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.Author's Note 

The S.I. system of units has been adopted throughout this 

thesis. It must be pointed out that in these units the familiar 

expression for the Knight shift is now 

s = ~v) 
p 

However this leads to accepted values of the F"..n1ght shift since 

~v) in S.I. units is 4'Tt times its value expressed in c.g.s. units. 
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ABSTRJ.CT 

Measurements have been made of thG motions of atoms and (;otcducti.on 

e10ctrons in a number of liquid metallic arn liquid semiconducting 

elements and alloys as a function of composition and temperature using 

the method of nuclear magnetic reSO!J8.nce (UMR). A description of a 

cohel'ent I'llvIR pulse sl)ectl'ometer constructed in the course of the work is 

given. 

Nuclear spin-lattice relaxation r2.te measurements have been made 

for 27Al in Al-Si, ll5In in Bi-In and In-Sb, l21Sb in Bi-Sb and In-Sb, 

and 209Bi in Bi-In, Bi-Pb, Bi-Sb and Bi-Sn. Where resonance shifts wore 

not aIrea~ available in the literature these have also been measured 

(vdth the exception of that of 27A1 ). These relaxation rates are 

comparee!. to those calculated from the resonance shifts using the Korringa 

relationship. An additional relaxation rate appears showing a broad 

maximum in the middle of the compositivn range for all the nuclei observed 

except 27 AI, being as much as eight times as large as the extra rate in 

the pure metal. This is identified as arising from the flu~tuations of 

the electric field gradients due to the ionic motions interacting with 

the quadrupole moment of the nucleus. This has led to an extension by 

Sholl of his theory of electric quadrupolar relaxation in pure liquid 

metals to the Castl of liquid alloys to explain these resl:lts. The 

theoretice,l expression contains two integral terms; the first arising 

from the two body correlation function, the second arising from the three 

body correlation function. To fit the theoretical expression to the 

experimental data it is shown to be necessary to set the second term near 

to the magnitude of the first but opposite in sign, and then good agree-

ment can be obtained. In order to discuss the data in terms of this 

theory three simplifying assumption') must be made. It is shown that the 

assumptions concerning radial distribution functions and self-diffusion 



ooefficients are reasonable, whereas that concerning the representation 

of the electrio field gradient m~ not be. 

Nuclear resommoe shif'ts and spin-lattice relaxation rates t:or 

125Te in liquid Te-Tl alloys have been measured in the range Te
lOO 

to 

Tl
70

• At 750 K the shift, measured 1dth respect to solid tellurium 

deoreases from + 0.38% to - 0.08% across the composition range whereas 

the °relexation rate remains approximately co~~ant at 5 x l03s-l over 

most of the range. Correlation of the temperature dependences of the 

total maglletic suceptibility and the shift shows that the changes in 

shift are principally clue to changes in density of states at the Fermi 

level rather than in the electronic wavefunction at tellurium nuclei. 

In the region near TeTl2 where the density of states is low the 

relaxation rate is considerably shorter than that predicten, from the 

Korringa relationship and the observed shift. This is interpreted as 

due to partial localisa.tion of the conduction electrons. 
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CHAPI'ER ONE 

INTRODUCTION 

1.1 Conducting Liguids 

The behaviour o~ conduotion electrons in solid (crystalline) metals 

has -been very ~ully d.es;cribed in terms of suitable wave.functions and 

energies. which are derived using the la+,tice pe11 iodicity. In liquids, 

where the arrangement o~ the a'lioms can only be represented by means of a 

probability distribution the problem of describing el&ctron behaviour is 

s;till fBlr ~rom satis~actory. The dostruction o~ long range atomic order 

must be expected to remove the sometjmes complex energy band structure 

typical o~ crystals, leaving a single-sheet spherically symmetrical Fermi 

s:ur~a:ce < However this is not to say that the electrons behave precisely 

as per~ectly free non-interacting particles since they must still be 

a~~ected by the presence o~ the ions (l:.nd, by interactions amongst them

selves), and questions concerning the dynamics, wave:functions and 

energy - waverrumber dependences. of the conduction eler.trons remain to be 

completely solved. A recent review o~ the present state o~ theor,y can 

be ~ound in March (1968). 

The most obvious and most thoroughly investigated property which 

can be expected to throw light on these problems is the p.lectrical 

conductivity. (The pow-erful techniques o~ Fermi sur~ace topology measure

ments such as the de Hass-van Alphen effect, and of electron density of 

s.tates measurements through the electronic s.peci~ic heat require low 

temperatures. and are clearly not applicable to liquids.) Liquids wh:ich 

are classil'ied as conductors. o~ as semiconductors are those waose 

conductivities exceed a ~ew times l03ohm-l m-l ; below this value conduction 

takes place by ionic motion, whereas above conduction is due predominantly 

to mobile electrons perhaps assisted to some 8J1.-tent by holes. Electronic 



- 2 -

conduction in liquid metals and alloys, i.e. those whose conductivity 

is comparable to solid metals, has been explained with reasonable success 

u.sil'.g the i.warly free electron (n.f.e.) theory (Faber and. Ziman, 1965). 

The electrons are represented by plane waves which are scattered by weak 

scattering centres arranged in the same manner as the atoms in the liquid. 

·Under these conditions the electrons have mean free paths which are long 

compared to the inter-atomic spacing, and the der.slty of states is 

similar to that for free electrons. 

As the scattering o£ the electrol~ gets stronger the Born approx-

1ma..tion, which is used in the n.f .a. theory as the means of calculating 

the weak scattering, no longer holds, and so the theory j.s no longer 

applicable. Matt (1967) has postulated that as the electron mean free 

path decreases due to the increase in the scattering the density of states 

will change. Mott further postulates that if the density of states falls 

appreciably below the free electron value then electrons in those states 

become localised, and can only move by means of thermally activated .nopping 

To demons.trate this theoretically a solution of the three dimensiollal 

Schrodinger equation with a potential which is a random function of 

position is required, but as yet no complete solution has been obtained. 

