ) is the direct correlation

function in momentum space, given by

C(Ko) = —4“5'3 J\sz sin sXo (t‘l +t
sKo
(a20)® L eg(en/2)® L 1/25(1 +29)7 (3-21)
- ’

Here, t m—t,

B I S L N CI

2
x +t35 ) ds (1+20)

where?,the packing fraction, is given by

n = (/6) nos-3 (1+22)
The velues ofr] and ¢ are obtained from eawatien—d (15}, Integrntion Aof
equation 1+20 gives C(Ko ) explicitly in terms of t1, o1 ET b, and

Ko . This in turn yields I(Xo ) from equation 1+19; () is dofined an

12



glr) =1+ (1/2f‘2n01)‘(I(K)—1) sinKr dK (1+23)

where K is the scattering wavevector. The g(r) values calculated in this
way are substituted into equations 118, and the values of Al and Bl can

then be calculated for any host element. These coefficiense are evaluated

by means of a computer program, fully described by Host (16).

1:4-2 The pseudopotertial snolysis for metals and alloys

Orthogonalisation of the conduction electron wavefunction to the
core wavefunctions resulis in many oscillations of the conduction
electron wavefunction inside the ion., Physically, this corresponds to
a high kinetic energy. lurthermore there is a high potential encrgy,
and the two contributions effectively almost cancel out. They can be
replaced by a weak 'pseudopotertial' and 2 corresponding smooth
pseudovavefunction, Cutside the ion core, the pscudofunction behaves
ag the ordainary function does. Thus, this approach greatly sinvlifies
the calculation of wavefunciions outside the cores, as the use of
perturbation theory is possible. To zero order in the pseudopotential,
the pseudofunction is a plane wave, To Tirst order, the pseudofunction
is perturbed by the pseudopotential, The expression for the true
wavefunction inside a core is obtained by orthogonalising the pseudo-
function to the core states and renormalising. The square of the
wavefunction for Fermi surface electrons at the nucleus is calculated,
and averaged over ionic positions. This yields ijf. This approach, which
ie fully described in (17), is not limited to low concentrations in
alloys, as is the partial wave approach, but is applicable both to pure

netals and concentrated alloys.

This calculation has been made, exact to firat order for alkali-

alkali netal alloys (18), and has been extended to polyvalent systems

by Tost and Styles (19). The approach will be briefly described here,



and the computer program for the evaluaiion of _Q_Pf liagted in fopoondix 2.

The conduction electron wavefunction may be writien ag
P(x) - CH»(r) - )! (1-24)

where ‘ (r) is the pseudofunction, 4‘3 a core funciion for which'a'is

an abbreviation, and C is a normalisation constant; the sum is trlzen over
all ions and all core states. C is obtained from the normalisaticon

condition, <‘f|!’> =13 ¥ and y represent solvent and solute atouns, Now,
.

: 2 2 Tom o € . T Seubud b1y ; ,
@) = [-‘-’i'*(l‘) P (x)-2 e " ol 2 (o), (o, ) + itj,g}j B (er ) ()
a,a
(1-25)
where, to zero order in the pseudopotential, 4’(r) = elk'r, and at a
particvlar site, Rs*
@ )12 - c2l1-2 Re = <aoe ™M | (1 n.)
[ s ! . 1l,a ¢ 3 ?
=< ! 3 o
+ 1:5 a,d <a k> <a k> ¥ (R wI. ‘*(R -R ) (1-26)
NOW, <alk> = l!' 2(1,_31) el};’l'dr: - el}\ Rll z *(r R ) 51:(r~]{i)&(}\_ki)
= eik Bl <a K{same for all ions in pure ).
Then equation 1+26 reduces to
20 < . xi. ol < x| Y . 1
[ |,(R =C {1-2 Re? <a¥fy> 2(0) + 5, <allxt <al k> b 2(0) | ;;(o)_g
- c2[1- 2 ca¥k> | (o)| - 0251,)2:(1\:). (@ x>, }_(0) both real),

To first order in the pseudopotential,
4 ik, S x'lul
fylm) = o LK (i (1-2)

Lk—Ekz

“Lk(g) being normaiised to unit volume. Replacing the summation by an
integral, introducing q=k-k, and then substituting equation 127 into

1+24 yields

P ik, ‘ i(k4q). T , ,
* (r) i r +]dq f(q)el(~4q) T _ i~a (alks {a(3~hl)
A - H

< P i(k+q).r _ |, . s
- ioa <8l jaa f(a)e > by (1) (1-28)

h 3 1 =7 ULk 5, =D
where f(q) k+q Uik /(Lk nk%q)

14



For an x-type atom at RK_, taking the scquare modulus of 1428 yields

'I ik.R S % (% R
MJ (R )lz ='C23€11}°}8 R <a)‘ 2P (0) + [do £(g)e 1 (k).
X L a ]
s ey ilkeg)er o o i‘ 2 -
. <alee 9T § @ 2 (1-29)

How, as before,
<'agf(Q)@i(¥+9)'?)' = f(Q)ei(k&g)'Bi <~ax§k+q‘} .
Lizking this subsiitution, cxpanding the square modulus, andt neglecting
terms containing f(g)z (¢ccond order terms),
!"i’x(BS) ! 2. c? {2{32((15._) + 2} (x)Re l;'amq)eiq "o ) (k+q) (1-70)

In this exprossion,

. } ‘ o AaR e lUTE
Ji(q)elq sy (vg)ag = (1/20 )? {dqol% e ST ¥ (kta).
h - i ) - - © E}"'b)

k4q

Now U(r) is the sum of the individuzl ionic poteniials;
Mr) = % u,(r-R, ielding
() i 1(“ __1)9 Yy &

<k4q 1U'k> =5ﬁre el Sﬂu.(r—R.)eiE'?= :Eewlg'gi[h(r-ﬁ.)u.(r»R,)e"iQ‘(?"Ri)
: - - -1 i & S A A |

= < () .
. . o by R,
Thus, Jf(q)el‘%'@s ¢ (kaa)dg = (1/2: :')3jel%'f.{s \f_q“ 1oy (a) X (k‘”‘l)d’l :
‘ Ek-EL+q
(1-31)
2, L
Paking the time average of (,‘&(RS) = (1/5) 4 ]p (R >I

where N_ is the number of x-type (solvent) ions, and the suamation is

talken over the x iocns at the Bs sites. This yields

i EOIP = ¢ 0|2+ 202X () fa 25t (BRy) ul<q>x_<k+q>ao

k L+q
(1432)

In 1his expression,

=R

. o
% eig'(?s_gi) ui(q) I IN u_ o+ § xrelq'(hs Ri) u
- 8

""I“"
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= u o+ c [I(q) - 1} u, o+ ey {I(q) - 1} u,

assuming Iii(q) = Iij(q) = Ijj(Q)’ the partial structure fzctors are cqual.

Finzlly, thie yields

' ; Py 2t 2 | v (krq)c
Al )IZy =iy (ot? (1 2, ) rlod)a
f ( ) k LJ}:"‘q
| ) i ©
HLE 10) - 1o (a) + en (0) dal (1+33)
E B - . XX y oy
k "k+q -

Ignoring a small (18) rensrualisation correction,

AU ENE L= @R (e T+ A ke ) 5 omp (1034)
where
W (k)i;\.u’:(.?.).,;_i‘(%{‘;q)dq' and
: ‘ ﬂEk_Ek+q
L foe) < 2o (k)fl"ﬂ’_zc“f*‘%?__if(q" T e u(0)-en (@) aa
ARAAIWS. E B (1-35)

The first term on the right of equation 1¢34 is the contact density
<
for a single orthogonalised plane wave (OPW). The self term, <i(k), measures

MEIAN bl

the effect of the ion pseundopotential at Bx on its own Knight shift.

The final term, Zgaxy(k,cy) the distinct term, is a measure of the influence

of the ions other than at Hx’ in the alloy.

A full listing of the computer program used to evaluate the contact
density is given in Appendix 2., However, some important points will be
mentioned here. The calculations required in the following chapters will
be performed using the numerical core wavefunctions tabulated in (19). In
fact, the total core function is written as a product of a radial part
(vhich is integrated nunerically) and an angular part (which is integrated

explicitly). Other input paramcters are listed below.

1¢4+3 Input parameters for the calculation of SiP,

Fermi wavevector., Free electron values of kf will be used throughout,
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and are calculzted using liquid metal density values and velencies, al

1

the melting voints, Yor tre alloys, the essumption that deasity ie lincar

P

between the pure metal valucs has been made, except where experimental

density resulis bave been obtained. Tn these cases, the differences

reculting fron the use of tre approxiration of linear interpolation are

Structuee factnr, The h:wd sphere structurs faclors of (15) will be

uz-d, In this crmlenlation, the packing fraction will be tuken as 0445

threourhont, at the melting point., 'the temperaluve dependence ofg)]yf
can te coleulated from thoe temperature dependences of the structure
factor and deonity. The latter is obtoined from litervature values, and

is used to czlculate the changes in Lf and ( witi: temperature, The

tewmporature dependence of the etructvre factor is found throuch the

\f‘

behaviour of th2 packing fraction. This can be derived as follows
the velocity o sound throush many liquid metals (20) as a function
of temperature yields calculated values for the isothermal compressibjlity,b

This iz, in turn, relaied to the packing fraction,t7, by ihe expression,

nbXr - E”;q)z (1-36)

(vhere k is Roltazmanns constant). This yields the temperature dependence

2

cﬁ'q , the melting point value being taken as 0+45, as in the alloy
denendence calenlations. Use of experimental structure factors is
atiempted in some cases, and the results compared with those obtained

from the mnodel value.

Teondopotertinl, A local pecudopotential described by Ashereflt (21)

will be used herve,

V(X) - "A C";S SX_ (1‘57)
x+ N £(x)

\

and the Lin?hard funct

&2}

nNd
it
=

(

wvhere x = q/?hf, AQ = 1/:9 ¥

! {"core



is f(x) = 1 + [Y in a in the Bohr radius, ard V is in wiite of
1’ - .
Qﬁf/§. g determines tne location of the first node., Sove velues of &

are liciel by Achere’t and other auvthors; rome which are not arc crlovlaiio
from the registivity data of the pure liguid metal. fu atfeupt to tnbe
ron-localiily of the posudopotentinl into cecount, in ¢ siwple voy, wey

: N S Yoy - . R e s ame e et .
be mode by making R erergy d-pendent, Forde in & nrivete cominnicoticoo

core

[N

to Host (1€), bhas sugrested tha

RO { 1 -og(kf?'-xf? 2)/1:‘; “ (1-38)

core | core

an expressicn of the foma

te trird, for each ionic species., (The suffix o refers {to the pure rolnd
value). the parameter QA (and similerly a pzrameter‘? for the seccud alloy
component) may be veried for the best it with experirental ¥ reculie.
Such an ~p-reach, whilst an irorevement on the simple local V(x),

not slriciiv a full introduction of non-locality, but is scen as o

next ster in the developmeont of thic caleulation,

Wevefunsiione., The value of the s-state core wavefunctions ot =0, »__(0),

may be obinined by exirapolatin; the numerical values (19) to r=0; thesc
N . 1 . -
values are used in the evaluation of 1 (0) in the 2{ () terres. (for a
a b'd
fuller deacription of the calculation, see (16)). Theue perticulor
wavefunctions ignore relativistic effects,and this mny cause errors for

elements with high atomic numbers, (22).

1+5 Precent investsi

)

The charters following chnpler 2 are all concerncd with an inventigation
of NWR &#nd susceptitility in nctallic systens. Chapter 3 deals with wvone
purec met 1o, chapter 4 with the alloy systems Ph-#i,O%n-Cd, and Sn-Bi,
chosen becavse in the liquid stote the alleoys are expecleod to he olemically
randon. Chapier 5 deols with dilule lead alloys,the next with the melul-
gemiconducior transition in VO_. Chapter 7 is concerncd wilh alijoyo

+ R

suspected of more ceomplicated atomic arravienents than thoge in 4, i



the final chapter the localised moment behaviour in dilute galliwm alleys,

It is hoped that the unity of approach to these divergent systems will

be nmade clear, and the usefulness of the mutual couparison of TR and

susceptibilily evaluated.

4)

5)

6)
7)
8)
9)
10)

11)

12)

13)
14)
15)
16)
17)
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Chapter 2

Experimental llethods

Leasuremcnte have been made in vavious metal and alloy systems of
two or more of the following properties: magnetic susceptibility, steady
state IR widths and shifts, nuclear spin relaxation raves using pulscd
IR, and density, Foth the steady state and pulsed 1R techniques
have becn fully described elsewhere and will be discussed only briefly.
The apparatus {or the measurement of magnetic susceptibility and for
density will be more fully described, as will the technigues of sample

preparation necessitated by the various propertics of different systems.

succeptibility

Vegnetic susceptibilities were measured by an adaption of the
Faraday technique (1). The apparatus is shown schcmatically in figare
2¢1. In this method, a small (2 g) sample is placed on one arm of a
sensitive microbalance in a large, inhomogeneous magnetic field. Then
the force on the sample (other than its weight) in the vertical Z

direction is

wXr By - X, (21)

- d,{‘
where the X direction is that perpendicular to both Z and tie pole

~
faces of the macsnet (figure 2+2); m is the mass of the sample, and ™
o ? b

the mass susceptibility. The pole pieces used were of such a shape that
D goes through both a positive and a negative extremum as o function of
Z, The original pole piece design aimed at a uniform D over the sample
volume near the upper maximum, but D was found to bLe sufliciently

uniform around the lower maximum also for that to be used for measurcmcnt
urposes. Consequently as the sample traverses the 7 direction,

symmetrically placed between the pole pieces in the X dircetion, the

exira force Fz experienced will show corresponding maxima. The sizn of
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these maxima (additions to or subiractions froa the weight) will depend
upen the sisn of)( . low,

() - (E), = nX( - D) (22)
where 1 and 2 refer to the positions of the maxima., Since (D1 - pZ) is
fixed for a given marnet current, then for two different samples A and
B of the same mass, the ratio of the force differences, (F1—F2)A/(F1~EQ)B,
will also be the ratic of‘the mass svueceptibilities, Consegquently all
the problems involved in evaluating the field gradient accurately are
celiminated, bty defining all susceptibilities reiative to a known
standard, The standard chosen wa2s silver metal, This has a reasonably
large and well documented susceptibility and is resistant to physical
deterioration and chemical attack, 'The value of?( was taken to be
234 x 1077 m3kg—1,(?). Because the sample moves through the ficld in
the 2 dircction, the problem of positioning the sample in this direction
does not arise. YThe pole pieces are parallel for 150 mm in the Y
direction (figure 2+2) and so the only critical positioning is involved
in placingz the sample symmetrically between the poles in the X direction.
A mirror is fitted to the apparatus to eliminate parallax errors when
this adjustment is being made. The magnet current (0-24 4) is
maintained by an ac notor/ dc generator and }ullard precision current
controller, yielding a current stability of 1 in 105. The balance is a
Sartorious 4102 electronic microbalance, in which the torgue due to the
veight is compensated partly by a counterweight and partly by an
electroragnetic counter-force which maintains the quartz beam in the
null position. The stirrup asscmbly has diamond pins and sapphire bearings
to minimise wear. The balance ascembly itself is rigidly mounted on slate
planks, which are in turn isolated from two brick pillars by lecad
sheeting, 'this sysies wus designed to maximise isolatien from spuricus

vibrations,



The sanmple is initizlly approximntely counterbalanced with a
subzstance of similar weichit and buoyeney (sinco the range of the bolavce
is limited to 200 mg differences). Thie extra force due to the magnetic
field is read from the balance amplifier output with an accuracy of oue
microgram. The vhnle balance and sample assembly ig enclosed in an
evecuable glaus system, This enables measurement to be made vnder a
variety of atmospheres, and removes problems arising frowm air currenta.
The sample iteelf sits in a silica bucket suspended by a platirwn hook
fron a silica iibre attached to the balance,. Silica.was chosen for the
sample holder becsuse it3  succeptibility is hishly reproducible and
changes 1little with temperature; it is resistant to atiack by most acids,
mating it easy to clean. The bottom =ection of the system is a silica
furnace tube (ficure 2+3%) arvound which is wound a nichrome wire heating
element, supylied by a Roband T112 de power unit. The furnsce is
insulated by several layers of Fibrefrax paper. A chromel-alueel
thermocouple is situated within 5 mm of the sanple, It was determined
that the interior temperature gradient was sufficient lo cause more
than § degK error, even at the highest operating temperature (1500 k),
from observations of the temperature at WhiCh’C changes discontimously
upon melting of some pure metals, The furnace tube assembly is mounted
in the magret gap. The relative motion of the rcanple and ficld is
achieved by 1ifting the magnet on a hydraulic jack which is driven by
an electric punp. The rate of descent through the positions of maximun
D is cortrolled by slowly blecding hydraulic fluid out of tle jack., In
practice, the rannet is moved rapidly between these positions and very
slowly in their immediate neighbourhoods. The forces at these positions

can then be read directly from the balance meter, in micrograme weight.

The btalance agsembly is connected to an cvocualing scystem (by meong
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of anti-vibrotion bellows) by a larse capacity reservoir, designed to
increase control of tiie rate of gas flow into the sysien., T
epparatus vas run with an atmosphere of 400 toxr of an inert gas (excon

or nitrogen which was first passed through an alkaline pyrozalloel wolution
(&) b} p -,y

te remove oxyyoen traces, Higher pressures were found to cause conve
currents at high temperatures disturbing the talance, ond running at

low pressures of gas or uhder vacuun sometimes led to evaporation
problems, The samples were not sealed. It was necessary to duplicote the
run exactly, without the sample, so as to subtract the etffect of 1hic
sample holdcr ascembly. Lo way was found of sealing the sample holdey
while empty, and resealing it full in exactly the same voy. Some einzll
differences wcre bound to be introduced. In fact, nominally identical
buckets were found to vary appreciably in mass susceptibility, and cinec

the holder is responsidle for a large fraction of the oboerved force g

,
o
]

appreciable error would have been introduced had sealirn; been attempted.

A1l semples and holders were measured over the temperature rangc
used for the sample and also as a function of magnetic field (a2t one
temperature at least). The presence of an inverse field dependence ()6
proportical to B-1) is indicative of ferromagnetic impurities. The value
of D at which the measurcments were made was about 107 Nm—B, at a magnet
current of 12 4. Samples were discarded for which the intercept of the
76 versug B—1curve (correspending to the value at infinite field)
differed from the value of)( at the operating field by mcre than 19,

The reasons for not cperating at the highest field availuble are thot
avove 15 A the field is no longer linear with current (satura tlon) ool
that magnet overheatling became a problem in & short time. A voltmetcr

is uged to check on the marnet coil resistance, in order to monitor

the temperature,

At least three readings were taken at cucli temperature and whowe



possiltle several samples of a given compesition were measured. In the
absence of oxidalion or evaporation problems, susceptibilities were

obtaincd with a precision of . or better.

2¢2 Dineity measurement
\

There is a wide varietly of methods for determining the density of
liquid motals, However, two riethiods are more commenly enployed than most.

Both of these were atiempted for the alloys investigated.

2¢2.1 The Archiwedean technique
jue

In this reihod, the upthrust on a sirker when it is immersed in the
liquid metal is determined.The effect of surface tension (between the
liquid metal and the wire suspending the sinker) can be eliminated by
using two differont sinker sizes, with the same diameter suspending wire
for tobh, The balunce to which the sinker is attached and the sample
must both te contained in an evacuable system, containing an inert
atmonphere, This was achieved Ty using a small (1 g) sinker and the

asurenents, The sinker was

=]
o]

microtalance used for the susceptibility
made of tungsten carbide, drilled with a svark cutter to accept the
tungsten suspension fibre, These materials are both resistant to attack
by the metals whose density was under consideration. However, difficulty
was experienced in overcoming the surface tension, and the sinker tended
to float on the metal, It seems likely that the scale of operation of
this technique needs to be larger for success. A larger sinker, and
consequently a much larger sample than was available are nececsary.
After repeated trials this method was abandoned in favour of a

pycnoneter metlhod.

2:7:2 “he pycnometer method

Mis is probably the simplest tcehnigue in principle. It entails
£fillin~: a known volume with the liquid metal or alloy, and veighing.

This technique was employed with success and a diagram of the apparatus

25
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is shovn in figure 2+4. A pyrex pycnometer of known internal volume end
mass is imnmorsed in the liquid metal undex vacuum. irgon is tnCp introduced
abtove the conmple, and the pycnamoier fillsy it is withdruwn, cooled, and
veighed ( after cleuning any deposit from the outside ). Such a
technique does not work for metale which expand on freewing, such
bismath and gzllium, The error introduced by the meniccus —vhich will
be differcnt for various conceniration alloys- and that due to the

expansion of the pyrox were calculated and found to be negligible,

This technique is limited 2t present to temperatures up to about
830 K, above which pyrex softens, 3ilica pycnometers proved unsuccessful
because the expansion coefficient was so different to that of ilie metals
as to induce strain, cauvsing cracking of the vessel upon cooling. This
vas found to occur at cooling rates so slow (10 degK per hour) as to
mike the required experimental time impracticably long. However, the
possibilities of using either a cstainless steel vessel or one made of
an intermcdiate glacs mean that the temperature range can probably be
successfully extended up to 1100 X or above. The sample size for this
technique is not critical. With a sample of about 10 g, densities were

measured to a precision of X4,

2:3 Steady state IR

The apparatus is shown schematically in figure 2¢6. A commercially
vailable Varian V.¥.16 wide line spectrometer, having a frequency range
of 2 - 16 iz, and vtilising the nuclear induction method (5) , is used
in conjunction with a 12 inch Varian eleclromagnet. The magnet is
capable of supplying a field of 1+5 ' with a homogeneity of 1 part in
105. The andio modulated field is swept through the value rcq11rod for
rcesonance, wiilst the frequency is constant, The signsl is amplified

and demodulated and then disployed on the oscilloscope, or alternutively



SUATITUL L

[, A

J SO, S,
-~

— Zo0TE 1)

[ T
PRSI
- ‘. e £
Ger Ced

17

\q»

uoide

3JTM SWOJUSTU

-—

-

oot
=,
4

3

e

1855uU D 1

-

=]

sqng xaaid

[z

1

P uoiiae




2530unXR0sln CUCON QUL GZ 9JNUT

i MY

T e

ot .S ‘a4

Tousts

JUDI3TaLl 1039379D
2aT2isuas aswyd

. J3ATSOeY

 —

aqoad ~

ﬁ.lll"lll'.llll

BB IA IR

3RUFeWOI 23T

Jojudouad
ssTnd qTun £xidns
asunRApE gutuuens Jannd aoudon
ETed P DTV




27

fed into a phase sensitive detector and pen recorder. The maximum
response and sweep times of the instrument limit the sensitivity, and
for weak signals a noise averaginé device is used. Yhe instrument
available was a Northern KS-544 digital memory oscilloscove (Computer
of Averared Transients). The 1 024 storage channels of this instrument
are opcned in synchronism with the magnetic field sweep., Random noise
increaces Jﬁ times for N'sweeps, whereas the signal increases N tines.
This yields a signal to noise improvement of Jﬁ. A Vermer TSA 3436
counter is used lo measure the operating frequency. A subsidiary
Watkins-lound spectrometer is used , the probe in the magnet gap
containing a semple of 2D in heavy water. The gyromagnetic ratic of 2D
is accurately known, and by observing the frequency of the subsidiary
spectrometer at resonance, the field value can be ascertained. Usually,
two dcutlcron resonances are superimposed on the signsl, at two fields

in the neighbourhood of the resonance.