When nuclear spins in these materials relax to a lower energy state 

one of the principal interactions by which their energy is tz'ansferred to 

their surroundings is the direct interaction between the nuclear s.pin and. 

the conduction electron s.pin. This work is concerned largely with the 

measurement of nuclear spin-lattice relaxation rates, and the discussion 

of the contribution a knowledge of these rates can make to an understanding 

of e1eotronic behaviour. 

1.1.1 Liquid metals The materials in this ce.tegory, 

which will be discussed in Chapter Five, all exhibit properties typical 

6 -1-1 of a normal metal. Their conductivities are all of order 10 ohm m , 
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and the temperature coeffioient 0'£ the conductivity is usually negative. 

The oomposition dependence 0'£ the conductivity in binar,y alloys is 

~atisfaetorily explained on the nearly free electron theor,y. Thermoelectri, 

power values agree with those calculated from free electron theor,y. Hall 

coefficients are found to be close to values calculated from a free 

electron model in pure liquid metals (Cusack, 1963); the situation in 

alloys ~here there are less data is much less clear. In some cases there 

is agreement with the ,£ree electron value (see for example Busch and 

Guntherodt, 1967) whereas in other cases the composition dependence 

deviates from the free electron calculation (Enderby et al., 1967). 

Optical propertios can be taken, using the Drude '£ormula, to give a value 

for the e'£fective number of ,£ree electrons per unit volume. A summar,y of 

these results (Faber, 1966) shows that in a number of pure metals the 

vaU.ues a'gree well with ,£ree electron theory. It would appear that the 

conduction electrons in thes;e liquid metals and their alloys behave as a 

,£ree or nearly free electron gas. 

1.1.2 Liquid Semiconductors Some materials, which 

will be discussed in Chapter Six, exhibit properties which are reminiscent 

0'£ solid semiconductors. A summary of transport measurements which have 

been made on a number 0'£ such alloys is given by Allgaier (1969). The 

. _~ -1-1 
conductivity of these liquids range from 3 x lo-ohm m for Ga2Te

3 
at a 

'lew kelvins above the melting point (Chizevskaya and Glazov, 1962) to 

3 x lo?ohm-~m-l '£or AuTe
2 

at a ,£ew kelvins above its melting point 

(Enderby et al., 1967). In almost all cases the conductivity increases 

with temperature, which implies semiconducting rather than metallic 

behaviour; although it has been pointed out (Enderby and Collings, 1970) 

that a weak positive temperature coefficient may appear in some metallic 

alloys due to the temperature dependence of the partial interfercl1Ce 

functions describing the atomic dispositions. It is for this reason that 
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theae materials have been termed liquid semiconductors, even though the 

mechanism by wM.ch the conductivity increasesis still uncertain. Another 

characteristic is that conductivity' isctherms as a function of composition 

in bina1'Y alloys usually have shal'p minima at or near stoichiometric 

compositions • 

Measurements of the thermopower have also been made on maqy of these 

liqUids. They are usually large and positive, decreasing in magnitude 

with incraasing temperature; this is behaviour characteristic of' convent-

ional p-type semiconductors. However the validity of applying conventional 

solid state theory must be regarded with considerable doubt since in 

Cu-Te, for example, the thermopower is positive and its temperature 

coefficient is negative in the range :from stoichiometry to Tel 00 (Dancy, 

1965). The desoription of the stoiohiometric liquid as an intrinsic 

semioonductor where adding excess Te to produce excess n-type carrier~ 

does not work since the extrinsic carriers should quiokly swamp the 

intrinsic carriers producing a metalH.c liquid, but this is not seen to 

happen in': the thermopower. Hall coefficients have been measured for a 

number of these liquids, and are always negative and several times larger 

than the value which free electron theory predicts. 

It is clear that this class of materials cannot be desoribed by 

free electron theory nor by oonventional semiconductor theory. Theoretical 

descriptions for these materials are still in an early stage of develop

ment, they will be discussed in more detail in section 6.1. 

Liquid structure It is clear that since the 

atomic structure in the liquid inf'lv.ences the behaviour of the conduction 

electrons, it must be incorporated into aqy satisfaotory theory of 

electronic properties. The average arrangement of at oms in a liquid may 

be described by means of' the radial distribution function, g(r), which is 

defined by selecting aqy atom in the liquid as origin; then the average 
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number density of atoms in a spherical shell of radius r centred on the 

origin is given by g(r) times the average number density of atoms for 

the whole liquid. Measurements, of the intensity of X-rays or neutrons 

scattered from a liquid can in principle yield g(r); methods currently 

being used, and the problems in deducing accurate g(r) from the experi-

mental data are given by Pings (1969) for X-rays, and by Enderby (1969) 

for 'neutrons. Some of the difficulties and experimental valUes for pure 

metals are discussed in section 5.5.2. In the case of binary alloys 

three functions are required and to obtain these experimental~ is ffi~ch 

more difficult &gain. These are also discussed in section 5.5.2. 

In certain liquid alloys the results of X~ay diffraction measure-

ments have been interpreted as showing the retention of short~ange 

solid-l.i.ke s.truotw.1 e above the liquidus (see, for example, Dutchak and 

Klym, 1965). If this were to occur it would be expected to increase the 

inter-a.tolllic correlation time contribution to nuclear s:pin-lattioe 

relaxation, (see seotion 1.2.2). For this reason the measurement of' 

nuclear spin-lattice rela.xationrates and the ident:i.fioation of an 

eleotric quadrupolar oontribution oan be expected to show up assooiations 

between atoms for times. in exoess of the normal order of magnitude 

(10-12s ). This possibility was one of the original motives for the 

present res.earoh. 

1.2 Nuolear Magnetio Resonance 

Since the phenomenon of nuclear magnetic resor.ance (NMR.) was first 

observed by Blooh, Hansen ar~ Packard (1946) and also by P~cell, Torrey 

and Pound (1946) there have been ma'1Y publications on different aspects 

and applications of mm.. The theory is very fully desoribed in a number 

ot books, particularly those of Abragam (1961) And of SliC'.hter (1961) and . 
hence only the baokground. and expressiol'.5 most relevant to this work will 

be introduced here. 
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NUclei which possess spin angular momentum o~ maximum aligned 

value iiI, where I is the spin quantum number and is either integer or 

hal~ integer, and t is Planck's constant divided by 2 ~ , will also have 

a maenetic moment E,. The ratio of these quantities is called the 

gyromagnetio ratio, ~ , where 

•••• (1.1) 

When in a magnetic field B the H8miltonian is 
-0 1{ = -~ • B • 

-0 
If' B is 

-0 

in the z direction 

- ~ 11 B I 
o z 

•••• (1.2) 

The eigenvalues. of this are ( ~ t Bo) times the eigenvalues of I
z

' and. 

so the allowed energies are 

E = -~-tiB m o where m = I, I-l, •••• , -I. 