The sample itselfl (approximatoly 1500 mmB) is contaired in a pyrex
tube. The sample tube is helé in a gas flow furnace, similar in design
to that described by Schreiber (4). Two compressors are used, one to
provide the hot gas flow to the sample, and the other to provide cooling
air between the furnace dewar and the probe. The specimen temperature
was detcrmined by a Pt/Pt-13'Rh thermocouple located immediately below
the sample tube. Experiments have shown that the temperature gradient
across the sample does not exceed 5 degK. A chromel-alumel thermocouple
monitors the probe temperature, and the maxirum attainable temperature
of the sample was about 780 K. For the low temperature measurements the
furnace assembly is removed and a finger dewar inscrted into the prote
directly., This dewar is filled with ligquid nitrogen, enabling

measurcents to be taken at 77 K.
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The apparaius uced ie & commerciclly available Polaron g r‘Ciromcmr
and a Varian 9 inch elPCi”OW?Tnet: The seoled sample is placed in a single
coil assem¥ly of the probe. The spectrometer has en operating temperature
range of 80 I - 800 K and three fixed freguencies, 7,11, and 47 iz
A scguerce of high power r.f, pulses at the Larror frequency arc applied
to the coil. The system is designed such that during the pulse the receiver
is open circuit as seen from the transaitter; at all other times ,the
transmitter is open circuit as seen from the receiver., Hénce, the necd
for ornly one ccil. The receiver output is fed, via a preamplifier, into
a r.f, phase scesitive detector, along with a reference signal derived
fromn the free-runrning oscillator. The detected signal is then fed into
a boxcar interrator, arnd finally a pen recorder ouvtput. The apparatus
is shown in fifure 2+7. The technique used for T1 (longitudiral
relaxation) measurenent requives a pulse sequence of T - Y- /2
The amplitude of the signel is proportional to My , the longitudinal

nagnetis qtlon existing at tine T

Ny = mo( 1-4 exP(_Y/T1)),

vherc A is a constant (idezlly equal io 2). The value of M,
determined by switching the field on and off resonance., By changing
the pulse separation,¥, by stases, values of ¥ can be determined. A

gravh of 1oge(z.:o~1-,fr) against TV yields T, from its slope.

1

2+5 Sample preyperation

The alloy somples for magnetic susceptibility and density measurencnt
were prepared in bulk form, by melting together the conatituent metals
under an inert atvcsphere in a pyrex (or silica) mould. The mctals used
were 211 of 99-999, purily or better. They were clezuned in acid and dried
in etrer prior to alloyins. The samples were held well above the liquidus

temperature (alwavs more than 100 desk above) for several minutes and
e 3
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agitntcd to encure complete mixing., Tor the WR meacurements, powdered
samplen were necessary, In order to facilitate penetration of the r.f.
sicriil, the particle size must bé less than the radicfrequency shkin
depth (senex»ally 10-10 F 1). The powders must be prepared this size or
lecs, ard nized with powdercd gquartz to prevent electrical contact and
stor conleseence in the liguid state, ''he samples were not prepared by
filin: an ingot. #iling introduces impurities and produces non-spherical
partiicles whick 6o not pack well. Further, phase separztion of the bulk
may bove taken place, leadinz to inhomogeneities in composition. The

metal e were forrmed into an alloy ingotl, as above, and this was then

.

dowrn to & long rod of dianeter %/16 inches. This rod vas fed into

a Yotsllication 1)-45 spraving pistol.(Tris runs on oxypropane fuel and

- o o

corpracced air. Whe rod is fed into the flame and is dispersed into

molter wetal droplets, by the compressed air spray. The droplets are
quenchied in a lurge supply of cold water., The powder is then washed,

dried, and sieved,)For the lead-bismuth and tin-cadmium alloys (which
this process was used for) ihe yield of particles of size less than the
relevant skin depth was large in most cases, reaching 9055 for some
alloys. Tne method is very fast: a 10 g sample could be sprayed in about

30 s.

Yor the gallium-mangrnese and gallium-chromium alloys, this method
could not be used , because of the insolubility of the transition metals
in g21lium in the solid phase, If, however, the powder could be formed
from » liguid spray, the incolubility problem would be bypassed. Althourh
the trrnnition retal might separate ont locally in each individual
particie, the liguid would rccover the same degree of homogeneity as
the initial Jiguid bulk. A technique discussed by Host (5) for spraying
fron the liquid was iried, The molten alloy is tipped out of a DPyrex

ves. o1 throwgh o nozzle, ewerging into a siream of nitrogen gas. This



method proved wnsveccseful for thess alloys. Tt was aloe tried for some
lead-bhisnath alloye, Hewever, the yield in this case proved Lo be very
low in couparison with the technrique of spraying from the solid degeribed

earlier.

Tne method which proved successful for the galliwm alloys wes the

3

so callcd 'splat" technigue. he apparatus is shown schemnlically ip
figure 2¢5. The liguid alloy is contained in a pyrophyllite crucible,
and mrintrined in a molten state by a r.f. heater. A shock weve is
propagaved through the sample vhea a diaphrasm situvated éuét above the
crucible is burst by high pressure (350 psi) nitrogen gas. This propels
the sample through a small hole in the crucible base-a hole too gmall
to allow the escape of the ligquid at normal pressures-ond onto a

copper Llock maintained at the temperature of liguid nitrogen. The
liquid structure is frozen into the solid. Yhis solid, which is in an

amorphcus and semi-powdered fovm, is kept at 77 K until it can be

powcercd with a pestle and morter, again under liquid nitrogen,
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Chapter 3

Vagnetic properties of pure metalgs

3.1 Iptroduc@%qp

The procedure explained in chapter 1 for obtaining the elecironic

~ .

contribution from the total susceptibility has been adopted for nine

pure metalg, listed in tatle 3+1, The particular choice of mutals wawu

governed in part by a wish to test the pseudopotential theory of secticu

142 for metals of different valencics, in part to invenltigate veriocao

discrepancies and gaps in the literature, and in part asz o btasis for |

work on alloy sysiems reported in later chapters. In acccordisice with

gcneral aim to correlate IO/R and marnetic susceptibility, ths second

7,

Ty
fiatss

iy

part of the chapter is concerned with the behaviour of the kEnight shift

in some of these metals, as observed from present and some cavlier
results. The analysis of section 1¢3+1 (K and jK, with temperature asz
implicit variable) is not a useful technigue in these cases, in view
of the small temperature coefficients of susceptibility compzared to
some transition metals, and it is therefore necessary to use the
analysis of section 1+1+3 to deducer><,p values in order to extract

experimental Jﬁ_Pfs for comparison with theory.

The direct contact Knight shift has already been defined in tewinn
of the spin susceptibility contribution and the contact density at tie
nucleus,

K = (2/3)'>(,pﬂ13f . (3-1)
Section 3+2 decals with the dexrivation of the Pauli contribution from
experimental susceptibilities; section 3¢5 comwpares the “cxpowimental®

fle valuesa so obtained with theory for six polyvalent meizls

N
investigated. Since it will be seen that the )x,p analysis gives consmintiong

results only for the liquid state, the ngf comparigon han heen made



only foxr the liguid metals,

A further valuzble comparison with theory can be made for the

temperature coefficient of the Knight shift, using
L N . ’

' 1 K 1 a(P.) 1 dX, .
K, = v028 = Tporf 35D (3-2)
8 hsdi A;Pf al kipdi

assuming only small changes with temperature. The theoretical

temperature coefficient of ()P, is obtained (section 1+4+3) from

f
the temperature dependence of density, kf, and the struciure factor.
/ .
The temperature coefficient ofikvp can be obtained either from that of
Ns ot VAR - '
r><,with an allowance forix;i and assuming /k,p nihue (,X;p given by final

-
term in eguation 3+2) or fromlxlp deduced at one temperature and the

expansion coefficient assuming a free eleciron dependence on volume.

Thus both the above gquantities K and K' can be compared with
theoretical values. Experimental values for pure tin, cadmium and
liquid gallivm have been obtained in the present work and values for

indium, bismuth and lead taken from (1).

3+2 Susceptibility results

In the expression for the Knight shift, the spin susceptibilityr><,p
is expressed in volume units, DerivinéjﬁJp from the measured mass
susceptibility involves a knowledge of the density. A consistent aprroach
was ;dOpted throughout for the densities used. The valves for the density
of the solid metal at room temperature, the liquid metal values a2t the
melting point, and the liquid expansion coefficient were all taken from
reference (2). The change on melting, yielding the solid density at the
melting point (with (2)) and the solid temperature cocfficient werc
taken from (3). These are all summarised in table 3+1, It will be convenjent
to deal with the ligquid metalg and the solid metals in turn, Figurces 1-7

s

. . . ‘s N
inclusive show the experimental variations of /v with temperature for
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Perle 31

teils

TR

artal n.ph. N
SR MLPL ,qu
)

G 305 6410 5491 5497 6-1¢ s
ca 594 Q.02 834 864 1076 991

In T+69

D
W
&)
-~J
(@)
N

Sn 505 6496 7415 7+30 6+00 7408
b 600 10+60 1098 11+68 : 1210 2288
¥ 544 10+ 04 Qe 7% Q.80 124483 1279
v 1556 6-05 8+40 8+96 5426

P 12244 9+30 9«67 10.5 £e82

fu 1340 172 1841 19.3 1121

a2ll these metols.

2¢2+1 Tionid metals: annlysis of results

-~

The assunptions gpecified in chapler 1 uced for obtaining){,e from
ixi will be adoplted threughout (iXLO is zero, m¥=m, and the ionic and
clectronic terms are independent). In table %-2 the liquid metal
susceptibilities at thelr respective melting points are swanarised. All
values are guoted in ST volume units. As can be seen, the predicted ard
noasured valuos ofﬁ>Le are in good agreement for the polyvalent metals
and this agreoment is narginally bLetter than using the earlier results,

quoted by (4). "hese recults for’XJc %111 be discussed in section 3+3.

3:2:2 Golid jin¥als: annlyeis of results

The chonyes in the susceptibilities upon melting, and the values

‘or the selid metals at their melting points a2re shown in table 3+3.
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icilentao: -

alysis of results

perature ceoef?

I

is sumrarisea in table 3+4, In 2ll cascs the electrouic susceptibilities

are lincar with temperature. “bhe values for the solid and liquid stad

v S

are compared with olner literature values and also with the valnes

predicted by a free electren calculation {ron thermal expansion, due

allowance being macde for the changes with r  of the elcctron-electeen

&
¥

enhancensnt factors. (This last effect contributes about one third os

mach as does the dircct density of states change).

%3+3 Discunslion

» %1 Polyvalent metels
4) L%

Tﬁe quite remarkable degree of agreement between the expected and
experimentally derived electrenic susceptihility for the six volyvelent
liguid metals is considered to be a justification of the assumptions
made in secction 1+1+3, and of the general method adopted. In particular,
the results justify the belief that many liquid metals can be accurately
described by a free electron model. The implicit assunption that m*=m
is valiGated (see table 3:5), The noble metals (copper, silver and gold)
clearly do not fit into this patlern, and will be discussed separately.
Further, the value for bismuth, while in slight disagreement, can be
explained by assuning m*= 0¢93m; the conduction electrons are not
completely free of the effects of the ion potential at the melting point.
Purther evidence for this belief comes from the temperature coefficient
oijL, which will be discussed shortly. The picture is more complicated
for the s0lid metols. There arc only relatively minor differences between
the present results and those quoted in (4). Por neither set of experimental
values is agreement obtained with the free electron predictions; &ll

the netals require m* = m for the theoretical and experinentally derived
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?(, values to coincide,

Table 3

N

Implied effective magses at_the wellting point

netal golid liguid .
CGa 0+40 1+00
cd 1-08 103
In ’ | 1-02
Sn 1:25 1+00
Pb 0-84 100
Bi 0-07 0-92
Cu 164 1450
Ag 1469 1045
Au 2:33% 2:02

In bismuth and galllum,,(,e is found to be negative. Rismath is known
to he a semi~-meitallic solid, and the open structure of solid gallium

may be vesponsible for tight binding of the electrons.

If m¥=m were true for the solid and liguid phases, only small
chanzes would be expected on melting; this is not the case, as is seen
by comparing table 3-2 (coloumnn z) and table 3+3 (colowmn Z). The values
for m* tabulated are obtained from egquations 14 and 1+6, matching
"exparimental" and theoreticaliXLe values, The eslinmates for lead and
cadmivs ars not incornsistent with the low temperatnre FPermi surface data,
(5) =na (6) respectively, However, for tin , the Permi surface data of
(7) sussests m* is less then unity, whereas the susceptibility implies
é value of 1+25. In 211 cases the effeet of melting is conuistent with
a reversion of m*/u towards unity; evidently the reversicn is not éompletb

1
v

for liguid bisauih at the m=lting point,

e Y4 . .
The temperature coeflicionts Of/\b are derived from the observed



variation of total cusceptibility and density, the asswnption being made
that the ionic term (in mass units) does not change. They are compared
with the predictions due to thcrmél expansion. Other literature values
are shown for comparison, where available, (The valves for bismuth and
gallium are over a very restricted rangze, in the litcrature). In the liquid
phase only lead shows agreement within error with the predicted value.
The three metals tin, cadmium, and indium show values which, though
they differ in sign, are only different from the expected variation by
a small anount in absolute terms. A possible source of error could be

a small change in m* with temperature. If m¥* were to increasc by one
percent over a range of 100 des¥ this would be reflected by a net
increase ianLe. The temperature coefficient arising from this process
would be of order +15 x 10—5. Clearly, the experimental results are not
inconsistent with a value of m* which is greater than 0-995, incrcasing
toward unity at higher temperatures, and thus not inconsistent with the
free electron predictions of table 3+2. This type of explanation is
almost certainly applicable to liquid bismuth, where m* = 0+97m at the
melting point. The large positive value foriXLé is consistent with an
increase of 1 to 2 percent in m¥ per 100 degK in the liguid. This leaves
galliun which shows a similarﬁ)@é to bignuth, but appears to have a free
electron nass already at the melting point, Further, the temperature
range covered in the liquid, 1200 deg¥, would seem to be adeguate for
any levelling off due to the attainment of the free electron mass to be
revealed, No such déeviztion fron linearity is observed, and il scens
that an approach of m*/m towards unity will not cxplain this result.

Due to the apparent inapplicability of the free electron approach to
solid metzls, it is not surprising that in general there is no agreement
between prediction and obscrvatiion fofj(,é. The value for tin is more

negative than expected, hut it secems unlikely that this resulls from a
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reduction in m* with increasing temperature, because of the Fermi-
vrface data already discussed, The very large velues for bismuth and
gallium confirm the failure of fréo clectron ideas in the solid nmetals,
Any real understanding of the values for solid metals requires a full
band structure calculztion, as has been undertaken (13%) for cadmium
where the detailed effects of lattice vibrations on the pseudopotential

are discussed.

In general it seens thaf the values for/i and/\é‘for the
polyvalent metals considered confirm the impresscion thet the free
electron apnroach provides a sem@quantitative cxp]anation.for the
licuid metals, but that the approasch is likely to hreak down in the cage

of s0lid metals,

3+%+2 The noble metals

Trom the values listed in table 32, this approach to the analysis
of magnetic susceptibility measurements can be seen to give good
agrecment with thieory for all the liguid metals measured, except the
noble metals, where large discrepancies are observed, Following the
method of El-Hanany and Zomir (14) for copper, the effects of s-d
hybridisation orn the density of states at the Fermi level can be
estimated for all the nohle metals, from a knowledce of the band structure.
Such an effect further enhanc eé}(“p and reduceujﬁld y yielding a value

for m* given by

v i\ 2
m¥/m = S/vf) (1/(1- (?:4%$J ) (33)
T
where the d band is approximated by a single level, d,alstho face arca
of the Fermi sphere, uf the face areca of the ecquivalent free eleclron
Yerai surface, and Vsd the band gap. The assurmpiion is nade that S~uf
for gold and eilver. Using valuen of Vcd (1+4 eV for Ag, 25V for Au)

evaluated from the band siructure aud Lf—Ld (4-5 eV for Ag, 4+0 ¢V for Au)

from optical neasurcments, m*/m has been evaluated, yieldings values for



W
o3

™ . . . " . -
)(,p and %Ld'shown in table 36, along wilh values devived fron the wt/m

ratio obtained in (14) for coprer.

Table 3+6

ves ol the *«001( melals

Hybridicsiion effecta on X,

] -~ - -~ expt - exnt  ~, theo
metal )<Jp /\'d Xi ) S \/\‘o N)T} A

R < 1 eoiig = ©
Cu 241 0-4 %1 2419 2446 147
hg 16 04 45 1495 2:40 144
Au 2+5 0% G4 296 345 22
1 2 3 4.5 6 7

Column 7 = 2 ané 3.

As is epparent from these, the discrepancy is re@uced by the introduction
of the correction for hybridisation. However, althoush these rorulis are
only an estimation, they imply that the disnognetic component of the
susceptibility is overestimated by 10 porcent or more (or that the
paranasnetic component is still underestinated). A nunber of posribilities

can be sugsested for this, but not quentitatively estimated,

For the noble metals,jx;i igs dominated by the contribution from
the outer filled d shell, This is readily found to provide €6 of><Ji
for copper, 835 for silver, and 827 for gold. Closeten et al (15) have
sugrested that this contribution may be overestimated by Angua, Slater's
rules (section 1-1) state that all electrons shells lower than the
d shell under consgideration contribute their full chavge to the screening
of the miclear charge, Cerininly this cammot underestimate their screening
effectiveness; onUOFuentJy"/i cannot he overestimated- the better
the soreening, the larger the distance of outer elecirons from the nuclens,

- .

and the larger is ><”i JIf the rules wore modified so that & and p electrors
of the same quantun number were assumed to contribuote about 095 of their

charge to screening, then & reduction iﬁ7<1 of tho reguired puagniinde
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would be obtained in each case. This change would certainly affect the
noble metals more than other metals, because of the gre:ster significance
of their d shell contributions. stever, its effect on the polyvalent

LY
metals considered in this chapter would be to rcduce Ay by enough to
destroy the agrecment obtained forﬁyle in these cases. It seems likely,
therefore, that the core values of Angus are not significantly
overestimated, end anothér source of the discrepancy for the noble mctals
must be sought. For instance, there may be a paramagnetic orbital
component associated with overlapping d sub-bands. This is only one
pogsible sugzestion to explain the discrepancy, but clearly the simple
approach adopted with success for the polyvalent metals breaks down in
the more complicated situation brought about by hybridisation in the
noble metals, and close quantitative agreement between theory and
experimental predictions is not attainzble. For this reasen no comperison
with Knight shift data will be made for liquid copper. (No measuremerts

are in any case available for liguid silver and gold.)

3.4 Knight shifts: experimental and theoretical results

119 113

Sn, Cd and 69

The experimental values of K obitained for Ga in

tin, cadmium and galliun respectively are shown in figures 3+8, 3¢9 and

8¢9; individual values are listed in Appendix 1. Reference compounds vcre
dilute solutions of SnCl4 and cadmivm acetate for tin and cadmium respectively
and the reference for gallium was taken from the Varian Associates MR

table (5th edition), (10-219 MHz T’"1). The linewidths in the liquid states

are ghown in figures 3+8, 3¢9 and 8:8, These all conform to the expected

T,T constant behaviour, where it is aszumed that (T1).‘1 is proportional

to the linewidth. The value of T1 obtained for liguid gallium at 303 K

from the linewidth, 6% =, is in good agreement with actual measurenenhs
i

of T1, reported in chapter 8.

The valuezs of K and XK' in the liguid state at the melting pojnﬁn
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115
are ghown in tables 3-8 and 3-9, column 2, aleng with values for )In,
20Tpy, and 2781 taken from (1). The new values reported here appear to
agree within conmbined uncertaintiéu wvith earlier values. K and X' terws

. . . . Y4 .
calculated as described in section 1+4 ( using )\, s from table 32, since

P
. s expt N/ theo .
these give good agreement between,k,e p and)KMe ) are given also.

The inputl parameters for the computer progeam (Appendix 2) used to

calculate | _P_ are lisgted in table 3+7. The temperature dependencics of

f

k . and g are listed in Appendix 13 gLP% values are deduced from

f’

calculations of (2P, at five different temperatures.

£

Table 37

Input parameters for contact density program (in a.u.)

metel kp L B R (0) B, (0) Ry (0) R, (0) Ry (0)

Ga 0+884 1287 1-269 338 105 407

Cca 0-710 165+4 1-406 651 210 91+9 4045

In 0772 1929 1-323 679 219 97 43

Sn 0837 201+6 1.297 696 227 98 45

Pb  0-833 204-9 1-474 1441 483 230 116 535
Bi  0:845 245'3 1-493 1467 492 235 119 55:5

Values of R .o 8T¢ obtained from (16) except for the cadmium term which
was taken from (17) and for gallium which was obtained by fitting an

Ashcroft form of pseudopotential to one derived from resistivity results

(18).

3+5 Discussion of Knight shifts

The fact that the caleulated velues of X (column 9 of table 3-8)
are, on averane, about two thirds of the experimental values is probably
partly due to the adoption of a simple model potential anid partly to

the omission of indirect contributions from the theory. The much closer



Toable 3-8

Enight shifts of pure liquid metals at their melting points

ki N SR ORI A R oF A R S ORI M
1 2 3 4 5 6 7 8 g
69, 0+ 441 34145 06179 0-0104 214+5 1+99  0+45 0-28
M0a 0799 5762 0:7815 0-0609 413+4 176 0-C8 0+49
115111 "0-786 500:5  0+£708 0:0354 4404 185 0463 054
119Sn 0+743 492+2 048010 ~0-0316 4146 196 0465 0+54
Olpy, 149 116443 06120 0-0762 7994 1-90 1-47° - 1-01
%5 1eg1 B44+4 046513 0-0757 613-9 1-96 1415 0-80

.
opw . . .

K747 is derived weing P, from the OFY term only, (section 1-4),

Column'] in wnits of (1 /10 5) SI; columns 3,4,5 defined in 1+42.

Jeble 3:9
~~~~~ operature ccafficients of Knight shifts in pure liquid netals
mets {t D! e gt ! 7
:p:?~£;‘—-l' ! ej{p't .."‘f.»j.f >\: e /(. P IS'i.;h(‘() (from ..3’4) kj' 1t
1 2 3 4 5 6 7
€9 .
“Ga -8+5 ~14-6 31-8 -2-% 17+2 -16+9
113,
Cd 1~76 5-0 2+8 -2+8 7+8 2.2
115 ;
In 77 -4+0 343 ~243 ~0+7 -6¢%
"8n 15, <305 240 ~2:2 -1+5 ~5+7
07
Ty 67 R 60 ~2-3 ~12:4 -8:7
209y ~-9+0 34 233 -2+7 199 =61

-1 . )
ALY ouentities in K '/ 10 2 3 column 4, "expevimental" values from

5 (from 3,5)

table Zedy column ) theorctical values for inleracting free clectrons

Ceduacd gz in rection 3243,
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agreenent between experirent and theory found using only lhe OPW tern
in the contact density (column 8 of the tables) is almost corteinly
fortuitous, since this ignores the effect of the pseudopotential
altogether, The values in column 8 differ slightly from those found in
(1) using a similar method; the present values are to be preferved since
- . v 2
they use an improved.)cp and a more rigorous calculaticn of tw. The
great advantage of the Pérdew and ¥Wilkins formulation of the perturbotion
term due to the pseudopotential (1+I+A) is that a first order
calculation gives acceptable wesults in that § r£S is small cempared
with wnity. Yhis was certainly not always the case with earlier
formulations (19) where orthogonalisation was not explicitly ineluded
for all components of the nseudofunction (1). The value of ;LPf is
reduced by about one percent and the teuwperature dependence is reduced
in magnitude (to about ~1+5 x 10-5) when an experimental rather than
a2 hard sphere model structure factor is used for tin. (The sticture

factor used wes obtained by (ZO)J

However, it seems that although there may be considerable
uncertainty in the abscluie masgnitude, relative changes in the Knight
shift with temperature (and concentration) can be predicted with better
accuracy. This was also found by FPexrdew (21) who suggested that the
reason lay in the partial cancellation of the electron-ion potential
and indjrect contributions (both major causes of uncertainty in gle)
from the fractional chsnge,h(fle)/;le supon heating or alloying,
Certainly the values for i' (column 7, table 3:9) can be predicted with
better accuracy here, and are quite close to the experimental values,

~
particularly if the assurption that.ﬂié comes oiuply fron a frece electron
response to thermal expancion is adopted. (This is also 4rue for iiqnid
bisunth, and apnears to contradicl the earljorbovidence in favour of a

changing w*), It is not surprising thot Ulds assumption is better than



using "experimental"ixlé values since these may contain other effects,
such as changes in the diamagnetism with temperature, which do not

affectixlp. It is particularly iAteresting that the theory reproduces
the exceptional positive sign of XK' for cadmium; this certeinly seems
to provide strong evidence of the escential correctneas of the theory.
This positive sign arises in the (.P} term and is due to the divalent

f

state of cadmium, reflected in k.. Certainly if kf for indium is

f.
changed so as to correspond to a divalent or a tetravalent state, the
resulting temperatvre coefficients for "paeudo-indium" are very close

to the values obtained for cadmium and tin respectively (5:9 and =31

. is the dominant

in the units of table 3+9). This indicates that k,

factor in determining the temperature coefficient, the main effect being

observed in the 1+ < term (although present in the others).

It is worth making two final notes about Knight shift calculations,
Jena et al (22) have recently carried out a calculation foxr liquid
cadmium, using a formulation which is in principle similar to that of
Faber (19), arriving at a value for the shift close to that found in
the present work. With the saméjxlp enhancement factor as used here,
and ignoring indirect effects, it iz 0:52 percent (see table 3+8).

The values for all the metals were obtained using the free interacting
ﬁ>§bs of section 3+2, since these gave excellent agreement withAtheixLe
values derived from experiment and theory. It is equally possible to
use an "experimental" Tx;p (i.e.r>i 2th +g£><é). This causes negligible

differences except for bismuth where K:heo becomea 0+ T#percent.

Finally, the MR of tin and cadmiwn show anisotropic lines in the
s0lid, which reflect the non-cubic enviromment. The values of the
enhsncements of the Korringa products ave 1+08 and 1+16 for tin and

cadnium respectively; these are similar to resulis found for many other



metals (4) and are bclieved to be due to elsctron-elcctron enhavcement

effects, There is a similar (1+21) enhancement for gallium. The ¥R of

these metals is further discucned in the respective alloy chaptera.

1)
2)
3)
4)

5)
6)
7)
8)

10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)

22)

References

Heighway J. and Jeymour I.I.W., Phys. kondens. Materie, 13, 1-8, 1971,

Smithells C.J., Metals Reference Book, p.688, Butterworths, London, 1967.

WVilson J.R., HMetell. Rev., 10, 381-5¢0, 1965.

Dupree R. and Seymour E.F.U., The Physics and Chenietry of Liguid Metals,
(ed. S.Z. Beer), chapter 11, Dekker, New York, 1972.

Anderson J.R. ard Gold A.V., Phys. Rev., 1394, 1459-81, 1965,

Stark R.W. and ¥Falicov L.M., Phys. Rev. Lett., 19, 195-98, 1967.

Weiss G., Phys. Rev., 149, 504-18, 1966,

Collings E.W., Phys. koudens, Materie, 8, 284-304, 1969.

Hellwege K.H., Landolt Bornstein Zahlenwerte und TMuuktionen aus Physilk,
volume 2, p.15, Springer Verlag, Berlin, 1962,

Nachtrieb N.H., J. Phys. Chem., 66, 1163-7, 1962,

Marchand A., Comptus Rendus, 241, 468-70, 1955.

Wachtel E. and kier K.J., 2. Metalllkunde, 56, 779-89, 1965.

Katsuki S. and Tsuji M., J. Phys. Soc. Japan, 20, 1136-45, 1965,

El-Henany U. and Zamir D., Phys. Rev., 5B, 30-40, 1972.

Clogaton A.M.,Jzccerino V. and Yafet Y., Phys. Rev., 1344, 651-61, 1964.

Asheroft N.W. and Langreth P.C., Phys. Rev., 159, 500-10, 1967,

Tomlinson J.L., Phya. Rev., 187, 341-45, 1969.

Cohen ¥.L. and Heine V., Solid State Physics, 24, 38—249’ 1970.

Faber T.E., Adv, Phys., 16, 637-51, 1967.

North D.M.,Enderby J.E. and Egelstaff P.A., J. Phys. Cr 2» 1075-87, 1968,

Perdew J.P., Ph., D. thesis, Cornell University, 1971.

Jena P.,Das T.P.,Gaspari G.D., and Halder N.C., Phys. R€Ve» 3B, 2158-68,

1971.



Chapter 4

fnight shifts_and sugceptibilities across sou? complete alloy systema

4«1 Introduction

The correlation of experimentzlly derived spin suscepiibilities with
experimental Ynight shifts is pursued in this chapter,vhere binary elloys
of smeveral polyvaleni motals are considered. It is intended to extend the
successful calculation of the temperature coefficient of K in pure wetals
(cection 3+4) to the concentratlion dependence in alloyz., Furthermore,
the bebaviour of the Korringa product (section.1~2) in simﬁle alloy
gystems is atudied. In treatments of systems in which guadrupolar
interactions or partial localisation of conduction electrons occur, it
is gererally asgumed thaf the Xorringa relation would have been obeyed
in the abgonce of these effects. It is not obvious that this must be so
with the changing electron density, upon alloying. Tin and cadmium both
have isotcpes with spin quantum mmmmber, I, equal to %, and conseguently
for which no quadrupolar contritutions are possible. Both metals have
convenient melting poinis, are neighbours in the periodic table, and do
not form intermetallic compounds with each other, (1). The experimental
variations of the 1130d and 119Sn Knight shifts in Sn-Cd alloys have
been compzred with the theoretical expectations in both solid and liquid
alley phases, and with the information available from the phase diagram
for the system (1) shown in figure 4+1. For this, experimental observations

119,

of the 1130& and Sn Ynight shifts and linewidths, density, and

marnetic susceptibility were made.

207Pb and 209Bi Knight

Further, earlier experimental results of the
shifts in liquid lead-bismuth alloys (2) have been correlated with the
cusceptibility and pseudopotential-approach contact density changes (in

order to ganze the success of this method for heavy elements) in the sgame



way as for the tin-cadmium alloys; the approcch is explsined in seciioen
. . togs 209.,. 119, . .
1e3¢4, Finally, experimental varialions of Bi and S oir the liguid
tin-bismutbh system (3) are treated in the same wey, in order to compare
the behaviour of one element in two distinct systems, and because of the
strong similarities of the behaviour of the Knight shifis in this systom

and Pb-Bi,

4A+2 Tin-cadmium systen: experimental results and discusaion

42+1 Density : experimental results

~ 7 ° N
In order to obtain /\,p in the by now familiar expression

K, = (2/3) A £ (4-1)
it ia neceunsary to know the density of the metal, sincer><Jp (in volume
units) must be derived fiomr><z(in mass units) as for the pure metals
of chapter 3. Feasured values of the densities of alloys are not available
in the literature for many binary systems. The assumption that Vegard's
law is applicable may or may not be true.(This states that the density
of an alloy is given by a linear interpolation in conceniration between
the pure metal values,) For systems which have been investigated, the
law was only sometimes found to be obeyed. Consequently the densities
of some allcys of these two metals were measured, by the pycnometer
technique described in section 2-2:2, The results are shown in figure
4+2 and Appendix 1. The maximum deviation from the linearly interpolated
dengity is 2 percent, indicating that Vegard's law is not greatly in

error for this system.

4+2+2 ¥agnetic susceptibility: expexrimental results

TXL in these alloys was investisated as a function of hoth concentration
and temperature in the solid and liquid phases, The results are plotted
isothermally across the system at 293 K and 618 K in figurcs 4¢3 and 4+4

respectively and the detailed measurements given in Appendix 1. The
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temperature dependence of susceptibility is non-linezr in the solid

phase, showing a marked decrease inr>i.between about 380 K and the liguidus,
The phase diagram (figure 4+1) leads one to expect somo Snch'changﬁs.

In the liquid the suscéptibility increases lincarly with temperature;

LY,
the temperature coefficient (1//.)(¢/ A AT) appears to vary lincerly

between the two pure metzl values, as shown in figure 4-5.

A+2+% NVR: experimental vesults

4
Both the 11)0& and1198n Knight shifts werce measured with concontration

and at different temperatures in the alloys. Similarly, jihewidth
measurements were made in the liguid phase, The results for these guuantities
in the two pure metals have already been given in section 3+5. The roesulis
for the alloys are best presenicd graphicélly (with detailed resulls

in Appendix 1). Figures 4+6, 4+7, and 4+8 show the change in K with
concentration for the liquid alloys at 618 K, JK/K with concentratbion

for the solid alloys at 293 K,and the liquid alloy lincwidth with

119

concentration at 618 X, respectively, for the Sn rescnance, Fimured
4+9, 4+7, and 4+8 show the same qusntities at the same temperatures for

the 1150d regonance,

The temperature variations of both widths and shifts in the alloys
were not found to be any different from their behaviour in the pure
metals; that is, although both guantities were effected by 2lloying,
the change of the resonance line peosition and increase of width with

temperature were similar to the pure metal behaviour.

42+4 Yagretic susceptibility: discussion

~
The behaviour of . _ in the solid phase at room temparature is

compatible with the information available on the systen frem figuve 1.

r\"/ . 3
The linear dependence of /A on concentration is as expected for o solid

.

vhich will be a mixturc of almost pure tin end slmost purs cadniun pnasea,
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In the liquid alloys (figure 4+4) this lincar dependence still eviats,
the succeoptibility varying smoothly betlween the two pura rmetals, ag
expected if all of the valence elncfrons form part of the conduction
band, nonz being used for any aort of molecular bhonding,

N

R . . N ‘ o .
The susceptibility is analysed in tewms of '\'e and.\di ag dizcussed

in section 1+1. The assumption is made that ;i'i ig a weighted sum of
-
the pure metal core values. This is an apprexination, since xk.i can
be expected to be affected hy the electrernic enviromuent to some extent.
However, it must be remembered that there will be same uncertainty in
. v
the absolute magnitude of /\ui for the pure metalas. These values are
calculated ones, found by asgsuming that the cores (of valence indicated
by the column of the nmetal in the periodic toble) and the conduction
[
electrons are independent, Further, the linearity of /.. with compocition
’\_{ \/’
would appear to lend support io the view that = commot be behaving
markedly differently in the alloys. Thus, the approximation is believed
v expt /. . N N
adequate. >Le P (in volume units) is obtained from the measured /o (in
mass units) and the measured density. It is shown in figure 4+10C. The
. jy expt . .
change in e which varies smoothly between the values for the pure

liquid metals, is 4 percent, The values of >(Jp, the spin susceptibility

N
consistent with the ﬂ”es’ vary smoothly between the pure metals 2ls0.

Now,
. ~ the : ]
“p = (m/m*)/<Ld RO + 7K;:yPt (see table 342),
where m* and the enhancement of D4 vary linearly between the pure

A do

metal values at the approriate temperature. (These two corrections are
small, so that the ascumption of lirnearity is not of great imporiance.)
’>/ i 3 $ A - e m)’ b :

v, I8 also shown in figure 4+10. The value for (1//\.p)(d‘»b/ocy) in
table 4+% is derived from this result, The linear behavicur of the
temverature coefficient (figure 4+5) in the liquid underlines the asimple

behavicur of these alloys.

47
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Ae2:+5 N'R: discussion

The behaviour of the 1130d and 1198n shifts in the solid alloys axe
also consisient with the existence of almost pure tin and cedmiunm phtses.
The resonance signals weaken in intensity with decreasing metal
concentraticn, but the position of the line does not alter. Above 406 X
(figure 4+1) the M9 gignal disappears (reappeoring in the 1ligquid),
but the 113Cd signal remains, This phenomenon must be duc to the presence
of the Fi-phase, which removes most of the tin from its almost pure
'phase; it appears that equilibrium is reached within the timescale of
the experiment. It should be noted that for both metals the rescnance
signals are snisotropic in the solid, and the centre for the purposes
of defining the Knight shift is taken as the crossover point of the

derivative of the absorption signal.

The main point of interest here as far as the NMR is concerned is
the tehaviour of the 1150& and1198n regonance signals in the liquid

119Sn ghift changes linearly

alloys. As can be seen from figure 4+6, the
by about 2 percent. Fron figure 4+9, the change for the 1130d resonance,

in the same direction, is about the same size but is distinctly non-linear,
with a large initial slope. These results should be compared with the

i)i data, which also shows only small changes on alloying. The comparisons
with predicted changes in _f;Pf will be made in section 42+¢6., The linewidth
data (figure 4-8) yield values for the longitudinal gpin-lattice

relaxation times, T1, as deseribed in section 1+2+1 (with the assumption
that T1=T2;

From this, the Korringa product and its enhancement by electron-clectron

direct pulse measurercnts of T1 vere not found poasible).

interactions can be evaluated, assuming only direct contact terms are
important. This was done for the two pure metals in section 3¢5, Foux
119 S 2 .

Sn, the Korringa product KST1T appears to decrease upen alloying,

changing by (-12+10) percent across the whole composition range. Since
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the size of the obzerved change is of the same oxder as the experimenial
error, it is probably true that no significant change takes pluce.
Certainly, for the 1130& resonance the Xorringa product does mnot change
upon alloying. Thus, for this aystem at least the Korringa relation

holds for the alloys equally well as for the pure retals.

4+2+6 Contact density: pacrtial wave analysis

Comparison of expected and measured values of the Xnight ghifts in
the alloys can be made if the change in fle with concentration can be
obtained. Following either the method of partial wave analysis (or phase

shift analysis) or the pseudopotential approach ,both described in

section 1+4, values of this quantity con be evaluated.

The phase shift method relies on calculated Blandin and Daniel
coefficients (4) and phase shifts derived from model potentials. The
method of calculating the coefficients was explained in section ede
(using a hard sphere model structure factor), and the values obtained

for tin end caémium are shown in table 4+1.

Table 41

Blandin~-Daniel coefficients

nost Ay A A, A B, B3 B, B

tin -0+06 =0+02 080 1-79 ~0+07 026 =033 =0+47

cadmium ~0+22 1423 -3:03 =025 0420 ~0-46

~036  2+75

The caleculation of the phase shifts will now be considered, using

two different model potentials.

Square well potential. This ig the sinpler of the two models considered.

Tt has been adequately described elsewhere (4). The Schroedinger equation
is polved both inside and outside a spherically symmetric square well

potential, which has a radius equal to that of the solute ion it is



representing. From the analytic solutions in terms of partial waves,
for the incident and scattered electron wavefunctions, the phase chifts
Sl(where 1 refers to the 1lth pértial wave) are detemiined by mestiching
the electron wavefunctions at the potentizl boundary. The depth of the
well is varied until the © _s smatisfy the Friedel sum rule (5),

"1
2

' S £ .
2t = =g (21+1) u.,l(kf) (4+2)

where 2' is the effcctive charge on the impurity nodified by volume
dilation (2'= Z, - 2 (‘W / ), E is solvent, ¥ is solute). This rule
arises becauge the total screening charge below the Yerwi level must

equal 2!,

Sereened free atom potential. This model has been fully desceribed by

Host (6). Briefly, the self consistent atomic potentials of Herman and
Skillman (7) are used for the impurity, together with a variable parameter
X which adjusts the height of the potential, Essenticlly, X provides

the screening shell at a distance r = RT from the centre of the ion,

since the model potentizl meets the bottom of the conduction band ;cb at
RT' At this point it is terminated. The Schroedinger equations are solved
as before, matching wavefunctions at RT. The parameter X is varied until
the Friedel sum rule is satisfied as

above. THio model potential @ - shown e e, 0

schematically here, and the values for .

the phase shifts derived from the two

models are shown in table 4-2, those.

of (1/.P )(d(,_Pf)/d c;)s ¥ 0, in

table 4+3. The comparison with the

observed Knight shifts can be made by

using the expression

fﬁ laX E = 1/
theo X, g8 m ixu



for the initicl values, where B is the solvent host, F is the impurity.

1t is seen from table 4+3 that the more sophisticated approach of the

screened free atom potential yields closer agrecnment with the experimental

results; the simpler approach gives the correct nign, but the wrong
order of magnitude. So far the discussion has Leen concerncd with the
change in the colvent shift. A similar analysis is possible for the rate
of change of the solute shift (extrapolated to the neighbourhood of

gzero concentration). The results should be numerically the same as for
the solvent shift. Phase shift analysis cannot account for different
ratos of solute and solvent shift changes at the same point in the

concentration range.

e e ——————

Table 4:2

Phase shifts

system (host underlined) S’O ?;1 (i‘2 #:3 2

Cd in Sn (SW) ~0e 7410 ~0+2965 =0+0545 =0-0075 =1+280
(sra) -0.7371 -0+1511 =0-1657 ~1285

Sn in €3 (W) 043275 0+3768 01565  0-0263 1+560
(srA) 0:6185 0:6341  0-0091 1:634

SW = square well potential

SFA = screened free atom potential

Table 4-3
. . : ‘ o 195 113
Partial wave analysis results for effect of alloying on K for Sn end cd
-? 4 1 1 .,,,
\/ 3

signal Lﬁxpt ~p 'Q:?fE jtheo

1 2 3 4 5
119

Sn -0:015 (0) -0-07 0-07 {~0-04] 0 C-0-111
1130(1 0-12 (0-015) 0-07 0+10 (-0-081 017 Lo-oz]

Figures in square brackets refer to S.W. results; column Y is obtained
frou column 4 + column 33 figures in brackets in column 2 ave for the

~N/
other signal at the same concentration;/\/; and'i;P}E are 2 nd and } x»d

terma of equaticn 4.3.



4+2-7 Contact density: the psevdopotential approach

This method hag been fully described in section 1-4., The input

parameters are listed in table 4°4. These are slightly different to