Transitions between these Zeeman energy levels can be induoed by 

supplying radiation o~ ~requency W L' known as the Larmor frequency, such 

that i1 C4) L =: ~ 11 Bo. This gives the condition required ~or resonance, 

~)L = ~ Bo· When the nuclear spins are ;in thermal equilibrium with 

their surroundings, the 'lattice', a Boltzmann distribution is achieved 

So that these levels are not equally populated. Hence a net absorption 

o~ energy from the radiation ~ield will occur, since, although the 

transition probabilities upwards or downwards are equal, there are more 

spins in the lOVier energy .<;;tates.. The aPsorption will cease however when 

the levels become equally po¥ulated urtiess there exists same means of 

restoring thermal equilibrium. This is supplied by.the interaction 

between the nuclear spil'..s and the surroundings which allows the nuclei 

to relax. This process can be characterised by a spin-lattice relaxation 

rate, Rl , the meaning of whioh may be illustrated by considering a system 

of id~ntical nuc;Lsi of spin i in the presence of a steady field B('. The 

nuclei have two possible Zeeman energy levels separated by energy 2p. Boi 

in thermal equilibrium the number of spins in the lower level, N-, exceeds 
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the number in the upper N such that N I N = exp(2)l B I kT). Ii' 
+ + - 0 

the di~ference in these two popu1ation~, n, is altered to n., by (say) 
~ 

the application o~ an r.f. ~ield ot: suit9.ble frequency, then the return 

to the thermal equilibrium value, n , when the r.~. field is ewitched o 

off is given by 

n - n = (n - n.) o 0 ~ 
exp(- R t) 

1 

where t is the time since the field was switched off. 

.... (1.3) 

The purpose o~ this work is to investigate Rl in different materia.ls and 

hence to deduce information about the behaviour of the lattice. 

The coupling between the nuclear spins tbemselves allows the main-

tenance of thermal equilibrium among the spins, the establishment o~ 

equilibrium being char~cterised by a spin-spin relaxation rate, R
2

• 

These processes will now be considered in more detail. 

1.2.1 Resonance shifts It has been found that the 

stea~ magnetic field required for the resonance of a nucleus in a metal 

is usually less than that for the resonance of the same nucleus in an 

insulator (Knieht, 1949). This shirt, known as the Knight shirt, nearly 

always arises mainly from the s-type coniuction electrons; they have a 

net polarisation due to the external field, Bo' and because of their 

probability density at the nucleus they produce an extra magnetic field 

there, proportional 'to the external field. This is of considerable 

interest because this shi:N; provides a measure of the contact interaction. 

Since the cor.d.uction electrons make up an important part of the thermal 

bath (commonly referred to as the 'lattice') which takes up the energy 

of the nucleus when it relaxes, the Knight shirt can give a measure of 

the magnetic coupling between the nuclear spins and the lattice. 

Unfortunately experimental mea.suremerlt of the resonance shift does not 

lead unambiguously to the contact interaction for there are other 
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mechanisms which also produce shifts in metals, although these are 

usually small in comparisone These will be discussed in more detail in 

s:ection 5.2. 

It has been found also thf.t there is a range in the resonance 

fields for a nucleus in different chemical compounds which are insulators 

(see for example Proctor and Yu, 1951) and this can add further to the 

difficulties of extracting the conduction electron interactiC'n. These 

shifts are known as chemical shifts and arise from the extra field 

created at the nucleus due to the orbital motion of bonding, or vale~~e 
! 

electrons. These shifts, which are much smaller than the Knight shifts, 

under normal circumstances, will be discussed in section 6.2. 

A knowledge of, the l'..nig.'?t shift is interesting in its own right 

and it has found many applications in metal physics. The interest 1n 

the present work is twofold: first it' provides a means of determining 

the conta~t intera~tion which is required for an interpretation of the 

rruclear spin-lattice relaocation rate; and secol1dly as will appear later, 

its value depends on the density of electron energy states at the l<'ermi 

level, a quantity of prilnc importance for an understanding of conduction 

electron behaviour. 

1.2.2 Spin-lattice relaxation The principal 

interactions by which nuclei relax, al~ the corresponding relaxation 

rates w:iol.l now be considered. On the semi-classical picture what is 

required is a rapidly fluctuating interaction betwe~n the nuclear spin 

and the lattice. Bloembergen, Purcell and Pound (1948) have postUlated 

that r,ro'Viding the Fourier spectrum of the time-dependent components of 

the interaction has non-vanishing intensity at the frequency, c.) L' 

corresponding t~ the transition between two levels of the nuclear spin 

then transitions will be induced. 

A number of theories have been developed to express Rl in terms of 
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the lattice parameters by various mathematical techniques; one of these 

being the density matrix formalism (Abragam, 1961). The lattice para-

m.eters occurring in the interaction Hamiltonian are taken to be random 

functions of time, and. are described by their probability distribution 

using the density matrix. The density lJl8.trix, p ,is an operator 

int~oduced in quantum statistical mechanics to perform the function of 

the classical density of points in phase space; tha matrix elements 

contain the information required for the description of a statistical 

ensemble of identical systems. The approach is equivalent to conventional 

time dependent perturbation theory, but is chosen because it gives a 

convenient way of computing the thermal equilibrium properties of a 

system. 

If the nuclei are initially in state m, and there is availabl'} 

another state k then d/dt (m I f) 1 k) will give the rate of change of 

nuclear spin population. The time dependence of P is given by 

d,l.)/dt •••• (1.4-) 

where K is the Zeeman Hamiltonian, o 

ill is the time dependent interaction lfamiltonian. 

1{. 1 has been taken to be random, which is to say the ensemble 

average 

G
mk 

(t) = (m Ifl. 1 (t - t ) I k) (kl ~ 1 (t) I m) •••• 

is independent of t, and depends only on t' and the levels m and k. 

(1.5) 

G
mk 

(t') is the correlation function since it relates it 1 at time t to 

its value at a time "t earlier. This leads to a correlation time, t' c' 

Souoh that for values of "t short er tha.n 1: c' 1<.1 does not change 

appreciably, but as 't gets longer than "t c so Gmk (t' ) tends to zero. 

From the time dependence of the density matrix it can be shown 

that 
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+00 f Gmk (1:) 
- 00 • 

-i tU't' 
e 

• T
mk 

«(..)) is thought of' as the sl'ectr~ 

density of' the interaction matrix, Gmk, 

ar.d will contain f'requencies roughly 

up to 1 / t . 
c 

The invAl'se of' equation 1.7 eva.luated at 

-~ 

1: = 0 gives 

G
inle 

(0) 
+00 

== 1!2n!(ji) Jm1e(~)dW 

where G
mk 

(0) == (m lit 1 (t) 

•••• (1.6) 

.... 

•• u (1.8) 

•• "" (1.9) 

Since G
mk 

(0) does not depend on 1: c the area under the JDLl( (~) c·ll'Ve 

must be constant so that as 1 /1: c inc).·eases J
mk 

«(,.)) must decrease, and 

vice versa. If' J
mk 

(~) is taken to be approximately constant up to 

= 1 / ~ , and zero beyond as shown then the area under the ctlr'Ve is 
c 

given by 

= (1 / 2 n )Jmk (0) (2 / t: ) 
c 

J
mk 

(0) •••• (1.10) 

Thus provided the Larmor frequency, (il L' i.J much less than 1 /'t c 

J
mk 

('=.)L) = J
mk 

(0) and hence by substituting into eCJ.uation 1.6 is 

f'ou..'1Cl that 

R.. J\._ 1/j.2 I JI I 2 ')0< 
-"J. 11 -l" ... 1 ~ c •••• (1.11) 

In metals, where the conduction Dlectrons provide the 'lattice', 

one of the principal interactions is the sce.lar contact interaction with 

the spin magnetic moment of the conduction electron. This is the same 

interaction which leads to the Knight shift as discussed in the previous 
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seotion 

. _ 2.t!'o 
~l = (~/3) •••• (1.l2~ 

The correlation time for this interaction will be of the order of the 

time for a Fermi g;urface electron to cross a unit cell" given apP11oxi

mate1y by-ti I EF (Bloembergen 1949) where EF is the Fermi energy. Since 

thi~ is of order 10-15 s the restriction placed on equation 1.11 iD 

olearly satisfied. Hence from equation 1.11 

(Rl ) oOlltact ~ 1 I t 2 {(~ol 3) ~ e ~ n -t12 } 21 'V (0) 14 .fucT/EF 
2 

•••• (1.13) 

where I 'IJ Ie 0) . is the electronic wave function evaluated at the 

nucleus. A factor of kT I EF haS' been included to take aocount or" ';;he 

fact that only electrons within kT of EF can take part in the relaxation 

by absorbing the nuclear energy. Other ffi-'\gnetio interactions such as 

the dipcle-dipo1e coup1ine and that due to the orbital moments of the 

conduction electrons e.re small in comparison to the contaot intera.ction; 

these will be discussed in section 5.2. In view of the common origin 

of (R
1

) t + and the Knight shift it is not surprising that there 
con a.c .. 

should. be a simple relation (the Korringa r61ationship) between the two. 

This will be found valuable in later ch9.pters in two ways. It can be 

used as a means of identifyine the C'onduction electron contribution to 

the toteJ. observed relaxation rate. Secondly it can be used to detect 

deviations £':rom the relation 1:: c = 11 I EFi in ce~ain materials 

amongst those which have been classified as liquid semiconductors an 

enhancemant of the relaxation rate has been observed; the explanation 

for this appears to lie in a partial localisa.tion of the conduction 

electrons, giviI?8 rise to an increase in the correlation time. The 

evid.ence for this will be discussed in Chapter Six, 

A further important interaction arises for nuclei of spin greater 
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than~, i.e. those nuclei which possess an electric quadrupole moment, 

Q. This moment measures the departure of' the nuclear charge distribution 

f'.r01:l spherical symmetry. The electric interaction with the rapidly 

f'luctuating electric f'ie1d gradient due to the motion of' neighbouring 

ions also provides a relaxation mechanism. This interaction is expressed 

by Abragam (1961) f'rom the quadrupo1ar Hamiltonian to be 

= 3(21 + 3) 

(~ •••• 

where I is the nuclear spin, 

eis the electronic charge, 

b2v; b z2 is the electric f'ie1d gradient at the nuc1aar site. 

S'il'lCethe random diffusional motions of' the ion cores in normal liquids 

occur at f'requencies of order 10
12 

Hz, the short correlation time 1imit-

ation imposed on equation 1.11 is clear~ satisfied and it can be used 

to est:iJnate the quadrupolar relaxation rate. This process, and Il more 

detailed formulation for the rate are discussed in Chapter Five. 

It can be seen f'rom the above discussion that (at least under some 

circumstances) it can be expected that a knowledge of' R1 will provide 

informlltion about the dynamics both of' the co~uction electrons and of 

the ions in li~td conductors. 

Magnetic suceptibility Most liquid conductors 

are eUher diamagnetic or weakly paramagnetic (see,. for example Dupree 

and Seymour, 19'~. The two principal compone!:!;s 01" the total sucepti-

bi1ity, ~ ... , arise f'rom the ion cores and from the conduction electrons. 
" 

Much interest in measurements of "tot stellla from the possibility of' 

extra.cting the oonduction electron contribution, and hence obtaiz:.ing 

information about the electronic structure. The conduction eloc·troD 

suceptibility consists mai~ of the spin paramagnetic suceptibi1ity and 
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the orbital diama.gnetic auceptibility. On the f'ree electron model these 

depend directly on the density of' electron energy states at tho Fermi 

level, although in metals the relationships have to be modif'ied in 

different ways to allow f'or interactiol~ between the electrons themselves, 

and between the electron and the ion cores. 