Table 4-4

Input parvemeters at 648 ¥ (in a.u.)

metal 1-{f == : Bcore Ij1:-3 g2:3 839 B4s
tin 0+834 20%+6 1297 696 227 98 45
cadmium 0:710 165¢4 14406 651 210 92 . 40+5

the values used in the pure metal chapter, since the calculation was
perforned for a constant temperature 618 X in the present case, not at
the melal melting points; The assumptions of the model pseudopotentials
and structure factors, and that the packing fraction is 0+45 throughout,

are as described in section 1+4.

The values obtained for the changes in jin with concentration,
across the entire range are shown in figures 411 and 4+12 for 119Sn
and 113Cd respectively. It is perhaps worth repeating at this point
that the pseudopotential approach yields changes across the whole range,
unlike the partial wave approach, which gives only initial values. The
changes in _fle are, in both cases, larger than expected from the
experimental K and derived TXLP results, but are of the correct sign,
overall. The experimentally derived changes are also shown in these
figures. As explained in section 1.4, an attenpt to improve agreement

can be mode by making R, .. energy dependent.(This does not strictly

re
introduce full non-locality.) When this is done with values of oo =025,
I3 =0+05 (tin as host), the results for [ P, are in good agreement with

experiment (figures 411 and 4-12 again). These values of >, and [

represent only very small changes (a few percent) in Rcore over the

concentration range. Thus Rcore values are quite critical in determining

(The values of-- and ;> are of course reversed when cadmium is host.)
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Values of the energy dependence of Rcore have been obtained from the
thermopower for the elkali metals (8) which are similar in magnitude and
sign to those above.It is considefcd that an attempt to obtain a value
from the thermopower of tin (and of cadmium) would be of interest. Such
an approach is under consideration (GJA Styles: private comnmnication).
Tt should also be noted that the values of =~ and % obtaincd in the

present work were found to be virtuslly independent of cach other.

That a nen-local pscudopotential is necesnzary for cadmium at lcast
has been shown (9). Figure 4+13 shovs the R . concentrétién dependencies
derived. These resuvlts clearly imply tbat for both tin and cadmiuvm, a
more sophisticated non-local pseudopotential is required to deseribe
the values fully. The effect of using real densities, rather than linearly
interpolated atomic volumes, can be gtudied by modifying the computer
progranm accordingly. This was attempted for 119Sn, using the values of
density given in figure 4-2. The regults only marginally affect the gLPf
variations found (figure 4+11). Unlike the case of pure tin (section

3.5), use of an experimental structure factor is not possible, since

the partial structure factors are not known in these alloys.

To summarise, it appears that both the pseudopotential approach
and the method of partial waves yield reasonably good agreement with
the experimental results for the changes in the 1‘150(1 and 119Sn Knight
shifts upon alloying in this system, The agrecment for the pseudopotential
method confirms the expectation of section 3¢5, that this method is

better for fractional changes in X than for ite absolute magnitude.,

4¢3 Lead-bismuth systen:results and discugsion

4+3+1 Bxperimental results

The magneitic susccptibilities of alloys of lead and bismuth were

meacured isothermally in the liquid at 623 K (figure 4-15). A linear
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variation between the pure metal values was ohgerved., Az in section 442,

~

A
these results were analysed to yield the change in ’\’p acress the range,
using the lincar interpolation of densities discugsed earlicr which ves

found experimentally to be closely followed in these alloye by Kleppz (10).

~

N\,

/- p varics linearly by 5 percent across the system (teble 4°6)

4+3+2 Discugsion

Heighway (2) has studied the behaviour of both the “U/Pb and “O7Bi
Knight shifts as a function of concentraticn inlthis systen. Table 46
sunmarises these experimental results together with the dédﬁéedr><
variation and calculated 7P, variation. For this last purpose the
paendopotential approach was again adopted, with the relevént computer
program input parameters listed in table 4-5, and the ;;Pf variations
obtained ghown in figure 4+14. (A partial wave analysis is reserved for

the next chapter where a variety of dilute lead alloys is discussed).

Table 4°+5

Input porameters at 623 X (in 2.u. )

metal l(f ik 13core I—{‘ls BQs 333 B43 BSS

lead 0:833  204:9 1+474 1441 483 230 116 535
bismuth 0843 2470 1493 1467 492 235 119 555

It should be noted again perhaps that’><,; is derived from m* values

(from comparing experimentally derived and theoreticalr><és) and from
temperaturc coefficients, obtained in section 32, These are slightly
different to thelj(ze variations, because slightly different values of

SV I . .
m* are obiained for the two pure metals ; ( fip ia defined in table 4+6.)

As can be seen from table 4+6, the experimental and expected vilues
for neither shift agree, even as to sign. A possible couse of this may

lie in the use of non-relativistic wavefunctions, Certainly, when agreement



is sought by use of the C%‘andfﬁ factors, the values required are 10
(for lecad) and 16 (for bismuth), this latter value being the best fit,

but still not close 1o experiment.

Table 46

Knight shift chenges for 207Pb and 20931
1
resonarcs K1 : ix;; {lP}E columng (344):K theo
1 2 3 4 5
20Ty, o-2§ -0-05 -0-05 (0-28) ~0-10 (0-23)
20955 ~0+12 0+05 0406 (~0-09) 011 (~0-03)
*neasurcd only as far as Cqa =0+7; valuesg in brackets include <. and

n ~ _ - . - s 1 I
factors; X' = (KE(CF~1)-KE(CF-Q))/KE(CF 0), similerly for Tk,p and 2.

The use of relativistic wavefunctions may well affect column ﬁ of table
4+6 significantly since both lead and bismuth are metals of high atomic
number, for which the relativistic effectn will be appreciable (11).

In view of this possibility, it was decided to carry out calculations

on tin-bismith alloys which behave experimentally like lead-bismuth alloys
( 2) and where one might expect relativistic errors to chow up for
bismuth but not for tin. It is worth noting that the results for the
pseudopotential method do not compare favonrably with the results of

the partial wave analysis adopted in the next chapter for dilute lead-

bismuth alleys.

44 Tin-bicmuth alloys
The magnetic susceptibility across this liquid alloy system has not
been measured in the present work, but in view of the behaviour in the
other two systems, and the behaviour of other simple metals obaerved
(section 3+2), it would be very surprising if the assumption of linear

variation of ix; between the pure ligquid metals were to be greally in

error. The input parameters for the pseudopotential approach computer
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progrem at the chosen temperature of 558 XK are sghown in table 4+7, end

the values obtained for the contact densities given in table 4+8.

Table 47

Input parameters at 556 K (in a.u,)

r

melal ke — Bcore Bis B B}s B4S 1353
tin 0+83%5 202+6 1.297 696 227 98 45
bismuth 00845 2453 14493 1467 492 235 119 555

The 2O9Bi and 119Sn Knight shifts have been observed in thig system at
558 K ( 3 ). These results are shown in table 4.8 along with the theoretiecal

results of the present work.
P

Table 4-8
Knight shift changes for 119Sn and209Bi
1 theo
resongnoe X' TX;1 51P1a columns(%+4): K
R TQIEEE = P = {E =
1 2 3 4 p.

119.. .

Sn 0+10 ~0+07 0.00 ( 0+17) ~0+07 ( 0-10)
209

Bi ~0+16 0407 0-00 (-0+15) 0+07 (-0-08)

The values in brackets are obtained when values of X of 6 (for tin) and
15 (for bismuth) are used. These values, like those in lead-bismuth, are
extremely large and again imply that relativistic effects are present.
This , however, should not be the case for tin, and a full explanation
of the poor agreement for these last two systems may involve relativistic
effects, a poor pseudopotential, or may lie in the assumed distribution
furctions., (In the tin~-bLismmth syctem, it is possible that Tx; may he

non-linear as a function of concentration.)

For the simple tin-cadmium system,however, it is found that both
the pocudopetential and partial wave methods give reasonably good agceement

with experimcnt,
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Chapter

Yarmetic properties of dilute lead alloys

5¢1 Introduction

In thie ehenter, the tomperature ond concentrotion depondcneien of
0 . s s . R )
the 2J7Pb Tnight ghift and linewidth, and megnetic susceptihility ore

N

(A

—t

icated for nlloys of lead with biswuth and ihnllium; he
shifd and width in lead-indium is alsc investigeticed, The followving

. [ 5
atomic compositions were usecd:

4

i, b = 20,1, and b ~ 157 In.

o0
‘(YPB ghift in these 2lloys ag a fuaction of

The study of the

was mads by Heihway (1). These vesults have bLeen verified avd artendod

ish
in thc'present work. Knight ghifts, linewidlhs, and cosceptibility will

i , and then in terms of the porlisl wave

Ly

=

elow

te dealt with separate

approsch, discussed in section 1+4-1. Thug, for solute F, and lend asg hoet,

N\
1deP = - -
— f = T~ A Qin2< -+ Bl Sin ? "A ) (55 1 )

Q‘P’,,d C‘.F 1:_0 -*1 R \11
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Vhile the concentrations chosen can hardly be said to be very dilute,
required by equation 5+1, it was shown by Heighway end Seynouv (2) thnt
the chanre in ¥ produced by these sclutes is proportional to concentration
up to at least 20 atomic percent, so that 1t is resconitle to conpure

. -

the cxperimental results with tre theoretical expression, Murih

L HTURA 3
the 1orsest pocsible effeet of concentration is cobtoined, the lindt

beirs set by ©0lid solubility considevaticns,

52 RBrperimental results
207

He2e Tb Tdnewidih

s . TV o
231 resvlis quoted (for width, ¥, anuﬁ%u) ave the mean of aft



207Pb linewidth wos

four measurements., In the vresent work, the
investigated in pure lead as a function of temperature from 77 K to

642 ¥, and as a Tunction of magnetic field at 293 K, The results zre in
agrec:ent with those ofv(1), as can be seen from fimure 5¢1, although
there is come disagrecment over the exact temperature dependerce in the
solid, o field dopendence of the width was observed. The situcstion is

9
1 oves
1L L0y 85

.
’_J
iy
2
o
3
[©]
pirs
::jlo
s
ﬁ
o
¢

onsidering cach in turn:

Ih - 2071, The values obtained at room temperature and above were
in sntisfactory agreement with those of (1), Both sets are shown in
Tigure 5.2, The width showed little change on cooling to 77 K. There was
a small field dependence; the width at 293 K was reduced by 2004150 ‘rT
2t 2 ficld of 0+66 7, comparcd to its value at 1:3 T ( the field at which

wrature dependencics were investigated).

As figure 52 ghows, although the present recults coniirm

the narrowing with incressing temperature observed by (1), the room
tenperature width is mach smaller. The width was found to bhe field
dependent in both cases. The width at 066 T is less by 1704170 FT Tor
the present work, whereas it was found to be 400+300 rT less, when the
speciney vsed by (1) was checked.

Ph - 15In, This particular alloy was studied only at 77 ¥ and 293 K,

The reemilis are tabalated below.

Tatle 5-1

Linewidths in the lead-indiuvnm alloy

Conditions 293 ¥, 1.3 T, 293 X, 066 T, 77 K, 1-3 T,

*
Width ( r?) 820+40 750150 760140
¥*

Snodpracs and bennett (3) obtained a width of 1000;;T at a field of

0«7 T, at this lemperature for a similar alloy.
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20
A Fb-Bi, present work
0 Pv-2i, reference 1
. s ™ O Fb-11, reference 1
linewidth (2) @& Pb-Tl, present work
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~
10 L >
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P
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temperature (K)

Figure 5.2 Linewidtbs in lead alloys; present work
and previcus experimental data
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TL shovuld

Acain, eall field &nd tempervatinre dependencics were observed
£ 1he lines, or from Lorerbaian

that no asynnmetry

deviation

“he aammles.

detected fo the

snape, wos
ey .
BeRe2 e “JZPb Ynight ebilt
e of the main aims of thin lion was o exbtond the krowledie
207 - 77V
of the belaviour of the “7'Tb ohift with temperature doun to 77V, in
. [ﬁ ,
orier to cleorify tho cependence of (=X d}Q/dcywvﬁumﬂ;cFis the
concentration of soluie) with temperature, in these alloys. The reculto
ized in rows 4 and 5 of tables 52 and 543, "ﬂd fL e De?, In
srature up to about

are summar)

independent of towper

the solid alloys .+ vwas found to te
"
. 20 . ; o
sly observed for 7Pb n lead-indina nllovrs by (3), et
the solidns terperatu

330 X, ag previous
peratiure derendsnt between this reglon and

becomes tenmy
pare

measurenents of the

the ranre of line norroving.
ure extrapolotion of

"o
. Lo

and the lov tenpe
i‘?
relotive to

in asre-ment with those of (l)
these, and cons=souently all values guoted forx are defined

i
these prriicule~ weasurements. In the liquid l agein becomes tenpzreture-

indepeundent (fisure 5+3).

Table 52
of Xe and the

Pb

2O7Pb shift, in lc

officients

Terperature ¢
N [
Ph - 18,81 I

Ph -

1. Sanple
11004200 15004200

11004200

2.1 (s014d)
3:xlé (1icuiad) -110+ 90 -60+ 40 -120+ 60
4, ¥' (s0lid,below 300 X) 76+ 6 76+ A 75+ 9 76+ 20
5. X' (Liguid) -95+ 12 ~T6+ 9 =92+ 7

. : -1 6y 7 Y / o
11 valuves in units of (X /10 7); %Lé 1/)Kao) djké/ &%, whera the
K for solids and 625 ¥ for liguida; sinilarly

1

csuffix o refers to 300

for X',

4,_’



pure lead
O lead-b

snuth alloy

.
4
s

ium allod

ead-thall

1

o

1 R} )
o N -3 N
[»] Q (@] O
L ] * * -
O [ (& G
~ i i )

£L00

300

L ochnnies

ra

shi £



He2+% llagnetic susceptibility

easurements of the susceptibility were made for the bismuth and
thallium alloys in the solid and iiquid phases (figure 5-4), The behaviour
ofixl for pure lead has elready been discussed (section 3:2), The .
assumntion that Vegord's law ic obeyed (linear interpolation of licuid
2lloy densities) is made for the lead-thellium alloy, mensured densities
being available for the lead- bismuth syatem (4), and pure netal values

taken from the literzture (5).

Table 5-3

Bvperimental concentralion coefficients of ?Oin shifd and?xle
1. Solunie ,F, Rismuth Thallium Indium
2. ’>\f d/ﬁ/df*Fl 2+0+0-4 1244044
3. /»e“”i/d‘”)h“ ~0+0620-04% ~0+1042+05
pe TCewy o ~0:0640:01,  0+0640-01,;  0-0310-02
5. [(Tp N 0+1640:00, -0+24310-01
oy

* this value compares favourably with that of section 4.3, for 233
The solid coefficients are all defined at 300 K, the liguid values at

625 K.

5¢3 Discusaion

?07

531 Analysis of the linewidth

In polycrystalline lead there are three main contridbutions to the
linewvidth: direct and indirect magnetic interactions between the nuclear
spins, and the spin-lattice relawation process.lead has spin quantum
mumber, I=%, and a cubic structure in the solid, so there are no
quadrupolar or anisotropic contributions to the lincshape. Wow, the shape
and width of the absorption line &t room temperature have hecn analyeed
(3). The contribution of the nuclear dipolar interaction , cnleulated

from the Van Vleck formula for the second moment (&), is 35 ‘LT. Ine

61
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cortribution froa the npeendodipolar counling vos estimated as 300 piT.
Since there is only one magnetic isotope, indirectl cexchange doss not
further brozdsn tne line (soction 1+2), The spin-lztiice welavnticn
torm (obtained either ffom thie Yorringa relation or by extvanslation of

ure pulse neasuvenmelhs of T, of Asayana and Tioh ¥P))

the low
gives 220 rT. Mo obgervad increase in width up o aboul 4
consigtent with the provortienality of relaxation rate with tenprrature

expected Tor a process depondent wpon conduction electrong, 3F;OVLL(

the line, oboorved at avout 500 ¥, is atiributable to motionsl

oI

of ithe classical and pseudodipolar coptr1bui o by sell
diffusion. The residual width is clese to that expected froa the srin-
lat!ice relax=tion contritution (413*30 “T) Fartrerrore , Teistwsy (1),
calculated the correlatior tinme for diffusive woftion from {the linewioth,

a vanlue for the coelficient of sell diffusion, D, at 580 K,

=
o)
et
’-\AJ
3
O3

which ic in satislrctory agsreement with the radiolracer nezooronentis

(9) cf this ouartity,

Snodgrass and Rennett (3) have also discursed the main prroperties
of the ?O7Pb linavwidth a2t room temperature in solid solutions, Their
conclusion was that the rapild increase in width with solute concentration
is primarily due to pseudodipolar interactions and indirect exchanze
between the solute and lead nuelei. Another contribution comer from
anizotropic Knisht shift broadening, this term being field-dependant,
The values found in the present work are in gqualitative agreement with
their observatlions, though the field dependent widthe are sualler here,
and in the case of the bismuth a2lloy, smaller than Tound by Heishway.
This raises the vossibility of inhomogencities of composition in the
ecrlier apeciners, producing inhomogeneous Knijght ghilt brondening.
The effects of ilwe anisotrepic shift oand the irdirect inlmaciions are
Ptha

moticnnlly nerrowed, as for pure lead, necar 500 ¥, The reeidun) wid




arc comparable to pure lead, and are as expected from the observed Xuioht

shifts and the Korvinga relation,

o7

L. 2 .
EeZ o2 Ticenenion of the. Yh oshift

Gl
] .
ETosy ) - ~ 3 ! Ay e o -v'(v-t/)~»~~/.~ yaa ; NP ¥
S CnAnOes In T around TNe NArrowing emper alure are wno Lpaee ted,

4
¥
t

In ovler to oviain Murther information about this pheaomenon, o measurement
-

of velative irtensitieg of ithe eignal was made for the lead-thollium alloy,

bhoth shove (573 ¥ ) and below (29% Z) the narrowing temperature. After

o
i-.ﬁ
bo-d
(o]
k]
D
]
c—l
)
o
.
[
D

et effect of temperature, there wes found to be
no 4iilerenze in intensity, within an experimental urcertainty of 10%,

Whoe cxpectatior that in {ihe lower temperature case some nuclei might

heve thelir resoranices shifted due to the partienlar arrangements of near
neisotovr Impuritiecs, so that the centre of the observed resonoice is no+

[—
1

thn t=ue mean porition, might have explained the helaviour of i . However,
it would be revesled by an incresse in intensitly at higher tenperatures,
vhich is not ol:served.But, if in the case of the low temperature lattice,
the resonances of a smell fraction of the muclei are disploced well out
into o heyond the wings of the observed resonance by interactions with
the screcring electron clouds around the solute ions, the resulte nay

|ﬂ
he exrliined, “otionsl narrowing gives a true linc centre, causing ! to
apnear to change in this resgion, Since hyverfine interactions increase
witn inereasing ctomic mumber, such an effect will be more marked for
Yonad than nost other solvents, A calculation for a theoretical estinate
ot | ror the lienid alloys will be presented shortly (section 5:3%+4),

after tve discunsion of the magnetic susceptibvility,

[}
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i

fie rare netal volues is made here, as in section 4.2, Hencg,éﬁ,ﬂ the

ananrtite of intereat, is extrocted from ?K; followinz the vprocedure
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o
used to calculate the phase shifts, O

in this cage woes ag Tollows,

1’

r . .

The valuven of = 1 wore obtained froan the solute valerey, vsing an
effective solute charce modified by Blatt (1%), and the Friedel sam rule,
(14); p-wave scattering nlone was assumed,
s—content of the sclute cell nsgmmed, and ¢ and higher partial wrves

3 3 AT -1 5 / .
neglected, The resulting predictions for (5;xf) dﬁ;},dcp are shoorn in
table 55, column 4. Tre effects of thejx; variaticons are added and the

‘Y

predictions for the total [ are taken as

/
1anr) 1 dy

since, on a free elecircn approach,
Y
1 d/\/ = d’/\< /
- 47¥
T>L e dCF ’>/ 9?'

This ascunption is considered valid fox dilute licuid Jead &1lepe, in

LeZe?

view of ihe conzlusions of section )’)'j).

Table G4

.

Rlandin-Deniel coafficients caleulated for lead (usin: eoxne

0

’3 -'0'24 —'0'67 0070 ?.29 -.(‘)-73

Liouid ~0+04  -0-20  ~0+23 0+50 169 ~0+70

Tatle BHe5

1
Phase shift results for r~ Po in Jead—thallium ard

et -1 18
solute jeffective c““T“e, 2 ;( ) /d Caad d" /d Cp i !,‘ N PR
=1 —— , ¥ Lhoeo exypl

Thallivm -1+16 ~0+61 ~0+54 ~0+10 SNSTY O R O PRV,

-

Rismuth 0«22 0+12 0-12 ~0-0%

fah)
ey
<

As gan be seen, the theoretical veluea avre of the correcl sigr ood orisw

M Le ek

of mepnitude. The value for hiomath as eclute in much hetionr then thot

-y

given by the pseudepotential approach adopled errlicw Ton the PLT4 epeton