The main dift'iculty in analysing 'X,t lies in finding a suitable 

value f'or the contribution of' the cores; f'or this there are two approaches. 

One is to calculate the suceptibility from the f'ree ion ws.ve:f'unction, the 

other is to use a direct measurement of' a suitable ionic salt in crystal- . 

line i'orm or in solution; neither has yet proved entirely [;atisfactory. 

It has been pointed out in section 1.2.1 and 1.2.2 that the contact 

interaotion between ~clei and conduction electrons gives rise to a 

nuclear resonance shif't and spin-lattice relaxation. Hence the obsl:3rv-

ations of these quantities must contain information concerning the 

electron suceptibility, although as h~s been indicated the contact inter-

action part cannot always be easily extracted. However the variations 

of' these parameters, using temperature, or ,possibly composition, as the 

implicit variable can lead to a better unders.tanding of conduction 

electron behaviour. 

1.3 Measurement of the spin-lattice relaxation rate 

The principles of the technique used in measuring spin-lattice 

relaxatj.on rates will now be described. When a steady me.gnetic field, 

B , is applied to the sample the pref'erential orien~ation of the' nuclear 
-0 

~pins produces a net magnetization, !!, in the 1.irection of the field, 

conver.i;iunally chosen to be the z direction. If all additional magnetic 

f'ield, l!l' is now applied, rotating in the xy plane at frequency <a) , 

! will precess fl:bcut the direction of the effective field. It is simpler 

to conside:t' these processes from a :frame of reference which ha.s its z 

direction in the direction of' B but its x;y plane rotating at the same 
-0 



frequency as ~l. It can readily be 

shown that if ~l is rotating in the 

laborator,y frame at the Larmor frequency, 

(..)L' the effective field is in the 

direction of 1!1. Hence if ~l is in, say, 

the X direction the magnetisation rotates 

in the yz plane of the rotating frame. 

~ 
.4.",- of to\ ~ foh.\4,,~ 

ir4.'Me. d.u."~f\~ Q,,'" tulse 

In tl'>.is experiment ~l is supplied in the form of a. pulse at frequency 

U) L. The pulses have two lengths, a 7t pulse is 1:' n long such that the 

magnetization precesses about 1!1 by 7t , so that it points in the - z 

di1.'ection; and a 7t /2 pulse which causes the magnetization to precess 

about 1!1 by 7t /2, into the x:y plane. It can be seen that 

•••• (1.15) 

Thus if a" n pulse is applied to the sample the nuclear magnetization is 

reversed, and this then relaxes towards its original value at a character-

istic rate, ~, by means of the interactions of the nuclear spins with 

ihe lattice. The z-magneti~c.tion at time t a£ter the 7t pulse has been 

applied is 

= 14 o 
•••• (1.16) 

M
t 

may be sampled at azv time t by applying a n /2 pulse which will 

cause the nuclear magnetizatton to precess about ~l into the x:y planee 

This induces a voltage at frequency ~L in a receivercoil placed in 

this plane which will have an initial amplitude proportional to Mt • 

This voltage .will d.ecrease due to the dephasing of the nuclear spins at 

rate R
2

, a process known as the free induction decay (f.i.d.). 

If' the pulse separation, t, is adjusted until there is zero voltage 

induced in the receive coil then Rl can be ca.lculated from ~ =(In (2)}/t. 

This however as swne s: that the factor in the bracket in equation (1.16) is 
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2, which requires that the TT pulse has been accurately adjusted to give 

a rotation of n. This is difficult to a.chieve in practice and me8.sure

ments carried out in this way rely on a single observation; a more 

accurate method, adopted in this work, is to express equation (1.16) as 

= - Rl t + constant •••• (1.17) 

Rl i"s then determined from a series of Lleasureme:::.ts of Hz as a function 

of the pulse separation, t. The experimental upper limit imposed by ihis 

technique is that l/Rl must be long compared with 'tn , :iJr.plying a 

requirement for a large 1?1" 

There are !!LallY other possible methods of measuring HI; the method 

described is however one of the simplest and. most direct for the rather 

f'ast relaxation rates met in the present work. It requires a pulseC. 

NMR spectrometer, the design and. cODS-c!'Uction of which will be described 

in the next chapter. 
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CHAPl'ER 'rNO 

EXPERIMENTAL APFARATUS 

2.1 The N.MeR. Pulse Spectrom~t~ 

2.1.1 l..ntroductio!! 

The major requirements of the apparatus are: 

(a) A pulse sequence genera~or to provide various trains cf 

microsecond pulses of RF oscillation. 

(b) A power transmitter to deliver 5k'il output pulse power. 

(n) 1. low noise receiver system to be ccr.sitive to thermal 

noise in the receiver coil, and to recover f.rom paralysis following 

the high voltage pulses in a time of 10)1S or less. 

(d) In order to permit RF phase-sensitive detection, the pulses 

must be obtained by gating a CW source so that they are coherent. 

The outstanding discussion of pulsed re.~ apparatus in the literature 

is that due to Clark (1964). The high power transmitter described therein 

was adopted as a basis for the present work. The remaining sectiol1S of 

the Clark system are designed round vaCUTh~ tubes and are somewhat dated; 

alternative solid state circuitr,y has been designed to replace them. 

An additional and ver,y useful coherence within the system is achieved 

if the pulses that gate the CW oscillator can be time locked to the w1 

its.e1f; by using this facility all the signal monitoring is much improved. 

It was therefore decided to build a new apparat.us using a cr,ystal contr.olled 

osci1Jator both as the basic OW source and also to drive a chain of decade 

dividers, the outputs of which can be used as repetition rate triggers 

for the pulse tra5ns. 

2.1.2 General features An outline of t;he operation 
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of the ooheren!; puls-e speotrometer a.s even!;ually construoted will be 

given first, followed by detailed discussions of" its main components; a 

b.lock diagram of the speotrometer is given in figure 2.1. Two outputs 

:rrom the or,ysta.l con!;rolled r.f. oscillator are taken, one to the trans-

mitter drive unit, the other via a divider unit to trigger the pulse 

sequence generator. This genorator produces two pulses of variable length, 

witl1 a variable separation between them, whioh switoh the transmitter 

drive unit, thus supplying two pulses of r.:r. to the transmitter gate. 

In the transmitter two ola.ss B amplifier stages are :rollowed by three 

olass C amplifier stages to produco up to 10kW of r.f. power during pulses. 
\ 

This power is fed to the transmitter ooil whioh is wound in Helmholtz 

oonfiguration round the sample volume in a similar al:'rangemen!; to that of 

Warren and-Clark (1968). The receiver ooil is wound orthogonal to +.he 

transmitter coil and the reoeived signals are fed to a Deoca pre-amplifier, 

then via the suppressor unit to the Decca main amplifier. The suppressor 

unit, which switches in a large attenuation for the duration of the p,.l1ses, 

is oontrolled by the pulse sequence generator. The signals from the main 

amplifier are fed to the phase-sensitive deteotor, along with the 

reference signal which is derived from the cr,rstal oscillator, and the 

deteoted output is supplied to a PAR c\V.1 boxcar integra.tor. The final 

noise-averaged signal is displ~ed on a Telsec ohart recorder. 

To enable observations to be carried out at different temperatu.x:es 

two independent heater windings are placed on the ooi1 assembly inside a 

tubular dewar. The temperature is observed by means of two thermooouples, 

one placed below the sample space, the other above it. Frequencies and 

pulse separation times are measured using a Venner TSA 6636 counter. 

The ooi1 assembly is suspended in the oentre of a Varian Associates 9" 

magnet fitted with oonioal pole faces to give a 1~" gap. The magr~tio 

:rie1d is oontrolled to within 10 J1l' by a Varian Associates Mark II 

'Fieldial ' unit. 
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Pulse generation The spectrometer was 

initially plamnad to operate on a single frequency, 9.500 MHz, but it 

wa,s; found useful to have a second frequency available to avoid external 

interferenc<r which was oi'ten troublesome, and so a second frequency" 

9.000 Miz, was tried sucoes5f~. 

The master oscillator is a crystal controlled Marconi F 3171 series 

unit ger..erating one of the above :f'requencies. mounted in a B7G base inside 

a. diecast box. The frequency is monitored to one part in 106 by the 

Venner counter. Two outputs one to the PSD and the other to the trc.r.s-

mitter gate unit each have a one-transistor bu:rfer amplifier. 1, third 

output is taken to the divider unit. Here the r.f. signal is 'squared' 

in a gate unit, than fed to the first decade divider unit. There are 

eight s'1.ch· units each consisting of four Mullard Fe;! 101 J .K. flip-flops 

wired as a synchronous BCD.counter. The output of each decade unit is 

then fed into the input of the next, and. also to an eie;ht""imy switch 

which er..a.bles the output of arw one of' the decade steps to be selected. 

Thus the pulse sequence repetition rate may be varied in powers of 10 
6 . 

from 10 per secend down to c,lle every 10 seconds:. The output is fed via 

a. buffer amplifier to trigger the pulse sequence generator, and. is also 

USed to trigger the oscilloscope which monitors: the pulses. 

The pulse sequence generator is constructed of SGS 900 and 914 

micrologic units, see fig1.'re 2.2. The input pulse from the divider unit 

is diffcrentio.ted and. fed via s buffer amplifier to tV/O monostable 

multivibrators' each of which can provide pulses varying from 0.411s up 

to 4 ms in four ranges. The output of the first of the. multivibrators 

gives rise to. the first of the varieble length pulses, while the output 

of the second. is differentiated and the trailing edge pulse used to 

trigger a third monostable multivibrator. The output of the thirci multi-. 
vibrator supplies the second pulse while the second. reuJ.tivlbrator is used 

to give the variable separation between the pulses. An output from the 
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second pulse is taken to trigger the boxcar integrator, see section 

2.1.4, and then the two pulses ere combined in a final burfer stage. 

The output, which is a two positive-going pttise sequence, is then 

supplied to the transmitter drive unit. The pulse separation is measured 

to the nearest microsecond by the Venner oounter. 

The transmitter drive unit is simply & v 5a.,! transistor gate, which 

js switched on by the pulses described above to allow the r.f. through to 

drive the tra.nsmitter only during these pulses. 

The Tra.nsmitter The basic transmitter circuit 

is very similar to that of Clark (1964.), except that the various stages 

are constructed to operate at a frequency of 9.0 to 9'.5 MHz. ,Tuning 

faoilities are provided only in the final two stages. 

The input pulses of r.f. from the drive UIU t are fed through the 

Bl.ume gate which ensures that no ref. is passed to the transmitter except 

for the duration of' the pulses. The !,inal amplifier stage, which consists 

~f two double tet~ode 3E29 valves in parallel operating in the class C 

mode, are constructed on a separate chassis and placed en a frame on top 

of the magnet. This enables the coaxial oable which couples the output 

circuit to the transmitter coil to be less than 250 rom in length, 

minimising oable oapacitance. 

The HT supply for the final stage is maintained at 3kV by a V405B 

Fluke high voltage DC power supply. This can only supply currents of up 

to 30 rnA and so an Bpi' capaoitor is connected across the supply'to 

ensure that the voltage does not sag during pulses. A short length of' 

wire mounted near to the final tuning capacitor is used to monitor the 

pulses, the output being taken to a Tektronics 545B oscilloscope. In 

this way tuning. of the final stages can be opti.!nised, and pulse lengths 

measured. The transmitter is found to supply pulses with rise and fall 

times ot less. then I ps. 
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It was found that a considerable amount of external noise observed 

in the receiver was coming from pick-up by the anode wiring of the final 

amplifier stage and to overcome this the valves and the associated 

wiring were enclosed in a copper shield. 

Tests were made to find if there was aqy dependence of the measured 

values of relaxation rates on the length of the pulses. On reducing the 

r.f; power level by 30% (and s:imul taneous·ly increasing the pulse lengths 

by 30%) the recorded rates were unchanged to within the experimental 

inaccuracy, so that the pulses were :sufficiently short that the simple 

theor,y given in Chapter One applies. 