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(section £+3+2), altrough the Perdew and Wilkins approsch is net limiteod

to low concentrations,and would appear to involve less unsephisticaled

1

assunptions, The experinental values in the eolid ore smaller by a
. [
factor of aboul 3 or 4. As it happens, the theoretical vilues of | arve
governed mainly by the coefficient, 31. Since this is larger in the solid,
(tavle 5+4), the diffcrence between theory and experiment in the solid
alleoys is an order of nngnitude sreater than in the liguid, again
emphiasising the inadequecy of free electron congiderations Tor solid
o '>/ .
lead and its alloys. A discussion ef A~  in the solid would involve z
: Y

treatment of the marmetism of overlapping bands; a treatment of ¥ would,
in additicn, require a knowledze ol the fractional e-charccter of the
states at the Permi level in the overlapning bands. However, the free

electron aprroach gives reasonable results in both liguid lead and its

alloys.

neferences

1) Heighway J., Ph. D. thesis, Yarwick Univcrsity, 1¢69.

2) Heighway J. and Seymour RB.F.V., Phye. Lett., 29A, 282-3, 1969,

3) Snodgrass R.J. and Bemett L.l., Phys. Rev., 1344, 1294-5, 1964.

4) Xleppa C.J., J.Phys. Chem., 59, 175-80, 1955.

5) Smithells C.J., lMetals Reference Book, p.0688, Butierworths, London,
1967.

6) Slichter C.P., Principles of liagnetic Kesonance, Harper and Row,
Yew York, 1963,

7) Asayama ¥. and Itoh J., J.Phys. Soc. Japsn, 17, 1065, 1962,

8) Kittel C., Introduction to Solid State Fhysics, p.518, Wiley, New York,

1967.
9) Rachirieb MN.H., Adv, Phys., 16, 309-2%, 1967.
10) RKepleow R.L., Strong ©., and Averbach 5.T., Thya. lev., 1784, 1336-45,

1965.



11)
12)
13)

14)

68
Asieroft ¥,W, and Lekner J., Thys. Rev., 145, 83-90, 1966,
Rigriey DoA. and Flynn C,P., Phil, Mag., 12, 1213-20, 1967,
Flatt ¥.J., Phye. Rev., 108, 285-90, 1957.
Rlardin 4, and Daniel B., J.Phys. Chem. Solids, 10, 126-37,

1959.




Chapter 6

The_senmiconductor-netal traggj&igg_igwyoz

6+1 Introduction
Vanadium dioxide, VO2 , and other oxides of vanadium (e.e. VQOB)

undergo reversible semiconductor-metal transitions; the temperature of

this change for VO, is 341 X, (Tt)' The low temperature phase is monoclinuic

2
in structure, and the transition involves both crystallographic (to a
rutile structure) and magnetic changes. The electrical conduclivity is
observed (1) to increase by four orders of magnifude at T£, from 10 ohm m
in the semiconducting region to 105<ﬂnf1m-1 in the metallic state. All
these oxides are insulators in their ground states, in contradiction to
the band theory of solids. It was decided to investigate the magnetic

properties of V02 in order to attempt to compare these with the current

theoretical model predictions, both above and bzlow the transition.

The general technique of comparing Knight shifts and magnetic
susceptibilitics, developed in chapter 1, will again be used, but in a
different fashion to its use in pure meitals and alloys. The orbital and
spin contributions to both these quantities will be eatimated through
a procedure which irvolves the temperature dependencies of theae terms,
(section 1+3+1). Once estimated, the relevance of their values in terms

of the bhand structure of VO2 will be discussed.

In order to explain the precedure fully, it iz nccessary to consider
the various possible contributions to the susceplibility, in this particular
system.

~ dla ~, VYV dla ~ Spln -~
< 7 ¥ () + £ Ty +7Y
(T) = tAi X ) (1) ')\‘0 (6+1)
The analysis depends entirely on the ability to recognise which components

are temperature dependent, and which are not. Considering thesc contributions

in turn :



5.4.

~y dia C. . . .
/i’i . This is the ion core contributicn, calculated for one V

and two 02~ ions from the free ion values of Angus (2).

v ovv
'<;i . This tern arises from the depariure {rom sphevical symmetry

of the ion cores, associated with the covalency of the vanadium-oxygen

bonding. It is a paramegnetic Van Vleck-type term (gection 1+1).

™, i.
Kg ().

should be noted that since V4+ bhas a §d1 configuration, there is 1o s-term

Thic is the conduction electron dismagnetiec part. It

in the conduction electron susceptibility.

~, dia
2
S = L (6-2)
a 3 |

Since thers is good evidence (1) that m*>>m the free electron mass,the
diamagnetic term is quite negligible. Thus,

W = K.
The reason for the temperature dependence of the conduction electron term
is as follows. jx;d(T) involves an average of the density of states, D(E),
over a range kT at the Fermi level (where k is Boltzmanns constant). The
d bands are quite narrow, and the width of their structure is of the same
order as kxT. This has the effect of introducing a strong temperature

dependence intoﬁ)L a*

?5; . The orbital contribution is known as the Kubo-Obata (3) term.

t is the analogue, for itinerant electrons moving in an orbitally
degenerate d band, of the Van Vleck paramagnetism, in fact, the orbital
magnetic moment is normally quenched by the crystalline electric field;
upon application of a magnetic field there is an admixture of highcr energy

unoccupied levels into the occupied levels in the & sub-~banda, unquenching

part of the moment. This term is essentially temperature-independent,

70



e
gince all the d electrons contribute, unlike the situation in the case

N/ - . .
of /vd(T), where only those in the vicinity of the Termi surface are involved

in thermal excitation. Thus, equation 6+1 may be rewritten as

oy =L+ K+ K ). (6+3)

The Knight shift can be expressed in terms of a core polarisation
term, ch(T), and an orbital term, KO , each proportional to the
. pis ¢ 26 :
corresponding susceptibility term,,hvd(T) and. . o reapectively.
K = 4 1w
(1) K (1) + K, | .
..,.,,Ir“' ¢ ] r\/ ."
=l Ay (1) + .43 (6-4)
Rather umisually, there is no direct contact contribution, bhescause of
the absence of s conduction e¢lectrons. This enables the shiflt to be separated

intc one identifiable temperature dependent term, and cne identifiable

temperature independent term.

The core polarisation term arises from the fact that the d electrons
perturb core s wavefunctions differently, depending on whether the d epin
is parallel or anti-parallel to the s spin (section 1+2). Consequently,
the electron density at the nucleus is not the same for the two paired
8 electrons, leading to a net magnetic field, arising from non-cancellation
of the contact interactions. ﬂ(lis not easy to calculate theoretically,
but an experimental study of the temperature variations of X(T) andixﬂ(T)

can be expected to yield a value for .:'since

[ dx/ 4T
NPT VA (6+5)
a X/ ar
Yow,
3l . (2/m) (6+6)
f
"'5\

where N is Avogadro's mumber, and {x “jrepresents an average over a unit
cell of the d conduction electron - vanadiwn nucleuvs separation, r. This

expression asswncs that the radial parts of the wovefunctions of the d



sub-bands are the same, and neglects a small long range contribution to
. o : . -3, . .
this shift. It may be approximated by calculating {r7) for the 3J
N 2 X, o
electron in a V ion. Once and ’a are known, a plot of K ageinst
~
)i,with temperature as an implicit variable, may be used to yield values
[N ~s . .
for « ,.C d(T), and /A (28 well as LCP(T) and Ko), folloving the yprocedure
used for some iransition metals (4) and for another oxide of vanadiwn (5).

. /
This technique is applicable of course only if X ané>\,are both approciably

temperature dependent.

62 Fxperimental results

Weasurements of both K ané><xin the range 290-480 K were obtalued
for a powdercd sample of VO2 , prepared by heating a mixture of V205 and
V20 in the appropriate proportions under vacuuu at 1070 X. A11 suscepbtibility
measurements quoted are for the powder, but anisotropic susceptibility
measuremenis on a small single crystal gave excellent agreement with thege

at all temperatures, thua:

2y A = 0:998 X ,

T 3 “crystal powder

where 1|l snd | refer to the axes of the crystal.

In the semiconducting region below Tt the susceptibility is
. paramagnetic and independent of temperature, (table 6+1). Detailed MR
observations were not made telow the transition; the derivative of the
absorption line shows many but not all of the features described by Umeda
et al (6), who explained their results in terms of a second order guadrupole
effect, a traceless chemical shift, (anisotropic), and an isotropic shift
of 0:28+02 %, The position and width of the present observed line (fismre

6+3) did not vary with temperature.

C e

o/ . : . .
At T A changes discontimicusly end decrcases lincarly with further

inerease of temperature (figure 6+1). The resnlt of a set of 12 obgervations
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15
in the range 341-478 X is given in table 6+1. The Knight shif{ becowmes
negative at Pt , and then clienges linearly with temperatove (rigure 672).

The recults quoted are derived from six ohservations In a simiicc temperotue
range. The resonance liné (figure G- 3) is guite closely Loreniuiun in shcy_,

with no sign of the structure visible below the trans 1110n, The peak to poil

derivative width decreases as the field increases, lLeing (3 G:+0-2 ) T et

08 T and (1:840¢1) uT at 1-4 T.

6+3 Discussion

The observed data are analysed in terms of‘equutioné 6;3 und G4,
The ionic susceptibility was taken to be the observed (7) paranmsgnetic
susceplbibility of iso-gtructural titanivm diexide, 'I.‘iO2 s Whirh has no
itinerant @ electrons. (Titanium is next to vanadium in the pericdic table
and the Angus value for the free ion susceptibility is close to that for

-G 3 .
the valuve for vanadium).The value found was (0+8440:02) x 10 7 w ks !

.

Teble 6¢1

source semjconducting phace metrllnc phase,

?g;(mEkg_1/1°9) P z¥§(m3k@~ /10; dT (m31” K™ /10%; }r(A07dﬂ (/108

present work 1517 1112 ~4+30 ~0+391 4400
+ 0410 + 03 4011 40+007 4010

ref. (8) 1246 105+7

ref. (9) 101 100+5 ~41

ref. (10) 11-9 993 -4

ref, (11) ~0+38+0-02

i at 373 K

Clearly this is only a small fraction of the total susceptibiility in the
C '
metallic state. There is some uncertainly in assigning o value 1o :° becauns

of the effects of covalency (if present) on { r 3 Jor an clectron in

Vi -3

a free 5d1 ion, , using the value of { r 7 ) given by Rodo end Suhld
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T4
3

N -
. - + . . . .
(12), {r: 538 x 105kgm ; for a V4 ion in a rutile type crystal, Shimizo

%
!‘ — Y . o . .
(13) celculates a smaller value of {1 )) , assuming 30/ covalency.

—-.l ¥
This yields f¥= 3«77 x 105 kem 7. The experimental results give a value
5 iy 4
for «' from equation 6+5 of ~(1-0740+04) x 10”7 kgn ~. This may he compared
with the corresponding quantities for pure vanadium metal, -(1+%240:20) x

10? kgm’3 (14), and for vzo3 , —(1-65) x 105 kgm—3(5).

In figure 6+4 the experimental K ~ X curve (a - b) is extrapclated
to meet a line drawn from j(,i with slopej7’. The projections of the two
segments onto the susceptibility axis then give'><J0 and ix;d(T), in
accordance with equation 6+4. As can be seen, this has been done for both
values of ﬁ;with the following two alternative sets of results for the

metallic phase.

For f’: 5¢38 x 10° kgm’3, indicated by 1 in figure 6-4,
X =(120240:6) x 1077 woxe, TXLO/'><Jd = 0-12440+006 |
K, =(0:66+0-04) % Ky, ™ -(1+0510-04) %.

For [V = 377 x 105 kgm-a, indicated by 2 in the figure,
X 2(16-340+8) x 1079 nke™! TXLO/APC o = 0:173:0:009 |

K, =(016110-04) % K= =(1:00:0:04) %

In principle, since both the orbital and spin interactions with
the nuclcus give rise to spin-lattice relaxation, a choice between the
derived sets of values of TXLO andixld ghould be possible, by mesouring
the V51 spin-lattice relaxation tinme, T1 y in V02. Attempts were made to
measure this directly, but they were unsuccessful, The failure waa attributed
to the shortness of T1 (the apparatus hes a "dead time" of approxinately
10-15 ,iS). However an approximate check can be made through the linewidth,
This contains several contributions in zddition to that arisinge from T1
processes (section 1+2). The combined effect of the anisotropic Ynicht

shift and electric guadrupole interaction (both of vhich quantitics are
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known at 373 ¥ fron the single crystal data of (6) ) leaves the central
3 =} transition with 2 complex lineshape for a powdered sample, as
discussed by Baugher et al (15). Using the data of (6), the linc at 0-8 7
should show two sinralarities separated by 2+2 mT, flarked by shoulders
with an overall separation of 2¢8 m® (figure GeBa), At 1.4 T one
singularity,flankcd by shoulders separated by 4¢3 mT, is expected (figure
6+5b). The linechapes are.similar to the third and sixth diagrans of figure
2 of (15). Also in figure 6°5, the effect of folding the predicted curves
with a2 2 mT Lorenizian line is shown. The s'nguiarities have move influecnce
on the resultant width than the shoulders. The shape and width arc both
cohsistent with the experimentally observed lines. Since the nuclear
dipole-dipole interzction contributes only 0<4 mT, the bulk of the 2 m¥
broadening must come from T1 effects, Now the core polerisaticn contridution
to the relaxation rate can be conveniently estimated from ch (16)

through

. 2 2
it KT v 1
(1/T1)cp‘ - (4WLH§T m ) KCi (-3 £ 4 %(1—f) ) (6-7)

vhere k is Boltz:anns constant, Ye end 3§ the gyromagnetic ratio for
s electrons and for the nucleus respectively, and £ is the fractional
tzg charecter of the 4 electrons at the Fermi surface. Here f is 3/5.
The expression yields 0+15 ms for (T1)0p in the temperalure range
investigated, from the experimentally derived value of ch. There 18 no
similar "Korringa-type" relation for (T1)0 and K, since K in not
related to D(8.), vherezs ) is. However, (T.) can be deduced from (7,)
f ° 170 17¢p
using (T1)0/(T1)cp = % (my/P‘)z, since both relaxation rates eve
related to the respective hyperfine fields, Ho and. Hcp; thege ocre in
turn related toailand ﬂ:(16). The factor of % arises from the particular
choice of £ = 3/5. The result is 3 (is or 6‘ =h correspondivg to the tvo
values of;f;considered above. These correspond to line broadening of 6wt

and 3 ml respectively. It is clear that the orbitul relaxation prosess

.
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dominates, as it dogs in yure vanadium (17). Houever, in that case, (‘_131)O
is about 50 timze longer than the second value quotzd above, which could
arise from a density of states at éhe Fermi level about 7 times smeller
than in V0,. The value for D(Ef) for d states deduced from the value
obtained for?K«d is 16 eV-Tmolecule"1; this quantity in pure vonadium is
2 ev laton™ (1%3). This is independent evidence for (T1)o = 6 jis in VO,
which amount algo gives a ieasonable fit to the linewidth data. Thug, the
value derived from the estimate of ( r—s} , including covalency effects,

. . ) N/
can be regarded asg a gatisfactory f£it to the tolal NMR data, and thexﬂ.o

and Ko obtained using this {ﬁ are taken to be the correct onas,

It is of interest to.compare the velues ofﬁﬁio and Ko with the
observed suscertibility end shift ﬁeldw T, (where ch and’}<,d are zero).
If the degree of covalency were unchasnged by the trensition, Ko(Tf>Tt)
would equal the observed K(T<.Tt), andEKJO(T)>Tt) would equalifL(T<<Tt)
minus the sameTX;i ag used above the transition temperature. However, the
increased lattice distortion below Tt ig likely to increase the degree
of covalency, thus ensuring thatjx;i is positive and decreasing [J « This
means that’><b(T<§Tt) is certainly less than the total susceptibility,
1517 x 1072 wokg™ |, and hence must be less than '\/‘CO(T\/TL_), 16+3 x 1072
mBkg—1. Consequently K(T<1Tt) must be expected to be less than KO(T)‘Tt)

on two counts (since LSS =;7:ITXLO); the experimental values (0+28 % and

0:61 ¢ respectively) confirm this prediction.

6+4 The band structure of VO,

Attention is rnow turned to the insight which can be ohtained from
the above data, together with other existing date on the band structure
of VO2 which is clearly iwportant in understanding the nature of the
transition. Considering each phase in turn:

T:>Tt. The existence and magnitude ofj<~o imply that the electronic



1t
processes regpousible for the charecteristic properties of V02 tode place
in at least two partially overlapping bandsz, containing Bloch ataten
between which the orbital angular.momentum operator hes nen-zero matrix
elements. (Orbital degeneracy is necessary for the eristence of?KJO)‘
Models reguiring isolated 4 bands , such as that dve to Adler end Brooks
(18) are eliminated since the energy denominator in the expression for
™ .
}Lo (19) is large, causingiiio to be too small. (Hence the requirecment
for partially overlapping bands). As conjectured by Goodenough (20), it
seems likely that the bands involved are the dx2—y2 eub~-band ard an anti~

bonding band, (& xsz)“*’ associated with 7 ~overlap between cation d x
3 z

z
and anion Py orbitals (see figure 6+6). The existence of such hybridisation
is certainly consistent with the use of the value of ¢ r~3} appropriate
to about 30 % covalency. Assuming that these two sub-beands are parallel
across the Brillouin zone and overlap by 50 %, Hylend and Hearn (21) have
calculated that the observedf><b indicates a vertical gop of avout (45 eV,
a value compzrable to that inferred from optical absorption data (22) and
to that given in (1) for ihe separation betweecn the dx2~y2 and d__ levels
of an isolated V4+ jon in an orthorhombic eiectric field, namely 043 eV;
this latter value should correspond to the vertical gap at the zone centre.
The same, and other (2%), optical data imply an overall (dx2_y?) bendwidth
of about 15 eV, whence it follows (figure 6+6) that the bottem of the
~upper band must lie at least below the centre of the lower band. The
resulting energy spectrum is thus consistent with the existence ¢f a semi-

metallic stete in VO, for T> % in which the density of states at the

2 t

Fermi level is about 16 eV-1molocule_1.

T<1Tt. The valence band is the bonding portion of the dx2 y2 band

which splits off to a lower enexgy following the establichment of
alternatively long and sghort cation separations along the tetraconnl c-axic

(1) on cooling through Tt' In this way a gap appears in the energy spectrum
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of the system, which separates this bonding band from the (dzx:px){#
anti-bonding band which still contains the anti-bonding portion of the
dx2-y2 band; according to Hyland k24) this anti—bondingfdiZmy2,(dzxxpx)”* |
complex constitutes the conduction band. The depopulation of the (dzk:px)W%
band at Tt increases the covalency of the system (since (dzx:px)J* is an
anti-bonding band) and this in turn leads to a de-stabilisation of the
E{:z_y2,(dzx:px) ﬁ}complci, enhancing the gap which originated initiully
from the c-axis cation-cation bonding (25).

As mentioned earlier the observed susceptibility in this phase is
Y= KEEXT X,

Optical data (22) rcveal that the gop associated with the verticel
transitions between the valence and conduction bands, from which transitions
ﬁkio arises, lies between C+4 and 0+5 eV. (spproximately of the same
magnitude as the vertical gap-for TT>Tt). On the basis of Hearn's (21)
calculation, the valence band is no longer parallel to the conduction
band, for T« Tt , whence the calculated value for 7XL0 is slightly reduced

from its value for T> T y in agreement with the experimental deduction,

t
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Chapter 7

Yagnetic sgusceptibility and Knight shifts in mowe complicated alloys

Te1 Introﬁggtion

Recent investigntions have béfn nade of the MR properties in ailoy
systems in which the peeaibility of non-random atomic cxrangements in
the liquid phascs had been suggested ((1) and (2)). Measurements of the
magnetic svsceptibility were therefore undertzken in these systems in
order to provide further infowmation of their electronic atructurcs (and

atomic arrangements), and also to enable correlations with these Euight

ghift mecsurements to be made,

1:2 Noble metal alloywu
Existing x-ray diffraction end electrical resistivity data smgoiest
the possibility of intermetallic compound formation in ligquid alloys of
the noble metals with indium, and with tin (1). The magnetic guscoptibility
of some of theze alloys has been investigated as a function of temperature
and concentration., The systems chosen were
1) 1liquid copper-indivm, gold-indium, and silver-indiwa alloys, and

2) gold-tin alloys in both the solid and liquid phases

The regults for the total mass susceptibility are ghown in figures
7+1 and 7-2, z2long with the pure noble metal values of section 3-2, As
can be gzen, all the noble metal-indium alloys have similar maximn in the
diamagnelic susceptibility ét about thirty atomic percent of indiwm, whether
rlotted isolnermally or following the liguidus. The possibility of a similar
maxima in the gold-tin system at between 85 and 90 atonic percent gold
cannot be ruled out at 773 K. (The temperature coefficient of sueceptibility
of liquid gold-Apperdix 1-is emall, and the value for gold conaidared

"supercoolced" to 773X would be very close to the point plotted). The results
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./
for /. in the liguid phase are ghown in figure T+3; the full expovimenisi

date ie listed in Appendix 1,

7¢2:2 Discussion of svgceptibility datis

Mj‘{t we
411 the systemo appear to exhibit ahpaximum

meaouring—tonpsratares in the mass susceplibility. This should he contrasted
with the linecr bohaviour in the simple ¢lloys investigated in Chapter 4,
and ie consistent vith a reduction of the conduction electron paramegrietinu,
agsociated with some kind of bond fOU.aLJOH. (It is simpler to consider

masc cuscephtibility than the morc appropuiate volume clectronic suscepiibility
if compound formation is considered likely, 81nc§ under theoe conditions
assumptions about the ionic terms and interpolated densities wvould be
difficult to justify.) Moreover, from the measured temperature depenﬁenoies
of )1‘, it is found that as the tempersture increasec these maxima graduzlly
disappear, in keeping with the suggeation that crder is retained from

the s0lid, being slowly lost due to thermal fluctuations. However, none

of the maxiua occurred at conmpositions suspecied of bond formation (Au%Sn,
AuInz, CuInz,

lerd support to the idea cither. Accordingly, since the evidence for

4gln, ) and furthermore the MR evidence of (1) does not

liquid atomic ordering is weak, it was decided to look for other possible

explanaticns in terms of random alloy behaviour i.e, as in earlier chapters.

The results were analysed af the temperatures at which the ¥night shift

datz were obtained, and also extrapolated to 1363 K, a temperature at

which all the noble inetals themselves are liquid. Assuming random bebaviowur,

linear interpolations of alloy densitiecs and of icn-core dianagnetism

between the pure metal values were made, and the volume electronic

susceptibility obtained, as explained in section 1+1. The results of such
,»\/ ’

an avalysis are shown in figuves Ted - T+6. Ag expected,;x,e ig everywhesne

paraasnetic, There is a minimum corresponding te the meximum diamagneticn

~

N
in /\., in the copper-indium and silver—indium alloys at 1077 K. The very
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large increase in ;<“e near the noble metal end of the councentration
range is nirrored in the very large fractional increasce in the ’Cu shift
observed by (1) in this region.( Cspper was the only noble metul for
which a resonance was observed.) The minima dissppear at higher
temperatures in both systems. No minima are observed for either of the

gold alloys. The assumpiion of linear behaviour of the density with alloy
composition is undoubtabl& an approximation. Bramall (private comnmnicaticn)
has recently measured the density across the gold-indivm system, up to

~ 7 )
1363 ¥ (figure 7+7). The values of ﬁve deduced usine theseé dennitien are

shown in figure T+6. The approximation appesrs to meke little difference

NS
4

to the behaviour of 7 but causes a mexinun errver of aboul ten percent

inr><,e in the middle of the concentration range.

The main problem in analysing the results arises from the complications
associated with the noble metzl susceptibilitiern zlready discussed in

section 332, The approach zdopted in section 4¢2¢4 for alloys, dedueing

:

~, ~/ |
)<ﬁp from >\ze by subtracting a calculated /<”d value, is likely to be
inaccurate since it ignores the effects of s-d hybridisation which are
particularly important near the noble melal end. However, even with this
qualification, an attempt to give a possitle explanation for the minimum
c’y I‘\)I
occurring in A (and presuwrably \Jp) in the gilver~indium and copper-
indium systems can be made. As discussed in section 3+35-2, the s-d
hybridisation leads to an enhancement of the density of states in the
noble metal. In the alloy this enhancement decreases faster then the simple
freec electron increase of the density of states with increasing indium
concentration, ignoring for the moment the electron-clectron erhancoment
(which will be similar for both pure metals), These opvosing offecls may
s . . .
yield initial slopes of f\zp with concentration which are negative at

both pure metal ends, with a minimum somewhere neer ihe moble netal end

(where the s-d enhancement has effectively vanished). For the gold alloys
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this effect may be masked, there dbeing a mch lavger change in fve 3LLO8E

the concentration range. Thias approach does not explain the disoppesavance
. "y
of the minimam with temperature, nor the apparent small maxiaam in /.

C

near indium. It is clear, however, that s-d hybridisation effects will be
present, The problem of comparing experimental Inight shiftls and

susceptibilities will now be considercd.

7:2:35 Discussion of P.:

Table 7.1 shows the e perlment&l Kn_,‘xlht shift Chaﬂ”(‘};), !G:)’pt’

calculated iritial changes in.gin, obtained by (1). These letter valuos

the partial wave approach

and the

were obtained from a partial wave analyveis, using a screencd free aton
‘potential. From the gencral expression for the direct contributicn to K,
(equaﬁion 1+10) the initial slopé is just the sum of the initisl valves,
(1/51PfE)(d(;;PfE)écF) and (1/7(,)(dt<b/ch), E and F refering to the solvent
and solute respectively. The difficuliiec in obtaining the lest term are Ly

» expt (O \/ expt

now apparent. The values from, ‘e ignoring the unknown

.vd,
m* correction to AXLd—sce sgection 4+2-4-which will only reduce an already

small term) are shown in table 7+1, column é. They are all positive. Another
way of estimating this quantity is from the expected changes in the clectron/

atom ratio and electron-electron enhancement, thus for frec elcetrons,

18X 1 (Zp = 2;) 1d4 1 d~
) D (f ) = = P _.%R RN L (7.1)
/\\/ P F 3 éE 3.& :_ch - Iw 11
where the first two terms on the right of equation T+1 covexr the change

~ g

in ’\bo due to changes in the valency and atomic volume upon alloying,
and flE is the electron-electron enhancement factor for pure metal E, The
change in this last term is very small, and the assumption of linearity
of = with concentration can be made, This expression comes from the
definition ofﬁhu for free interacting electronn, Since free electron

behaviour of ligquid indium and tin is expected (secction 3+3+1) such an

analysis may be useful. The values of the coeflicient obtuined are shown
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in table 7+1, coluun ﬁ. Theae are all small negative nmumbors and oo can
be seen give a bet?er fit with experimental ¥ values, This iz not owrprising
and reinforces the belief that the simple analysis ofryi adopted with
guccess in other systems, yieldingf>iy), does not work for nsble netals
and their alloys. Furthermore, it must be rcuecmbered thut the measured
density (in the Au~In system) caused a further small change in the initial

~, s .

slope of fvp. There is thus considerable uncertainty in thias qrantity

althouch it is clear that it gives a smaller contribution than

(1/j1Pf)(dQ;P )/dey) in all these systems.
E B

Table 7-1

Contributions to F' in noble metal alloyg

. ~s 1 '\,/ 1 ) 1 - theo r~theo o
syatem (, fe NP, . ! |
solié%f solute “Xp ( ) R L (3+5) L (445) . expt
1 2 3 4 5 6 7 8
tin  gold (773 K)  0:35 ~0+04 0+17 0+52 0413 0+28
indivm gold (1073 K) 0445 ~0+03 0+24 0+69 0+21 0-28
indivm silver " 0+19 -0+04 0+20 0+39 016 0+22
indiwm copper 013 ~0+02 0-15 0-28 013 011
~ /s 1 1d’.x .. ~s 1 1
}(,p = A de P | and similarly for ,(,p(fe) and )P
X °F

T+2+4 Discussion of Pf: the pseudopotential approach

Host (1) has also caleulated the expected variations in i Pp with

concentration across the whole alloy range, using the pscudopotential
appreoach discussed in section 1¢4+2, Unlike the phase shil't method, 1his
is not limited to very small concentrations, and it seems clear that

7/

there will be less uncertainty in the total change in ,ﬁwp than in its

expt™
o /<) and 3 P, for the

initial slope. The values for j% (from.
alloys can then be multiplied to obtain estimotes for the variation in
K across the whole range, and the results compared with the experimental

values at the measuring temperatures (see figures 7+8 and 7»9). The
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main contrilutions come from the ;T”Pf chanzgza, Comparison with erpoainent

shows that the general trend in X is adequately described but thal the
quantitative change is too large in 2ll cases. The assumplion of livcavity
of atomic volume (only slightly different to linearity of density in

these cases) also affects the values of the Fermi wavevector uscd in

the calculation, This is certainly one source of error. The actunl velues

115

C
of the Knight shifts of In and 11)Sn are both larger than predicisd

by this caleulation (69 % of K.,

it 07 M550, 74 ¢ for 1),

T7+2+5 Concluazicn

It is clear that both the pseudopotential and phase chift approe-ohcs
meet with limited succesz in desgribing the experimental varisticrns of
the Knight shifts in these alloy systems, but nany necessory approxiusbtions
and simplifications limit the procedures to a semi-quantitive fit. Ho firn
evidence for non-random atomic behaviour in the liquid phose was fouand

for any system.

7+3 Thalliun-tellurium alloys

Te3+1 Introduction

Marked maxima have been observed in the Hall coefficient and recictivity

for liquid TeTl, alloys, as discusscd by Brown et al (2) whose IR study

2
of this liquid alloy system was supplementied by the present author by

an investigation of’>(z.

7+3+2 Experimental resultis

The magncetic susceptibility of tellurium was measured ot 750 K and
that of four alloys with thallium wes studied ag a function of temperaztuve
in the range 650-1000 K. The results are summarieed in figure T+10, Teo
large error for Te arose from its high evaporation rate ot the méuguring

temperatures. The full vesults are tabulated in Appendix 1.
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T+%+3 Discussion

These results have been compared with the Xnight shift variations
with temperature and concentratién by (2). For these particular elloys,
which are semiconductors, it is not a straighiforward matter to subiract
the ion core diamagnetism. However, an estimation of r)ie from the
measured susceptibility was attempted by the following procedure. The
electrical conductivity; C# s, is proportionzl to the square of the density
of states in these alloys (3). Now, jx;e (in mass units) is proportional
to D(Ef). Bence,

N
1 d. [ 2 d’_&<
FaT o~ dn® (7:2)

Aoe
Also in mass units, the ionic term in ><,is independent of temperature,so
~ N
d/ie/dﬂr is equal to ¢ /d T, From the measurcd 7 data (3), values

of )<”e can be deduced using d,xL/aT for the various alloys, In this way
9 m3

"X et 800 K was found to decrease from 21 x 107

. —9 3 -1 . . . 1 _9 3 ~1 wa N 1
to O 25 x 10 “ m"kg for Te36T164 and O 13 x 10 “ m“kg  for fe341166.

The volume susceptibilities were calculated from the known densities of

-1
kg  for Te60T140

these alloys (4). These give 15, 25, and 1+3 ( x 10“6) respectively,
in ST units. Thus, by comparison with typical metal values ( 13x 1O~6
S1), it is secen that the susceptibility data confirm a rapid decrcase
in D(Ef) as the composition TeT12 is approached. Neglecting any possible
orbital contribution to the susceptibility,

~s )

K = Y /vp (7-3)
where Y involves the electron density at the macleus, and will he
lﬁrge for a large s charecter of the conduction electrons, Compariuons
of the temperature coefficients of the observed shift and(><,p (assuning
TKLP= j><,e/2, and obtaining jx;e as previocusly explained ) yield values

for Y which are large (comparable with the values for the pure metals

in the tellwrium row of the periodic table).

It was thus concluded in (2) that the conduction electron density



a7

at the 125T

e rmcleus changes little on alloying with thallium, and the
variations of Knight shift and susceptibility both with concentration
and with temperature are due priﬂcipally to changes occurriné in the
density of states at the Fermi surface. The large shift which the authoru
obaerved in Tele, where the density of states is gmall and consequenily
the conduction electron contribution is small, is interpreted as being

a chemical shift havinglits origin in bonding electirons, They say that
this strongly suggests that molecular groups of the form TeTlQ exist in

the liguid.

References
1) Host I.P., Ph.D, thesis, University of Warwick, 1972.
2) Brown D.,Moore D.S. end Seyﬁour E.F.W., Phil. Mag., 23, 1249-59, 1971.
3) JEnderby J.E. and Simmons C.J., FPhil, Wag., 20, 125-34, 1969.

4) ¥anda F.A., USAEC Report NY0-2731/8, 1967.



Chapter 8

Local moment formation in gallium alloys

8+1 Intrcduction

Magnetic moments in free traﬁsition metal iona arise from the
incowmpletely filled d shells pregent, If such an ion is dissolved in a
non-megnetic netallic host (such as one of the metals considered in chapter
3) the d levels broaden due to the interactions with the sucrrounding
conduction electrons, becoming regonance states}since they lic within
the conduction band of the host. If the coupling with thésc electrons of
the host is large compared to to the interactions between ihe 4 eclectrons
of the impurity, the magnetic moment vanishes. This is the case if the
host has a large density of states at the Fermi level, and also for
impurities for which the d levels of both spin directions are cither nearly
empty or nearly full, and also for impurity levels which are far removed
from the Fermi level., Friedel (1) has discussed this behaviour in terms
of a Yvirtual bound state"; this state consists of the conduction band
and the localiged moment (most of the impurity electron wavefunction is
localised near the transition metal ion) modified by a weak perturbational
exchange coupling between them. Kondo (2) has suggested that below a
characteristic temperaturet}his gtate collapses to a "gquasi bound state",
in which the moment is counterbalanced by a cloud of spin polarisation
arising from the same s-d interaction which gives rise to the virtual
bound state., Friedel has formulated an approximate criterion for the

conditions necessary for localised moment formation (section 8-3-3).

This criterien leads to the prediction that localisced moments will
not occur in liquid gallium alloys, with any of the first scries t:ansition
metals as inpurity. Earlier work (3) on gallium-manganese alloys had
surgested that a moment existed, and consequently it was decided to

investigate soue gystems with gallium es the host. By inlroducing various
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tranaition metal impurities into a host matrix the porameters, sach as

p, the mmber of d electrons, cen be varied and some insight may be gninad
of loeal wmoment formation. One easily identifiable charecterictic of local
moments is the behaviour of their megnetic susceptibility, whiech varies
inversely with temperature (section 1+1e4). In the present wcrk the net
susceptitility [i}i,(after subtraction of the host component) of some
transition metalsa in 1iqui5 gallium was measured. The atomic concentration
of the impurity vas kept at , or below, about one percent, so as to minimise
the complications which would arise from impuri%ymimpurity’interaotions

a2t higher concentrations. The behaviour of the hoat Knight shift, linecvidtl,
and longitudinal spin-lattice relaxation time were also investigated in
alloys of gallium with manganese and gallium with chromiwn. These guantities
may yield information about the localised state, including an cstimate of
its lifetime. Iurther, the sugsceptibility and NMR data may be considerved
together, as in earlier chapters; such an approach night yield a self-
consistent picture of the localised moment system. This will be discusced
fully in section 8+3, The overell dats for gallium-nanganese alloys will

be considered, and values for the characteristic temperature,9the lifetine
of the state, and the conduction electrcn—local moment coupling constant,

J, (4) derived. The results will be compared with those of the copper-

manganese system (5) and those of the alwiiniwn-menganese system (6),

(local moment forming and not, respectively),

8+2 Experimental results

821 Magretic susceptibility

All the metals used here were of 99+999 percent purity or better,
as in carlier chapters. The net magnetic susceptibility of several
concentrations of manganese in gallium was derived from total suscéptibility
measuremehts. The resulte are summarised in figure 8¢1; they were obtained

at temperatures between 1200 K and the liquidus, below which point the



mangares: iz lost from solutiocun. (A1l the inpurvities considered swe
insoluble in galliun in the solid phase), This linear behaviour of
reciprocal net susceptibility with temperature is characteristic of
local morents, and the fesu ts will be analysed in terms of a Curic-Veisco

law in section 8+3,

Figure 8+2 shous the experimentally derived resulls cbitained lox
the several galliuvn-chromiuvm alloys investigated, plotted in e similar
fashion; again, linesrity is obuerved. There is more uncertainty in the
intercept on the temperature axis ,however, because of tﬁe éh&llow alope
and limited temperature range. The range wos limited at the upper end by
evaporation of the gzllium and at the lower end by the ligquidus. These

resulte will be analysed in the some way as those of Ga-lin.

Further, the behaviour offX)i,as a function of impurity concentration
and temp:zrature was studied in dilute galliwn-irvon and gallium~coppex
alloys (figures 8¢3 and 8+4). In these systems,ffx‘,was found to be small
and virtually temperature independent, showing a slight increase with

temperature, It is apparent that these two systems do not show local

'. ’\\/
moment formation. ( The figures show the total See)

Figures 8+5 and 8+6 show the net susceptibility as a function of
concentration for the galliwn-manganese and gallium-chromium systons
respectively, at an isotherm in the liquid phage., As can be seen, there
is no difficulty in dissolving the impurity, the additional susceptibility
verying linearly with concentration,It is worth pointing out that in these
alloys N

e > X + K

Ga-ln ‘ cGa Ga CMn Mn (8.1)

o

- .
. o N
where ¢ is the atomic concentration., Finally, the original ﬁi data for

all theoe sygtems i listed in Appendix 1.

In order to investigate the NMR of the gallium host in these two
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local moment systems (section 8:202) poadered samnnles are rervired, boenve:
of skin depth problena, The difficuliy of obtainiv: powdered alloys in
systems in wnich the impurity is insoloble in the sclid hest bng alveads
been fully discussed (secticn 2¢5). In ouder to checl: upon
and hormogeneity of the powders produccd by the technique deveribved, their
magnetic suscepiibilities were measured (figure 8¢7). go reralts shev

the characteristic behaviévr and magniiade of the net susceplihility obonyuad
in the bulk sarples, but obtained down to wuach lover tewperaiurss, presewtly
the result of supercooling. It ghould be noted ,hovever, that a few sanple o

-1, . .
showed a discontinucus change in (’”*0, the intercept on the vemperatur:

s

&L

axis becoming more positive for the lover temperoivre scgment., Both sognta
of the line exhibited linear behovicur. This phevonenon remoivs wnexplainei.

No sample shewed any sign cf ferromagnstic impurities. Any inselobility,
arising from an end of supcrccoling, would be expected to reduce &'}{
(equation 8+1), leading to a more negative intercept, the cpyusite to 4o
observed behaviocur. The host N/R in these anomolous samples has also heen
invectigated (section 8¢2¢2)., It is worth steessing that the Curie-Weiss
behaviour of the susceptibility persisted dovn to room temperature in tha
powdered alloys. This phenomenon proved invaluable in the study of the

host IMR; since the available vpper limit in temperature was T80 K, this

supercooling vastly incrsaved the measuring range

Be2:2 69Ga IR data

The 69Ga ¥night shift, linewidth, and apin-lattice relazation time
wvere studied in Jiguid gallium (section 3'4) ané sore gallivm-riangenese
alleys. The results are surnaricsed in figures 88 and 8+9; figare 8¢9 shova
that there is an additional jpesitive shift of the resononce in thece alloys,

1 vafriation
The velue of |, (1/K)(aK/dc ), is 0-54C+2; its temperaturch or luck

of it, is uncextain. The linewidth chows an increase of about 10 perccut

in these alloys and is consistent with the behaviour of T1’ Wi