2.1.5 The Receiver The receiver system consists 

first~ of a Decca three transistor preamplifier type I.F. 9.5/3P having 

a gain of 60dB mounted on the frame over the magnet to keep the input 

lead short. To provide protection from the direct pick-up from the 

transmitter coil pulses pairs of crossed FD 100 diodes were added across 

each tuned circuit in the pre-amplifier. The output from the pre-ampli:f'ier 

is fed through a S".:tppressor unit and a switched attenuator to the main 

amplifier. The suppressor consists of two double modulators in series, 

and, on application of the switching pulse from the tra~nitter drive 

unit, inserts an attenuation of greater than 60dB for the duratioll of 

e&oh pulse and for a controlled time, variable between 5 and 15 ps, . 

beyond. the pulse. 

,The main amplifier is a Decca type I.F. 9.5/3 and is similar in 

construction to the pre-amplif'ier, having a gain of 60dB also. Pulse 

suppression was adequate and so no cliodes were a-dded to this unit. The 

amplified signal is now fed to the phase-sensitive detector, a Hatfield 

InstrUtlents Ltd. double balanced modulator type M.Do2. The reference 

signal which is derived from the cr,ystal oscillator is supplied via a 

switched attenuator and a delay line capable of a delay of up to 0.1 ps, 
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equivalent to almost one complete cycle at the operating frequencies. 

Two outputs are available, the l"'irst being the direct output of 

the phase-sensitive detector. The second is the detector output taken 

via a. transistor amplifier whicr. has a low-pass characteristic and so 

provides some noise reduction. The first output is usual~ connected to 

the boxcar integrator while the second is taken to the oscilloscope to 

enao1e resonances to be detected and optimised directly. 

2.1.6 The Boxcar Integrator The boxcar integrator, 

8l PAR model CVIl, provides a means of improvi:ng the signal to noise ratio 

for the repetitive waveforms. It consists basical~ of a gate which is 

opened by a triggeri~ signal from the pulse sequence ger~rator and an 

integrating circuit having a variable tme oonstant. The integratei 

output is the a.verage of a large number of repetitions of the input 

signal and since the average value of random noise voltage~ tends to zero 

the output tends towards the synchronous part of the input. 

The gate width is comirru.oudy variable from 1 IlS up to 110 lIlS and 

the gate may be opened at some fixed delay beyond the triggering signal 

by a~ amount from 1 ps up to 1s. It is also possible to make the gate 

scan acros~ the input signal to extract the whole input waveform, rather 

than just one point on the wavefor:n. 

Under typical operating conditions with a gate width of 301ls, an 

integrator time constant of 3 ms and a pulse sequence repetition rate of 

110 PE!r second the signal to noise ratio is improved by about 300 times. 

The output s.igr..aJ. is normally displayed on a Talsec 700 series X-T chart 

recorder. 

2.2 The Coil Ass~~bly , 
Special atteIItion to probe construction was necesse.r,y to achieve 

both satisfa-ctory electrical and thel"Dlal characteristics for use at high 
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r.f. power and high temperatures. 

2.2.1 Construction Initially a. main tube consisting 

of a single thickness of 'f'iberi'rax' paper (The Carborundum Comparw Ltd., 

Rainford, St. Helens, Lancashire) was formed on a slightly tapering 

glass tube by soakifl..g with fiberf'rax rigidiser and allowed to dry; when 

hard the glass tube Vias removed.. The t'eceiver coil, consisting of 10 

turr.s of 0.5 nun diameter gold wire inter-spaced with Ref'rasil string 

(Chemical and Insulating Co., Darlington, DurhaJll), was wound on to this 

main tube and. the leads taken up the sides of the main tube in Ref'rasil 

sleeving. Transmitter coil formers consisting of alumina thermocouple 

tubing (Thermal Syndicate Ltd., Wallsend, Northumberland) of approxi

mately 1.5 nun O.D in 10 nun lengths wel'e cemented direct to the receiver 

coil at right angles to the turns to fix it, using Aciduma cement (Sankey 

and. Son, IJ.:rord, Essex). The transmitter coil was then wound in gold 

wire consisting of three turns on each side in Helmholtz configura.tion 

using the formers to support the coil a.nd Aciduma cement to fix it, see 

figure 2.3. The overall length of the coil was about 25 mm., and has an 

inductarJCe of about 1.1 J.lH. The coil leaus were taken up the main tube 

enclosed in the alumina thermocouple sleeving and care was taken to 

maintain a.bout 10 mIn spa.c·ing between the leads to avoid arw possibility 

of r.f. breakdown occurring. A pt - pt 13% Rh thermocouple in 34- s.w.g. 

in refrasil sleeving inside a f'iberfrax paper plug wa.s insel--ted into the 

botto~ of the main tube, leaving the junction about. 20 rom below the 

centre of the coils. The remainder of the outside of the main tube wa.s 

then built up to the saroa diameter as the coil assembly using fiberfrrue 

paper, rigidiser and cement. 

It waS fo~nd that following each pulse strong ringing was occurring 

in the receiver system with a main frequency of order 150kHz. Since this 

was clearly not mechanical other coil assembliea were constructed using 
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0.25 mm diameter gold wire and. also from 0.25 mm diameter platimura wire, 

but the higher resistances of these wir.es lowered the Q of the coils 

w;i.thout appreciably decreasing the ringing and so they were not used. 

The ringing appeared to be worso when B sample was in position, or even 

with an empty sample tube so it was concluded that it originated in the 

construction material itself. It was overoome by moving the boxcar gate 

out to beyond where the ringing occurred, about 40 IlS beyond the pulse. 

The rotating magnetic field produced by the transmitter coil at the 

sample, B~, measured by finding the 16i.lgth of' a 7t /2 pulse f'or 27 Al 
J. 

nuclei was approximately 5 mT for the ooi1s oonstructed in this manner. 

The ,assembly was held in the steao.,v magnetic field by suspending it 

from the top plate, see figure 2.4. The main coil assembly tube was fed 

through a hole in the top plate and held in position by means of an 

O-ring seal. The two coil leads were taken to BNG sockets mounted in the 

top plate. 