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in the alloys becoming closer to the value for pure gallimm at high tesreratnres,
(fizure 8+8).The sampies which had shown anomolous behaviour in the
magnetic suscentibility did not exnibit any significant differcuces fromw

the others in the WMR data.

Similar behaviour of the shift and width was observed in the galliuvu.-
chromium system (figures 8¢9 and 8+8 respectively). The [ﬂ obtained is
0+6:+0+4, and the linewidth increase is similar to that in gellinm~manganese.,
Becauce of the small concentrations used, the cbserved shifts were all
very small, but were obtained in sufficient number to be éon&incing proof

of a real positive shift.

A;l these results will be discussed in comparison with the behavicur
of impurities which do not possess localised moments, as a contrast, and
in relation to the magnetic susceptibility, in accordance with the gencral
approach adopted in earlier chapters. It should be mentioned ihat a search

55

was conducted for the ““Mn resonance, in the more concentrated alloys; it

was not observed. This failure is probably attributable to btroadening of

the resonance; the signal intensity was believed enough to ensure observation
if this were not the case, and the search was conducted over a range of

0+1 T, enovgh to cover a Xnight shift of +5 percent. The 69Ga resonance
signals were olbzerved in samples which were preheated to 1100 XK and were
obtained at temperatures between 300 K and 780 K. In some cases the higheat
obgervation temperature available was above the liquidus of the alloy, in
others, not. Mo changes in . were observed at the liquidus for those
samples for which measuremcut above it were possible, apparently vindicating

the view that cupercooling is occuring boclow the liguidus, rather than any

precipitation of the impurity,

8-3_Dircussion

8:3-1 Nagnetic susceptibility

A study of the other metals of the first transition series in liquid
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gallium has recenily been made (P.L,Camwell: private commanication).
Figure 8+10 surmarises /\v\,fov orie atowic percoent of impurity in gallivs

at 1173 K, for this fransition serics. This shovs a distinet peak at
manganese, the metal with the lorgest unpeired spin. This is the resultls
expected, with mangenese and chromivm having the largest effective number

of Bohr magnetons, and being the only metals forming local moments. Thecoo

two will be discussed more fully.

Galliwn-manganzce alloys. These shew & distinet Curie-Veiss type of

[t

behavicur, with z concentration-independent momaent, Popr 1B * snd intercept,
{ ]

™~
7 4 where

c Ny 2 2
S ¢ 3 { & .
N . 2 oL 1B (per mole,SI). (8+2)
4« x 1073) 3k (4 )
where N is Avogadre's number, fB the Bolir magucton, k Boltzmaun's constant,

and 4 the concentration of impurity atomg. The value of thie moment (5‘9i
O-SgE)is not inconsistent with the amount expectcd for maniznese, which

has a free ion spin quantu: nuaber, 5/2., The measuring rangce of temnerature
was above ‘= (600+40 K), the range for which linearity of (/ /) w1th
temperature is expected from the Curie~Weiss lav. It can safely be concluded
that manganese in gallium possesses a localised moment, the susceptibility

of which follows equation 8+2, neglecting impurity-impurity effccts,

:

Galljum~chromium alloys. The analysis conducted in an similapr manner to

that for gallium-manganese yielded values for % and peff(iablo 8'1) which
are concentration dependent. Further, the intercoept was so lerge for most
concentrationg considered that it was ouitside the temperaturce range from
which the intcrcept was derived. More explicitly, = is derived from
extrapolating the linear results in the measuring range back to nero on
thé><,~axis. The velue obtained for & was above the measuring rahge,

yet linear behaviour of Q >/) lo only expected above & Clearly, thig

analysis is inconsistent. Foreover, the value for Porr (approximately
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7!}3f0r one atomic percent of impurity) ie larger then can be cxpected
from the spin quantun number for chromiwm. Bofh of theuse resulis point
clearly to thne inapplicability of {he ginple Curie~ilcias law to the
gallium~chronium system, at the femperaturcs measured. Several alicrneiive
formalae for /i, in this ambiguous region can be considered (sce, for
ingtence,(7) anc (8)), but as it is possible to fit the swsceptibility

results to a large varietj of formulae over such a liwmited tempurature

range, svch an avproach will be of dubious value. A possible explenation

of these results may be that impurity-impurity effects wipe out the local

moment (i.e. a single chromiwn jon has a woaent, two neighbourirgs ones

do not). fiMiis would explain the behaviour of ¥  with concentration,

the intercept value of about 80 K (figure 8+11) being the value of & fom

a single chromium ion. If impurity-impurity effects were present, however,
ASD(agalnnt concentration would not be linsgar, bult would be parabolic with

a downward curvature. Figure 8+€ does not eppear to show this, althiough

the one poinl off the straight line, previously believed to be & consentation
error (not 21l the chromium in solution), must be seen in a new light in

view of this possibility. It does seem clear ,however, that galliuwm~chromivm

T

is on the borderline for local ricnment formation.

Table 81

The Curic-Weiss parameters in Ga-Cr and Ga.-in

systen ~._<§) d ,_Z,Eiil () Pors ap, fi‘lggi
1 2 3 4 5
galliuwn-manganese G02+40 - 5¢94+0+5 -
galliwn-chroniwa 804300 -3 x 107 442404 3 x 10°

CoJumns 2 and 4 are for ¢, 0; the mUment,ig =P G

8-3-2 'R and _svsceptibility

The intrcduction of a menovalent irmpuvzrity into & trivalent host

-y N _
typically causes a positive fractional change 1 in the host Knight shift
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=

of zbout 0+2 across the concentration range (mee for example table

7+1). Eowever, the change in the paramagnetic electronic susceptibility
with concentration is very large; .(1/)<p)(d(gjg)/dci) ia approximately

27 (wheré>( D refers to the spin susceptibility of gallium given in
section 3+2). Clearly this change is not reflected in ihe Kright shift
change in the gallium-manganese system. Presumably this means that the
effect of the moment is ifself localised within the immediate neipghhourhood

of the impurity. However, the moment does have an effect since b is

larger than weuld be expected from simple valency considerations.

The relaxetion data sugpest that the presence of the localised
magnetic moment contributes another relaxation mechanism, shortening
T1; at higher temperaturec this mechanism is apparently less effeclive,

T1 approachingz the value for pure liquid gallium. This contribution

will be discussed in section 8+3%43,

833 Compawicon with theory
The presence of a local moment in gallium-manganese and gallivm-
chromium allove is incontradiction to the (admittedly approximate)
condition for local moment formation of Friedel:

p. \E oW (8+3)
where p is the number of electrons or holes (depending on whether there
are less than or more than five electrons) in the d shell, W is the
effective width of the virtual bound state, related to E??"?i.nd S E is the
difference in energy between a pair of electrons on the moment of porallel
and antiparallel states. This rule leads to a predicted impurity versus
host Fermi level curve which has a peak at manganese (8). BEven so, gellium

a8 host shonld be outside the local moment region that this curve delineates,

The Al-Mn cystem does not form local moments (6) , bui aluuinium hes virtually

the same density of states as gallium, and it is surpricing that it ohbeys
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the criterion vhereas gallium does not. The Al-Mn syatem has been desriliod
(9) a8 a localised spin fluctuation. Crudely, its moment is too short--Lived
to be effective, Dayhell and steye'rt (7) show that the coupling constant
betiween the moment and the conduction electrons may be estimzted from the
density of states and the chaoracteristic temperaturc ( TK = Tf exp-(LID(Ef)U"T).
This yields J=1+0 eV for Ga~in., In Al-kn J is not known with any certainty,
but one estimate (A.Wareth:private communication) puts it at 5-2 eV, This
would explain the reason why no moment appears in aluminiaw-manganese,
the weaker coupling allowing moment formation in gallium-manganese, In
the copper-manganese system (strongly moment forming) J is 0«6 eV (7);

J is related to /\E (equation 8¢3); the bigger is J, the smaller is \E.
Now, the relaxation rate due to the moment, (1/T1>1m’ is simply related
to the local field caused by the moment, and a correlation time which
will be charecteristic of either diffusion or the lifetime of the mowent,
depending upon which is shorter. If these two times are lahelled | _ and

d

'Te respectively, iwo conditions may be considered.

e T . . :
1) !d./ L. Here the moment is short lived, and the gallium sees an averaged

ﬁ = C.“‘ H . ,IJVHa
1 o :

loc T

= ciPK B (8+4)

vherev is the number of nearest neighbours (assumed to be 10), Hq the

applied field, and H the irnstantaneous local field at the nuclear site,

loc
assuned to be negligible further away. This yields

1., SkT
)H].OC = rh —":‘ (8'5)
end furthex
A 2 2 i B 2
P = = AU (B, %) I . (8-6)
! T1_ 1m 3 n i loc 3K d
fr € . - o e .
om (5), with o Va 1

2) {;;fﬁh. Here the moment is long lived and the gallium nuclei see an

instantaneous local field, the diffusion rate being the governing time,ihus
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A A
d 1f 1n ) 3 on %1 Hlecia (8-7)

3l
[N

egain with - {'Q 1. .

Trem measurements of the relaxation in the gallium-mengancse systen

(obtriving E fron equation 8¢5) and estinates of |, from diffusion
. o d

loe
. . s ~11 . - ‘s .
ard viccosity dota (10) of 10 g, it was found thet condition 2 is
obcvad, eondition 1 being several orders of magnitude out., This shows
. PR . .
that fe5-10 a, No field dependence was attempted lccause of signal

intensity preblens, but another way of distinguisbing between the two

conditionn comes from the different temperature dependencies of T, predicted,

1

Howe the difference was found to be insufficient to cnable a decisive

choice 1o be made ewperimentzlly, and thus confirm (or contradict) the

above conelusion that diffusion governs this relaxation rate.

A sinilar approach to the linewidth data of the Cu-Mn (5) and Al-ln

-12

(6) syciems yiclds the result that fT; >10 8 in both cases, but

the uncertainty, particularly for the Al-ln system, is very large. Values
of H'oc derived from equation 8¢5 were about 0+1, 1+5, and 58 T for gallium,

aluniriug and copper hosts respectively. Moreover, an estimate of Hloc

: ()

for gzllium-mancanese from the susceptibility data, putting H1

0c equal
to (5+9 l;B/rB) with r as the nearest neighbour distance, also gives

HlOCZJ c«1 T,

Unfortunztely no relaxation data are available for the copper-
man~c ¢ e nnd alwainiunm-manganese systems, so it is not possible to say
anylhis : conclusive ahout lifetimes in stronz, weak and non-local moment
syoters, bnt it appears that a localised moment exists in the gallium-

. . -11
mayisancse syotem and has a lifetime longer than 10 S.
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CO"ClusJUh

With the exception of the ncble metals which must be expained in
terms of e-d hybridisation, the susceptibility of the liquid metals can
be well understood in terms of free electron theory. No such analysis
works for any of the solid metals considered. The calculation of the
Knight shiftc depends upon a relicble knowlcedge of the spin susceptibility
of the conduction electrons, Values derived for the absolute magniivde
of the shift in the liguid metals show disappointing egreement with
experiment (being about 70 percent of the measured guantity in all cnses)
but the far better agreement for the temperature coefficients supporis
the view that the cause lies in the relatively poor pacudopotentinl and
neglecf of indirect contributicns to the shift. The fraclional change
with composition in the ilin-cadmium system (in vhich the Korringe product
was found to be constant upon alloying) is also quite well represented
by this technique. The agreement is poor,hovever, for alloys of very
heavy metals, This also is seen as a limitation of the input data rather
than of the method. In systems suspected of liquid atomic ordering (some
containing the troublesome noble netals) the analysis of the suasceptidility
data is more difficult, and the comparison of shift and suvsceptibility
of limited success, although some confirmation (or denial) of ordering
is possible. No direct comparison is of use in the local moment (Ga~Cr

and Ga-Mn) systems, but some correlations can be made indirectly ( in

the calculation of the local magmetic field, for example).

The only solid in which the z2pproach is applied vith success le

Al

vanadivm dioxide, for which the mutual temparature dependence enable

a spin-orbit division of both the shift and susceptidbility, and

predictions about the band structure in the netallic and semicondueting
rhases,to be made. The general approach of comparing IR srd susceptibility
data proves to be valusble in simple (and under ceritain clrcunstances mora

complicated) syestems.



Appendix 1

Pable O Yuenotlic sveeontibilitics ol pure wmeicls

netal 25393@91 X . retal o tenporature X
(¥) (n”xs"" /107) () (ks /107)
gallium 7745 =4+ 0030404 tin 293+5 0+ 555+0-002
" 295 " =346 " 303 " 0:335 "
" 50% 0 0003500001 " 481 " 0e329 "
" 505w 0s052 " 518 " ~0+496 "
" 35" 04103 " " 566 " =0e482 "
" 333 " 0-109 " " 673 —0s454 ¢
" Laig 0-196 " " 678 " ..Qs455
" 493 " 0s178 " 906 " ~0-403 "
" 5C8 " Ce2i7
" €03 o 0284 lead P9T M =1+46140-075
" 708 " 0:342 " 298 " ~teqB2 M
" 903 " 0e403 M - v 309 " -1.485 v
" 973 ™ 0+4i2 " o 318 " 14478
" LYCARS RV L T
bigmuth 293 " -16+6440410 " 480 " ~1.269
" 393 M =47 " 499 M ~1.286
" 497 " -12e44 " " 573 " -1e213 v
o 533 " =11.06 " " 613 " —0+80440+006
" 575 " -0+53+0+01 . 618 " ~0e775
" 593 " -0:55240-004 " 631 " -0-770 "
" 623 " -0-530 " " 650 " —0-767
" 733 " -0-464 " " 73" -0-764
" 840 " -0+417 " " 784 " -0:769 ™
silver 293 " -2+33740-009  copper 293 " ~=1.09840006
" 293 " _2:3430+01 " 265 " ~1.098 "
" 1003 ™ —2e39 n i, 1073 " -0-930
" 1183 " -2e40 " " 1295 " ~0.897
" 1283 " 2e75 M " 1453 " =1.093 ®
" 1323 0 —2.74 " 1453 " =1.093 "
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temper
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Table 9+1 (continued)

tare 7L

(w ke /10

®

%)

<5 =2+25140020
g 2e285 M

i —D.012 "
" ‘ Ly 1
~2+ 0232
1" ~2°224 1t

"\i " —-Q'179 1"

" -2+1G2 "

A18 " -2:145 "
483 " -2-108 "
455 " -2.081
50% " -2.091 ©
575 " -2:050 "
593 ™ -2:065- "
603 -2-130 "
603 " AT R
6ic " -2e122 "

mk bql

galliuvm
"
11
L}

1]

tompe

(¥

rature nnJ nt °hlft

) ()

petal

cadniu

"

"

~indium

temperature

m

()

65515
6{/ "
681 "

707 "

49845
61 "
815 "

it shifts and linewidihs in yure metals

linewidth

¢ 2/10")

50345 0+4405+0-0005
348 " 0+4%98 "
411 " 0+4382 "
4271 " 0-4368 "
443 0-4376 "
436 " 0-4373 "
628 " 0:4343 "
e46 0:4315 "
653 " 0-4312 "
629 0-4303 "
(AE 04290 "
Te3 " 0-4300

3 0+4267

0-41
044
0+44
047
0447
0+53
0+48
0+54
0-56
0-50
0-61
0+61
0+61

+0+05

%”)QT 9
(n'kg™ /107)

-211610+020

~2:077 "
—2+109 "
~2+101 "
~1+ 8540401
—1+85 "
—1eg2 M
~feg2 M
—2.00 "
~2:00 "

~1+0520+01

~1-00 "

._.Oo( 1
)49



() (:6) (7/16%)

metzl tenperature Iricht shift linewidth

tin 29545 0+ 71934040010 2:6+0+3
" 383 " 0-729% " 2e8 U
" 466 0-7485 " 504 "
" 505 " 0-7530 " 344
" 505 0-7430 " 14540+
" 518 07438 " 14640410
" 557 " 0-7446 " 1e70
" 560 " 07418 " 1274042
" 572 " 07424 " 1-7540+10
" 616 " 07428 © ©G4042
" 645 0-7428 " 1+7740-10
L 661 " 0+7419 " 2:03+0+10
v .66y M 0-7433 " 2:040-2
" 639 " 07413 ™ 242340+ 20
cadmium 293 " 04175 " 14294010
" 395 " 04617 " 1040 "
" 493 " 0-5232 " 1.78 M
" 53¢ " 0-5552 " 1e72 "
" 517 0+5826 " -
" 595 " 07991 " 14394010
" 618 ™ 07981 " 1+40 ™
" 653 " 0-8004 " 1.85
" 689 " 0-8017 " 1092 "
" 71% " 0:8004 " 1e77 "
" 739 v 0-8004 " 18042

Table 9¢3 Cont:ict densities for pure netals

Tin Cadmianm
temp. XF omega  eta  dens, temp. KF  omega eta  dens.

)  (aeu.) (o) () (aeu.) (a.u.)

505 <837 201-6  -45  4714-60 504 710 165+4  +45 413436
605 <834 203-6  +428 /13.22 694 706 67T 452 41582
T05 +8%2 2056 <406 41106 794 704 169+9 <415 41779
905 825 209-8 362 408-10 994 <697 1747 380 42184
1105 «820 214-2 318 404+38 1194 <690  180-0  +%45 426+01



Palig
Indiun

e

temp. M7
430 772

-

550 769
630 767
830 76
1030 755

onmen
19¢+9
19/4+8
19741
207+8

206 4

omei
12847
13042
1319
134+6

1571

eta dens,
45 44045

214454
, 211423
203+00

densities {ox

]

430 +675
530 672
630 (70

830 653
1030 -65G

Table

onegn
192-9
194+ G
1971
2018
20004

521 1

842

744 838
944 <831
1144 (304

temn, KW on A eta
600 «833 204-9 45

431
«412

1000 <821 27445 « 474
"pseudo'-indium

terp. KPR 0eEA etn

A3C -850 192:9 <45

530 +8AS  194+8 452

1971 41
$375

630
830 037
1030 +830 206+4

Ge5 Dencity of tin-cadmivm alloys at 616X

alloy conposition

86

at.; Cd
at.s
at.< Cd
o5
ca

.
Ca

!
at.w

at.oo

density

(kem™>/10°)

6+2940+03
6:99
7.08
Te32 "
7-60 v
(YT
8+03 "

GOY-T4
606410

601415

desi.
19174
189+85
783-61

76655

ders.
3954
5940
392+
5901
3550



Ccor

Irr

(et.il)

o
oNn -

Ve -~
Sn -~ 25Ca

oition  desy

U”’

sotibilitios of

graiure

(K) (m

N composiiion

2 - 4
eV 07)

GG3+5  -0-650+40+003 Sn -
b:f ] _0,674 " 1
/65 " -~O'.:).56 " 1"
432 " =0+ 108404001 "
557 " -i‘O'O’,”) t 3]
PY3 " 40.064 " "
c73 ~0+67140003 "
29% " 4502340001 Sn -
663 " =0+ 055404003 "
673 ~0e887 "
533 1 -0e001 " 1
A5G M L0e08G u
437 " 040140002 .
VA ~0e200 M Sn -
STl “Nelfs " "

1

"

11

1"

O

. - e h) 11
Table 9:7 1'% cata for _ “Sn_

composition

(at.s))
5n90 - Cd
11
Sn80 - C4
"
"
"
"
"
SnfC - Ccd
"

temperature,

(¥)

54445
618 "
293
325
373
513 "
618
669 "
515
618

in tin-c
Knight shift

(52

0+745140+0010
0e7425 "

0+ 71940+ 001
o-7v1 "
0-728

0+ 7442400010
0+7415 "
07435
07379 "
0-7:35 "

Ain-ce

(a%.

) (1)

n2ea 67545
YA
484 M
445 "
345 "
305 "
288 ©
7604 649 v
519 "
473
453 "
37
295
ecCd €eo v
5535 "

admium adloys

366
288
linewidth

( 7/10%)

1+70+0+ 10
1T
2064042
2.9 ¥

Ze3 M
15240210

1092 "
1-98 "
1260 ™

1.91 v

“'1‘1 a?‘nvn

temnurature

~10 2350
-1+ 273
-1+316
-0+955
-390
~0+917
~0+929
~12636
~1+6901
~1+713
=1+725
~1+547
~1e592
~ 1811
-1+837
~1+859
~-1+836
~1+80%
~1-852

114



compezation

(at.y))

Sn60

Sn50

Sn4C

Sn30

Sn20

Sn10

Table 98 Iuit data for

composition

Ca

Cd

cd

Ca

Ca

Cd

(at.9)

€aao

€aso

1"

1"

Sn

Table ¢-7 (continucd)

terperature

(¥) |

e .
Ynispt 210y

(") -

linovidtn
i

)

(n/40

L_'OB_-_{_-_O' 10

2+10 "
245402
Det "
2,6 il
5,6 "
329 "
2.2 "
2:6 "
2+140+4

linewidth

29545 0+71410+CO1
525 " 0-714
583 " 0-725 "
517 " 0+ 740140+ GO1C
618 " 0- 7381 "
665 " 0+7381 ¥
€9z " 0-7369 "
523 " 0-7391 "
61 " 0-7377 "
295 " 0+714+0+001
375 " 0722 "
395 " 0724 "
54% 0+ 7%7140+0010
618 " 07354 "
680 " 0:7343 "
565 " 0-7379 "
618 v 0:7345 "
293 0+ 71440001
517 " 0-720 "
556 ¥ 0+ 7361400010
618 " 0+7334 "
620 " 07318 "
"%¢q_in tin-cadmium alloys
temperature  Lnight shift

(x)

61815
675 "
295 "
349
399 "
424 "
513 "
618 "
689 v

()

0-8049+0-0010
0-8097 "
0+41740-001
0+439 "
0-462 "
0-478 "
0+812%+0+0010
0-8114 "

0+8154 "

(z/10%)
143740410
1.95 1"
1.26
1,43 1]
1066
1032
1esg

176 "



comp G317

(at.

Ca70 -~

"

Cd6o -

Cdaz0 - 3

Cd20 -

ition

,)
Sn

Sn

Tble 9.8 (continucd)

tempersture

(w

)

55945

616

293
35%
412
540
618
686
525
618
293
404
526
619
689
592
618
2953
514
618

1)

"

1"

¢

Kricht shift

)

linewidih

(ﬁy1o4)

o-w‘oéwo -0610 143240010
0-8126 ™ 1446 v
«415+0.001 1s50 »
0441 ¥ 1e25 v
0-470 " 1024042
0+8107+0+0010 o2 ®
0-8115 143240+ 10
0-8115 n 1468 "
0-8108 1415
0-8119 * 1.60 "
0+417+0+001 1.65
0-467 © -
0+802140-0010 e4g ®
0-3101 " 171 v
0-8069 " 1.76 "
0+ 8090+ 001 -
0461919400020 -
0+425+0002 -
0+80540+005 -
0+8102+0+0020 -

Table 9:9 Coutoct dencities at hoct metal nuclei

OFi term  den

metal

119Sn

systen

(at.)
Sn
Sn90-Cd
Sn8C-Cd
sSn70-Cad
Snb0-Ca
Sn50-24
Sn40-2¢
5n%0-Cd
Sn20-Cd
5n10-Cd

S

metal

4138
42842
44244
4544
4657
47643
483+9
A89+4
4913
4887

Cd90-Sn 5631
Cdso-Sn  550+0
CaT0-3n 5367
Cdh0-Sn  523+3
Cds0-Sn  509-6
Cd40-8n  495-H
Cd30-Sn 4811
Cal0~8n 466+2
Cd10-Sn 4508

413+3
42246
4262
425+7
4222
416+9
408-8
401+6
59449
378+



Table 99 (continusd)

metal oyotom UV term dens. metal  cystem  OFY tlewom  dens,

(at.) (at.9)

Fb Fh 116443 79944 Bi Bi 844+4 61%+9
Poso-Ti 1156-7  7956+0 Bi90-Tb 849-2 61846

FbO-Bi 1154 7924 Bi80O-Fb 85440 60245
Pb70-5i 115243 7873 Bi70-Fb 858-9 626+ 4
FHE0-81 113544 7628 Bi60~-Pb 663+9 6500
Fos0-hi 157G TT7-1 Bi50-Fb 8691 63343
PhAD=Bi 112241 7730 Bi40-Pb 8744 6300
Ih20-Ei 1515-7 7696 Bi%0-Pb 8798 6417
1820-E1 1109-5  763+7 Bi20-Pb BE5+4 645
FPe10-Bi 110%.4 756+G Bi10~Fb 891-1 6489
209

Sn 8ng0=5hi  A00eT 415+% Bi  Bi90-Sn 8456 6143
SnGO=-Bi 4714 4155 BiB0-Sn 846+0 6153
Sn7C-%1 450:6 41548 Bi70-Sn 848+0 6153
Srb0-B1  /£9D«2 41449 Bi60-Sn 843+2 61402
SrE5-B1 4006 41548 13i50-Sn 850+4 6150
SnA0-31 4059 41546 Bi40=Sn 051+6 £14-8
Sn30-Bi  ARB3 4154 B3.30-Sn 8528 61%+9
Sn20-Bi  497+7 4152 Bi20-Sn £53+9 612+9

Sn10-%i 4470 41443 Bi10-Sn 8551 6121

Table 9-10 Con‘.ch deneity volues with non-zero alpha and beta (sqgw§;$9_9:21)

metal  syzlten  deng. metal  gystem  dens,
1 _ 11 . .

9%n Sn9C-Cd 40346 95n Sn90-Bi 417+6

® =02 Snl0-Cd  433+4 . =2+0 SnBO-Bi 4200

po=0s1 Sn7o-Cd 43944 [ = Sn70-Bi 422+6

GnéC-Cd  444-8 Sn50-31  424+9
On0-Cd  449+6 Sn50-Bi 4272
SnA0-Cd ALC-9 Sn40-Bi  429-5
$nin-~Ca 45042 Sn30-Bi  431-8
Snro=Ca 44642 Sn20-Bi 4341
Snic-Ud 4301 Sn10-Bi 4360
Wes ¢

CA93-Dn 4v4e3 20955 Bi90-5n 6143
~ =0e1 CAR0-Sm 4300 _ =0 BiB0-Sn 6153
¢ 202 CAT0-Sn 431+ - 2.0 Bi70-Sn 615-3
CAC0-Cn 43003 Bi60-Sn 615+2
Ca50-8n  ADT+0 Ri50-Sn  615-0

' CA40-Cn 47005 Bi40-Sn 6148



metal  sycizin o dons. nmetal systen  dens,
M504 Cas0=-3n 41440 2093 5i30-Sn . 6139
CA20-5n  ADT<8 ) RiZ0-Sn 61249
Ca10-8n 3742 Pi10-5n  £€12+1
Table 9-11 Table 9:12
Contact Cronr. withn »eed donsity iagnetic sugceptibilily at &L jg
alloy dens, alloy suaceptibility (m'na /109)
Sn 41353 ' Bi ~0+51020+003
Sn20-Cd 4002 Bi90~Fb ~0-535
SnR0-Cd 437209 Bi75-Fb -0-591 *
Sn70-Cd 441+8 Ri60-Fb «04636 "
Sn60-Ca 4507 Bi56~Fb 0646 "
$n50-Cd 45940 Li50-Pb ~-0660 "
Sn40-Cd 4556 Bi39-Pb 0694 M
Sn30-~Cd 4702 Bi25-Ph ~0737 "
Sn20-Cd 4734 Bi10-b 0784 "
Sn10-Cd ATA3 Fb ~0-789 "

Table 9:17% “,CODtjbi‘iingf_ﬁilP??WESEQwﬁllPY§.

system  truperniure  cusceptibility  system  temperature ‘u;CfpriLi1jty

(K) (m5kg—1/109) (x) (n k /109)

Pb-187Bi  T7%45 ~0+82140+004 Pb-20,T1 77645 ~0+ 75640+ 004
622 -0-852 " 623 " ~0-756 v
579 " ~1:118 475 " -1-0%0 "
463 v ~1.218 " 372 v ~1e131  ®
368 ~1-304 " 776 " ~0-721 n
775 -0-881 613 v ~0+748 v
649 " ~0-901 " 421 " ~1+126  n
450 " ~1.257 ™ 322 " -1+190 "
329 ~1.365 (CYAUR I

616 " ~0:697 "

467 " -1.022 v

293 " ~1e240

293 " ~1-20% "
207

Table 9+14 Knisght shi¢ts of < '1b

system shift (') torp. (K) shift (7)) tesp, (X)) chift () tero, (X)

Pv 1-1814+008 7745 1.2104-008 29515 1.2214-009 81%+5
.("‘5 " (;‘ 1} "
Pb-18bi 1.178 " YA 1.210 " 295 " 1e228 M 148 "



Tatloe 914 (continued)

I3

systea shifi () tem. (8) enifi (1) tenp. (¥)

1e 1784009

Po-1611
Pb-20T1

1e
1.
1

DTt (09

196
237

166"

ST L K
65315

T 1e213
948 ‘
77" 123

¥ cample used by J.H.(rcference 5.1)

Tahle 9-15

Vagnetic eurcoptibility ar

temperature

(x)

29345

P4 "
315

N W
~ S AN
Y O W

34 "
555
553 "

295 "
400 1"
423 1"

438 "
455
478

K

()

293

293

% I
2d 7V Knight shift in VO,

774

shift ()} tewp. (K)
N

5 142024009 29545
" 1220 " 858

"

2

susceptibiliby

0+ 4940+ 003

(m3k5_1/109)
154174010
1513
15.63 "
42.21 v
1112402

110-5 "
109.5 "

108+1

106,7 n
1053 "

of noble metal alloys

Table 9+16 1narnetic

coscoptibilities

system
(at.s)

Ag-171In
Ag-25In
Ag-30Tn

Ag-335TIn

Ag-40In

1

temper~ture

suscentibility

(1)

115045

107% "
1077 "
950 "

1075 "
951 "
1075
gys "

(n2kz™/107)

2614004
-2:68 "
2.4 "
-2.800 "
~2+65 "
~2.71 "
~2¢49 "
=256

system
(at.¢h)

Cu-201In

Cu~30In
"

Cu~375In

Cu-45In

1"

Cu~5241In

(k)

107345
1073 "
993 "
1073
992
1073 "
962 "

1073 1"

temperature

susceptibility
GOPLLOLH
(nxe”" /107)

~1+7240+03
~1e94
~2+0440-04
~1e78 M
-1.88 "
~1:66 "
176
~1e51 0



Q)r eyw

(at.sh)

Ag-551In

"

Ag—661n
L]

Ag--80In

Ag-90In

Au-201In

"

Au-30In

"

Au-40In

Au-501In

Au-66In

A1

Au-801In

"

Au~901In

"

Lo

Table 9-17

systen
(at.;")
Te
[1]
Teb0-T1
"
[1]
Te40-T1
n

Lo
TINOY

(x)

S e tne

107325

D

+16 (continued)

~2+1040:03
~2+10
219
-2+38

~2+02
-1+62
~167

~1+37+002

_1043
=114
=121

~0+T3

-20940+02

~1+85
-1.78
-2+37
P32

"

"

ure  susoeptibility
- O
(mBkg 1/10')

~0+84+0+G3

n

"

\L)

"

18 o
ayaton

(at.7)

Cu=5277Tn
Cu-601In

1

Cu~7%In

AL

Cu--90In

Au~505n
1"

Au-- ?O Ot

Au-21Sn

temperatuye

()

95015

1073
923
1073
87>
1073

712
754
783
567
605
629
638
690
694
150
767
555
612
699
759
601
659
705
54
789
811

cevlibility of thellium-telluriwm alloys

‘ + om

(at.7)

Te34-11

temperatur
peratule

(1)

683+5

‘&l
745
816
876
979
200

(m I

w18 5840

-1e78
=-1<4h
~1e17
-1019
~100

;i (>n.1bllh

~'/107)

04

"
I’l
1
1

1"

~1.8840:02

.‘1.67 1"
~4e67 M
—242240-0%
-2e21 ®
~2e20
~2.19 "
_2»15 "
_2.15 1"
-2414 "
-2¢11 M

~1+1140+02

-1-08
-1+06
-1+0%
~1+42
~1+39
-1+37
_1.56
-2+ 24
-Pe22

QU'ffw'hihilgiﬁx

/107

(T’L }\("

~2eT040+02

-2 67
-2-62
~2+51
~P<AT
~Pe 41
~2-60



Table 215
system  tem

(at.s)

Ga-0-67i'n

"

"

Ga-0-75"u

1"

yr -

PRGNS S RE

v‘\‘. ,‘

(h)

125355

10¢0
97
855
645

AWl
+

1118
1025
20

t/o

te 9-17 (uontinued)

:\J

(£t
=227 +002 YesA-T1
4 1" "
.—?- Jh
cr 1" 1t
-2 )
S PUA ]
e ganmecrtibility of

nee o osucecriivility svstem

(nxe"1/007) (at.0)
3:67640+C19 Ga=1+11n
no3egi2 v " '
" fe148 M "
"o 443069 " "
R n
v 0-204 " u
"
N Ge090L 0 034 Ga-0+ 2kn
T T "
woGeGo7 M n
1" G- 967 t 1"
" 74267 " "
nTe545 M "
"oo2.602 " n
" 669540037 Ga~0+69Fe
" 6.961 1" [}
m7es200 "
" 055G " "

~ -~~~
4
-3

-
©
N

(1] 7 9[‘" Tt "

" 4 7)7) 1 "
" 1 77‘7 1" "

1
" 050550003 Ca=-2+09Cu
" O. 5(’ i1 "
" 0 7’5(, ' "
" Qe30n u

55645
955 "
N

rallium alloys

rn' L/

eptibidity

(m)kg /10})

—Pe
-

544002
48 L

~0s47 M

tempercature B bpf1b 111”
(x) (x7ke™ " /10%)
109845 5+50410-026
998 " Heg02 "
18 " 6-068 "
8753 " 6207 "
773 " Ge523 ®
€87 " 5:9%58 "
663 m  3%.013 v
1203 " 1+21140-007
1105 " 1.25%3 ®
1090 " 1.312
899 " 1.Z33 M
800 " <372 "
703 " 1410 "
613 " QeH67 M
1113 " 1455840008
1028 " 1+507 n
968 " 1.494
938 " 1e472 0"
1129 " 1.096 "
1054 " 1061 "
956 " 1017 "
88T " G970 M
824 " 0553 "
113 " 0-34820-002
1015 " Q524 "
958 " 0-7%08 "
o v Qepg2 M
698 v 0-190 "



i )

v 4 -
Boycontd

system touperature rupecpbibilily  aystom temperalure  ou kth‘ AR
(at.) (1) (g /160) (eta) () (g™ 107)
Ga=1+01Cr 113545  3-0010:015 Ga~1e1Cr 113545 54274400015

n 1063 . 3.001 " " 1063 5041

" 964 M 3e049 " " 973 " 3e269

" 908 " 3040 " " 921 " 50061 M
Ca-0+42Cr 1125 " 1+669:0+009 Ga=0+63Ce 1203 £+14040+010

n 1042 % 16667 " " 1130 24161 v

n 960 " 1.6y0 M " 1001 2eig] M

" 00 % 1.700 M Ga=1e2Cr 1153 32707404017

. 855 " 1.519 o " 1083 v 3e722 0
Ca-0+85Cr 1095 "  2B7410-014 " 1029 * 54744

" 1043 " 2.866 " n 968 " 34756

. 1003 " 2.859 M 18~0+25Cr 1163 " 1205410+ 005

" 963 m  2.659 v n 1103 " 14044

a~0+69Fe 1113 " *+558:+0+ 009 " 1058 " 1.035

" 1028 % 1.507 " y 1023 1030

" 963 " 1e494 " 958 1.025

g 938 " 1e472 M Ga-0+2n 918 " 1+3640+01
Ga-0-25Cr 978 " 1.3910+01 POWET  goz W 4.3
powder 9o1 "M .42 ® y 758 " 1e42

" 850 " 1446 " 656 " 1055 "

" 765 % 1456 " " 573 1463 "

" 703 " 1465 " " 498 " 1.3

" 630 " 1.76 " Ga-0+THn 878 ™ 1e57 ®

" 448 v 2e14 POAST gz w169 o
Ga~1+0n 903 " F0+02 " 470 " 2497 ™
POWASE g5 m Geog v 423 " 2e29 v

" 785 " 6047 " " 298 278 "

" 713 " 6-94 " Ga~2¥n 963 10+50+40-05

" €13 " 764 " powder  ggg w q0.72 ®

" 545 " 813 " " 843 " 1112 n

" 445 " 8.80 ™ y 763 " 11465 "

" 358 M geg5 M " 648 " 1283 "
Ga-0+8lin 975 " 2+74+0-01 n 533 " 14+40 "
powder 918 v 2.82 * " 373 " 1637

" 873 2:90 "

fO8 M 301 M
725 0 319
' 505t 343 "
383 " 4e02 "



69

Table 9:19 °Gn 'R

system tempernture
(at.®) (k)

Ga~0+Tiin 75645

S VLY.
" 583 M 4341
o 512 " +4360
"398 4390
"o 305 % /418
" 758 4301
Ga-2 In 753 " 4312
" 703 " 4325
" 726 " <4323
" 600 " 4341
" 399 v 4792
" 303 M 4420
" 659 " «43%2
Ga-0-2n 743 " 4281
" 680 " 4303
N AR
" 543 T 4370
" 493 4370
" 3630 440

" 503 1"
] 681 1"
" 621 "

<4421
*4309
4345

data

K liunew j;d.;th

() (/10"

'67

+61

..52

« 60
<70
<61
+58
.55
+50

*39
55
51

a relaxation data

Table 9+20 69G
system(at.s) T, {ms)
Ga 0+5240+01
" 0,65 "
" 0674002
" 0'69 "
" 070 "

temp. (K)

39845
303 "
275
243 "
225 "

«4295++00%0 +67++05 Ga~0+25Cr 75345

ayvatom

temparatore XK

(at.s)
345 +42904+0010
" 673 " «4316 "
" 516 " <4355 "
" 305 " <4477 M
Ga-1 ¥n 733 " e428% "
" 623 " <4347 M
" 303 " «44%0 "
" 698 " <4295
" 623 v 4320 "
" 693 " <4314 ¢
" 305 " -4424 "
" 713 " «4294
" 618 " <4332 "
" 323 " 4420 "
Ga-+25Cr 623 " <4332 "
" 500 " 4570 "
" 303 " 4421 ¢
Ga--2¥n 733 " -4281 "
y 625 " 4322
" 698 " 4281
" 644 " <4314 M
" 313 " 4415 M
Ga~<3%3n  TO3 " <4297 "
" 635 " -4329
" 572 " <4345 "
" 448 " 4370
" 348 " <4408 "

systen{at.j) 4?1(ms) tenp. ()

Ga-2lin 0+49+0-02  396:+5
n 0.55 H 305 "
" 0.61 " ?73 1"
1] 0.61 " 243 1"

linewidth

® @ (20h

* L1
R T NN
D1 N

L ]
.
—

62

42



Table 9-21 Contact densities with non-zero alpha and beta

metal system dens. motal system dens.
Men sngo-ca 4258 304 cago-sn  422+9
Sn80-Cd  435+0 : 0d80-Sn 4274

=025 c70-ca 440-2 - =005 (470-sn  428.2
F=005 gn6o-ca 4443 " =0"25 Cago-sn  426-1
Sn50-Cd 4477 Cads0-Sn  422+0

SnAO-C3. 4478 Cd40-Sn 41540

Sn30~Ccd 44544 Cd30-5n  408:0

Sn20-Cd  439+6 Cd20-5n 4017

Sn10-Cd  429:3 : Cd10-8n  387+0

metal system dens. metal gystem dens,
207py,  pp9o-Bi 0154 2098;  Bigo-Pb  592+7
o =10 PPBO-Bi  836:8 =16 Bi80-Pb  574+9
Fatg FDT0-Bi  859:8 b =10 Bi70-Pb 5610
Pb60-Bi  885.0 Ei60-Pb  549+6

Pb50-Bi  912+5 Bi50-Pb  54%-2

Pb40-Bi 9414 Bi40~-Pb  540-1

Pb30-Bi  970+9 Bi30-Pb 54146

Pb20-Bi  1000+6 Bi20-Pb  548+8

Pb10-Bi 10304 Bi10-Pb 5588

metal  system  dens, metal  system  dens.
50 sngo-Bi 42241 20955 Bi90-Sn  594-8

o = g SnBO-Bi  429:5 e15  BiBO-Sn  578:4
Sn70-Bi  437+5 Bi7O-Sn 5631

P=15 " snso-ni 4457 f*= Bi60-Sn  550+2
Sn50-Bi 4538 Bi50-Sn  539+5

Sn40-Bi 461+9 Bi40-Sn 5314

Sn30-Bi  469-8 Bi30-Sn 5248

Sn20-Bi 4774 Bi20-8n 5216

Sn10~-Bi 484-2 Bi10-8n  521+3




Appendix 2

Contact dencity computer program

Key to_identifiers:

K MNumber used tc set concentration; XK=0 {pure sclvent), K=11 (pure molute).
2
f L]

R distance from nucleuns (in a.u.), .

K2 X

RZERO 1 sterting valus of Simpson's rule integration, before conversion to :.v,
BL Overlep intcgral tefore it is equated to overlap integral procedure romili,
F Simpson's rule intexrval parameter,

B1-B4 Intermediate sums in Simpson's rule, BLL procedure.

HCON Simpson's rule interval in BLL procedure.

EQEEQQQN starting velue of Simpson's rule integration (in a.u.) in BLL.
COD,CEV Intermediate sums in CO procedure.

X q/%..

- f

DELY Intervel in y in Simpson's rule in CO procedure.

DELF CO procedure parameter, starting value of interval in y.

EEEX§L§§@¥§ starting values for interval in y, used in CO procedure.

Y ¥y, abscissa of y ~ integration in procedure CC.

KF kf.

Q q.

2
QR q.

K2Q 2qu.

YBR,YAR Ranges of integration for y in Simpson's rule in CO.
Qg;gy First ard last terms in Simpeon's rule in CO.

KFA kf for pure element X.

KFB k. for pure elemcnt Y.

OMEGAA,O¥FGAR  Tonic volwses of pure X and Y.

RCA,RCB Core radii of Ashcroft psendopotential for X and ¥,

PI 314159,



wI 1/(%ik,).

camd (k).

TERMA,TERYB  Normalisation terms fér X and Y elements.

PS,PD Intermediate sums in Simpson's rule integration of self and distinet
H3 Simpson's rule integration interval divided by 3.

SIG Hard sphere diameter.

STR I(kz) - 1.

FL 1n 9(1-q/21<.f)/(1+21:f)§ .

XPL (a/2k;) times FlL.

CAPGAM | '(k,q), the angular integral in the self and distinct terms.
RB,RC Intermediate sums used in eveluation of CAPGAIL

VA,VB Ashcroft potentials for X and Y elements.

GS,GD Self and distinct term integrands in Simpson's rule,

terma,

PST,PDT Final suns in Simpson's rule integration of self and distinct terns,

NS X 20c)/n(e ) - (1 T+ A)

FF DENS/ ).

X

QRA_ chore ’
Y

QRB chore *

VAL Alloy valence.

N Principal quantum number of core state.

L Angular momentum quantum number of core state.
RAD Abscissa integer for core state.

M Running inteser used in integration over q.
KINT k-velue integer.

RADZERO Integer representing starting r value in overlep intergral.
C,I Integers used in BLL procedure .

A,B Integers used in CO procedure.

E Integer (1 or 2) representing X or Y element,
NJ1,T Integers used in g-integration.

BLA(E,L,N,KIIT) Overlap integral array.

*



J(L) BPeszel function array.
P(E,T,},RAD) Core state wavefunction array.
CA(K),CB(X) Concentrations of X and Y elements,
WG AE(X)  Volume per electron.,
BETA(X) Nk(cy), normalisation fector.
ori(®) Y20 N (e ).
kM y
H(T) Simpson's rule interval, q integrtion.
4J(T) starting q values For Simpson's rule g integratvion,
PP(K) 1 +£+ ;v for a given concentration,
OVESATI(K) Average ionic volume at a given concentration.
xs(n) Rno(O) for & core funstions,

BLK(N) BLL for ¥=k_, overlup integral.

£
CON(E) Conversion factor fer Herman and Skillman vavefunciions.
IMAX(E) Maximum n value for core functions.

IMAX(E) Maximum 1 value for core functions.

NRAD(E,L,N) Number of wave function ordimates for a given core state.
NWF(E) MNumber of core states for given element.

RCAZERO Starting value of RCA .

RCBZERO Starting value of RCB,

ALPHA,BETAR <.,

ALZRRO,BEZERO  Sterting valves of >, 7,

DELFHA,DELEETA Intervals in + and [ .,

U,V HNumber of integer steps in changing x and;5 ‘



r I O rom

Perdew and Wilkins calculation of Kniznb shiflts
"hecin""real” K,R,RATRO,DL, 7, 131, 12,135, 34, HUO.L, RESIOCO,( SO, CEN T Y,

DILY, TLe, Y, KT, K2,0,Q2,K20, Y5, VA, YER YAH,IMINB,EELYA,CZ,

yis

, st , PR,
OZA.*u‘u.,Q P IAB RCAZERO, RCBABRO,REA,RUP .

. . I PP Covnooe 0N

PS,T Pj,SIG,:’q}",Iu.'\ L,kt’u KV ,nll,;{/,\./.,\, PN ),C}.L',
i AY rrraTy SAY VT A UYL I TOONT A A AT

Ql{ e \1\11, -.‘x}li'J,‘*.R,JLJ:/o ‘,u\,O, Dt }J.;. PRSI U BB ION UL SUS I

Yeonment" Calevlates PP in liouid alloys at specific concontratlons,

uses Achevoft and Lelkner slrusture facteors;heheroft local
Pseudupotential and Permon aad Skillman cors wave functions;

treal™Marroy” BLA(1:2,0:3,1:5,0:01305,F )

Cir,CB,0MaTA" fbHUX,OIuV,}i,CJ,ITT,}TF,Ci-.,n[( 5
winteger” N,T, 0D, T, RATINR0, 1,0, A, B, 0,0
ninte ct EAY(1:2), L AX(Men, :5),*‘ :

eomment" Procedure 00 evoluates G-dupondort intooral reguired
sell end distincet tevms:
"real""procedure” CO(IN);
"integer" H;
"begin""real""procedure" CINT(YZERO,DELF,S);
"value" YZEKO,DRLF,S;
"real' YZERO,DELY;
"integer"S;
"begin" CIN:=0;
"for” A:=1"step"1"until"7"do"
"begin" COD:=CEV:=0;
DELY : =DELI* (107 A)/10;
"for"Bi=1"sticp"2"until"9"do"

"beoin™ YeaYZARROESYDELY #55

KINTe=BL TR (10* 50 (1 o+ 0-KoQ¥Y ) )
COD:=COTH(FT A1, 0, M, v TN ) =L (1) )/ (Y /2=1) 5

Yard"
"for"hi=2" e p"2tuntil" 8" do!
"horin'y e =Y URO4SX NN AL,
KT =0 P I DR {0 ORI 0 00120 Y ) )5
: CrV e =Crv4 {0 (1,0, 5 ) aL (1)) /(v /X=1);5

"Gﬁd";



KINT : =B 0T (100D { K040 2-K20/ Y 250) )5
2= {BLA(1,0, 8, K185 )= amn (0 )/ (Y 20/ X-1);
YEuRO =Y 200 #5710 00T 5

0))/ (Y o/i-1);
CIN:=CTi{Dary/3) " (u;+cm) (4*‘uIY/))*LGDi(/RLMuY/))*C
"
CilT:=CiN;

"end" of provedure CINIT;

L]

TILUL DT "then"COr= CTIT(1,0.00000018,-1) “else®
"hegin' YR:i=X~0.00200000;
YA:=240, 0000002,
YBR:=YB+1; YAR:=1-Y2A;
DELYE:..0, 000 f‘u\og‘f'_\;}m;
DELYA:=0,00000000% VAR,
"if"YAR~<0.000000Z" hen" CO:=CINT(VYB,DELYH,~1)
"else" COi=CIWI(YA,DBLYA,1)+CIUE (Y, BHLYE,-1);
Yend";
"end" of procedure C0;
"comment" Irocedure 3 calculates structure facter using current alloy
values of k¥ and SIGMA, The packinz fraction EfA is .4% initially ;
"real""procedure” S(Z,514);
"real' 7%
"besin""real " 27,7227,R1,R2,R3,R4, 15, 71,72, T3;
virm 7,05 "then" 8:=0-075 Yelse"
"hogin"  BZi=0%Ly  22Z:i= LFLF0:

T1e={( 1420004 )42/ (1=ETA ;845
12-~-6X}PA*(1+“”I/2)?2/(1 urn )
P5ee=1/0%00aR (1427 054)F 2/ (1-BT4) 4
R1: =014 2%T244 4T 5= 24703 / 125
R2:onm (T14T2405 )5 00 ( 24124 12903 ) [ 524 *0% / 272
R3 1= 2002/ 24% 03/ 7705
R4 s =PA*ETR/ 50
RS ;“Ar(11* T3(2)4+R2*C0S( 7 )4}

St:=1/(14R5
"endt;

"enid" of procedure 5;



"eopment" Procedure V calculates the pseudopotential usin:g the
appropriate core radius. It is truncated at the second nodeg
"roal "procedure” V(QR) .
"real" QR
"heoin"Mrealt LRNOK,X2;
Bif X KO 01" then! Vesa1e0 YelegMiien (B 47T "then Vi=0-00
"elze"Mhegpin® XPo=XNI;
=X 24N T% (06500 250 (1-X2)*FL/%)
V::-WI*COS(QH JDEHOM ;

"end';
¥end" of procedure Vi
"real'procedure BINT(N, T,R4D,0);
"inteer'id, 1, BAD,E:
Yeesin"renldt XKR;
ARe=yEG M0 X2 €0.01 "then" XER:=0-01;
J(0):=cin(wr)/am
"I ID0"then' |

11 ) e =3(0) /7ER-COS(XER) /X0R;
"if" L>1%then" J(2

/

e

1(4

;

Y,

7"

) *J( )/\ v“~"J(O>r
Mif" LD2Mthen" 3(3%):=5%3(2)/Xn-T(1);
"ifT L33"then' J )
BINT:=4%3+14159*R*p(x

"end" of procedure BINT;

Jm/ PRI (2);
LHRAD)*I(L);
"real""procedure" BLL(N,I, KiWE)s
"real" KF; "integer" N, L,3;
"begin" RZER0:=-0:05; RBL:=0;
"for™ Ci=1"step™ "until"(KRAD(E,L,1)-1)"div" 10 "do"
"begin" F:-0:01%(210)/2;
B1:=12:=0;
RADIERO:=10%(C=1);
RZIR0: =RAR0+ 5P HCON::D*CON(E ;
RZMHOCO s =5 0*C0 (1)
"for" I:=1"step"2"urtil"9"do
"begin® PAD: =RADZERQO:T;  Ri=RZLROCON+HCONYT;
11:=B14BI8T (N, L, 14D, B);
"end";

"for" i oMote; "M Li1G " do"

"pecin® LAD C4 L1 =R CCORRCONE L
BP:=B24BILY (0L LoRAD, 1)

"Cndl’

[3
’




RAD:=RADZERO; R:=RZEROCON;
B3:=BINT(H, T, TAD,E); RAD: =RANZNRO-10;

BURTR]

R:=RZEROCOH+10¥BCON; B4 =L i (W, L, RAD, 1) ;
BL-TPL+(HCON/5)%(B5+B4)+4*(ncom/a)%x1+?»(£com/§)*n2;
"end";
BLL:=hL;
"end" of procedure BLL;
"for"i:=1,2"do"
"begin"Mread" CON(B),NJF(1),AX(E);
"forNi=1"step" 1M unt il AKX (R) do " read "I AKX (1, N)
"for'iti=1"step 1 until "IN (E)"do"
"begin""read"N, L, KRAD(E,L,N);
"for"RAD: =0"step" 1" until " ERAD(R, L, H)~1"co"
"read" P(®,L,N,RAD);
"ior" KP:=0"step"0: 1"until®13-0"dc"
Thegin"INT: =ENTIER (10* (X7+0+-0001) );
BLA(B, L, N, KI0T) e =BLL( 5, L, 74, 18) ;
Yend";
"end';
Yend" ;
"for'B:=1,2"o"
"pegin""print" ''L' ELEMENT= ',sameline,l;
"Lor"Mi=1"step" 1 "until "k AX(E)"do"
"begin""print" '*'L' N= ',sameline,N;

"for"L:=0"step" 1M until"LVAX(F,N)"do"

"begin""print" ''L' L= ',sameline,L;
Nfor"KINT:=0"step"1Mantil "130"do"
"printprefix(''82' '), sameline ‘racnoint(4),
BLA(E,L,N,KINT);

"end";

"end";

"end" 3

"read"KFB, OV GAB ,RCAZVRO,RCBZER0O,, ALLEHO, BIA O, DELFRA TELLETL

"print® ''L' KF3=',saneline, freepoint(4),KﬁB,"SE’ QuiiGani= by

OMEGAB, ' 'S2) RCAZERO- ',RCAZERO,''S2' RCBZEKC= ',RCEZHRO
L 1 ? L
PIZERO= 1, URZIR0, V1 S2Y DULIT A=

11521 ALZERC= ',ALZERO,''S2' |
DELFEA,''S52' DRLDETA= ', DWLBETA;

’



"for”ﬁ::1";;ﬂy"1“un111“1“\kn)“ov'”wc"“'ku( s

"ForNi=1"et p" i antilm (])n 1 L‘.‘Ellt" PUT ¥Se Yaencline,
froopoint(a),xs(w);
"eomannt" The program nov sets up the temperatures and conpositions
for which caleulations will be perlewsmod., The followin, inst Pn'th“
mest be chanzed to changs these tenperalures;

SRR T, S RS SR I | P
"for"TENPr =1 00"

e

. am ot
Uphogin"MroadiEA,CLG LA

. N yr ~ . SRR N AT
Creepoint (1), KA, 1E2T0URGAA=" ,CLINTAL,

EDTHE=Y ,TONT

LN ‘)\, ’

Uprint" ''L'NDALY same

A TTTA P TR2 T G

Hfor"Dr=1"atep" 1 until M do" besin forGr=1 s lep T Munt it M do"

2oy ey 3
"begin"ALIMA =ALIFRO4(

BRI AR =i 10 (G- ) 4D

IR

"oormment® Lo next insitouctio

GonGAR{E ) e =%
0 :GAT(K) s =0 (K)*CVEC A+ 08 (¥ )*c,
Vilies (LA(K)*O“?‘nA*KFAé}idBkk)*b"mr
Kits=(3AET*PT/orani (1) )5 (1/3)
WI=0+31831/KF;  KINV:=REPIER (107 (K140+0001));

"print" "L4'CA=',saﬁeline,freepoint(4),CA(K),"SZ'HF:',KF;
RCA:=RCALZERO* (1A KE-KFAYRFA) /(KFAYKA) )
RCB::QCBLTiu*(1—”BT‘“Y(nT’"“ REF*ENB )/ (XEB*RR) )5

GANEA ::1; PRTA s =

)/ (svaer

"for”N:=1”step"1"uuti ""TCV(1)"OO“

oesin"GA A =00 A-(1/ (47 P1) ) XS (W) *BLL(:, 0, 5K, 1)
BLE (1) s =BLL{3,0,V7,1);

MLor ML =0"step™ T tuntil IIAX(1, 1) "do”

o ((2%141) /(41 T) )¥RLL(G, L KR, 1) E2;

Ly .";’\KQ)"GO"
"hag unf(,.uL.,_\)n toptiiuntil Wi rv( "\"do"

Py =T ((2%144)/(4X0T ) PRI, T K, 230

&
¥

En (K ) s A= (CA R )R i O () e /o Al (1)
/."@i’.i’;‘\(k.') H

"print" 'L GAITUA= ' neacline, i copoint(4),Gaiuie, trset B

K
QP (K ) e =0alt AXGA

FEPAGK), 1 sR OFde 1,01 (R )

}S::‘.;



{ F(3)e=H(8):=0-01;
{2 s=0(7 ) e 0 GO TS H ( 0-00045312(11) 420+ 103
£1(1):0:05;20(2 -~L-);AJ(3):wO-9;AJ(4)::O-'8;

-
[}
~—
va
—~
[
oy
[
]
e
T
[aw]
AN s
2} s
st
1§
[
—~
o
N
.
.
O
.
(25}
2
2
-
PNy

v %
BI(E 2200855 AT(6) e=T-00015AT(7) 121001347 (8 ) s=1-023

cloze te sivgnlovitv(Q=28K1);
"Tor"Pr=1"step™itenti 1" 1"da
"besin WITr=RI{T)4ts H3:=1(1)/3;
TYstep™TMfuntil"IT1"don

"Lesin -t (1) (1= )X (1)

SXFERUF GRA: =0FRCA QRB e =/ ¥ RCB;
S1a:=((1e¥y v vl /3) ) JETy
GriRe=0 (“*stu T )1y

P (AR (1200 /(14X) ) )5 XFLe-X*Ly
RB:-720: =05

"For"Ni=1"step™ P until " WAL (1 )M do"
coAn" B =REXS(1)*BLE(N) ; kO =RC4+XS(H)*CO(N);
end"y
CarGanie= (R0 (1=(1/ (4%01) )*RB)=(1/ (4~PL) )*KC) /o A1
VAs=V(QRA);VB:=V(QRB); GS:=2%CATGAI*VA;
GO =¥ CATGLLF (CA(K ) *STR*VA4+CB(K) *STR*VE)

"comnent" Integration of self and distinct term integrands
ovex 2 will now Ve done using Simpsons Rulej
"IfME=1"then" " goto™ FIRST ARD LAST;

PifUE=EI 1" then" gote" FIRST AND 140T;

MITMN-ERTIRL (R 2)%2=0"then" Y goto"AVEN "else""goto" ODD;
FPIPST AND LADT: PO:=PS+U3*GS; PD:=PD+H3*GD;

FoT:=PS: FD1:=PDy "goteh TXIT,

SN FS:eDSi4¥H3YCS; Pi=PD+4*E3XGD; "goto" BXIT;

GOD: EB:=Peo®is%GS8; Tie=PD42¥H3%CD;

Mand'y  MADMGRADPS2Uand"ORED5.2 "then""goto" CONTINUE;

Mendty  CONTIIUE: D08 =0Fd ()P (K); —T::ﬁENS/OMEG;I(K);
"print? "1’AZTLJf’,7n'ﬂW=wﬂ.P*»wpoint(S),ALFHA,"S?'BB =" BETAR, ' TS2' RCA=
F:‘,same]ine,freepoimt(S),TST "TS21 DISTINGT

MR- L YOSy s e o S o
L I{‘ )-’ '-ly' Sory O ’L!'J;\?n’.-’»‘,‘ )‘\Vz\),” r"D ,'IS-. ,Df “u;

"end"of prosrum; 3