SalJlples were contained in the long straight sample tube made of 

10 mm O.D. thin walled silica glass inserted inside the main tube and 

lowered into the receiver ooil. One exception was in the case of Al-Si, 

where the sample was found to react with the silica glass. In this case 

8. tube of pure alumina was used satisfactorily. The effective sample 

volume was approximately 1 em3• The top of the sample tube was. held in 

a gas tight head connected to a gas handling system, enabling the sample 

tube to be evacuated and filled with argon if required., In the sample 

tube head were two lea.d-through connectors to which a second PI; .;.. PI; 13% 

Rh thermocouple was connected. This was pushed down inside the sample 

tube in sleeving so that the junction lVas within 10 mm of the top of the 

sample. 

2.2.2 Temperature control and meaSlll·ement To enable 

relaxation rates to be measured as a function ot temperature heater windings 
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were added. To oompensate for the greater heat oonduction upwards it 

was found necessary to use two independent heater windings. A further 

s~eeve in fiberfrax paper, on which two coils were bifilarly wound in 

22 s.w.g. niohrome wire with turns spaced 3 rom apart, was added over the 

ooi1 assemb~. Each coil started at the level of the centre of the 

reoeiver coil. The top one spread over 80 rom upwards and the leads were 

taken out through the top plate; the lower ooil spread over 80 rom downards 

and leads were taken out downwards. Each coil was supplied indepsncl'3m 

of the other from Farl'lell B 30 sta.bilised power supply units. 

The ooils ware held in plaoe by two further layers. of fiberfrax 

paper and. then the assemb~ was baked out in e. furnace at 900 K for 

several hours. A tubular dewar in silica glass was placed round. the 

assem1:~ to oontain the heat, allowing the lower heater coil and. thermo

oouple leads to be taken out downwards. Finally 81 copper tube we.s .nountecl 

round. the outside of the dewar leaving an airway of approximately 1.5 mm 

wide, ana an Edwards R B.4 compressor was used to draw cooling air up 

from the bottom over the outside of the dewar and also through oooling 

ohannels in the top plate ass3mbly, see figure 2.4. 

Sample temperatures were monitored continuously by means of the two 

thermooouples described,placed above and. below the sample and within 

"10 m~ of it. The thermoelectric e.m.f.s were measured to the ~arest ~V 

by means of a Tinsley 5590!\ potentiometer. Temperatures of up to 1150 K 

were aohieved with this furnace and it is probable that higher temper-

atures oould be reaohed but deteriorating signal to noise ratios imposed 

this upper useful limit. 

2.3 The Magnetometer 

In order to measure the steady magnetic field the nuclear magnetio 

resonance of ~ was detected. A sample of about 1 cm3 of D20 doped with 

a little manganese sulphate was sealed in a glass phial and a coil of 
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copper wire wouxd on to it. This coil forns part of the tank circuit 

of a self-oscillating detector circuit. 

The ~ircuit employed here (Faulkner and Holman, 1967) is an emitter 

coupled two transistor oscillatr,r operating in the true Robinson mode 

(Robinson, 1959). The operating conditions have been chosen to give 

near perfect limiting, independent of oscillation level, and the circuit 

-
has 'been found to give satisfactor,y performance over a frequ~ncy range 

of more than two octaves without A.II'J adjustment, apart from the tUniIJg 

capacitor. Nuclear resonance is deteci;ed by the absorption of power from. 

the tank coil and the consequent reduction in the circuit Q which gives 

a drop in the output from the oscillator. The detected output of the 

oscillator is taken via a 20 dB pre-amplifier to a 60 dB main amplifier, 

and then via a low pass amplifier to the output terminal for disp1a.,:r on 

the oscilloscope. The oscillator output is also taken via a buffer 

amplifier to the Venner frequency counter. 

To provide a convenient method of displaying the whole resonance 

the steaqy field is modulated at 50 Hz by a small field produced by a 

suitably oriented coil wound on a 30 mIn diameter former and placed with 

the D
2

0 sample at its centre. The modulating coil is supplied via an 

adjustable phase-shifting network from a 6~3V a.c. supply, which is also 

used to drive the timebase of the oscilloscope. 

The magnetometer coil assembly is mounted on the rear of the f'urnace 

tube on the same horizontal level as the receiver coil. The whole unit 

is susper~ed from a top plate attached to v-shaped supports resting on 

two horizonta:l rods. When pushed to the back stop the receiver coil 

and sample are at the centre of the ap!llied magnetic field, and when 

pulled forward to the front stop the magnetometer coil replace5 the 

receiver coil at the centre of the field. 

It is tlstimated that with the arrangement described measurement of 

the ~ :resonance frequency enables the steady i'ield to be determined. to 
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within ..± 50 }.IT. 

2.4 Su.mple preparation 

All of the alloys used in this worl<: were prepared from the 

constituent metals at 99.999.% purity, with the exceptions of CUTe and 

Bi2Te
3 

which were purchas,ed ready prepared. 'The weight percentages of 

the 'individual alloys were calculated from the required atomic percentages 

using the ta.bles supplied by Hansen (1958). The individual components 

were then wei@1ed, to the nearest mill~gram, to make the s~nple weight 

approximately 15 grams. In the ca5;e of the Te-Tl alloys the thallium 

components were cut and weighed in a.n inert atmosphere since Tl oxidises 

readily in air. 

For investigation by N.M.R. satisfactor,y penetration of the 

radiation is required. In metals the radio frequency skin effect limits 

the depth to which the radiation can penetrate. This is overcome in the 

comentional manner by prep(u'i11B the samples in the form of powder smaller 

than the skin depth. For the metals investigated the skin depth is of 

order of 60 pm, and for the samples of lower conductivities the skin 

depth is even greater. 

The alloy powders, having been pl'epar~d by one of the methods 

des;cribed below, were sieved through a. 200 mesh sieve and those particles 

which passed through were thoroughly mixed with quart z powder which had 

been similarly sieved. The metal alloys were mixed in the ratio one part 

alloy to two parts quartz, while the alloys containing Tellurium' were 

mixed in the ratio of one part alloy to tV/o and a half' parts quartz since 

they were found to fuse if the smaller quantity of quartz was used. 

a) Casting and Grindin&' The two components were placed 

together in ~ silica glass tube which was connected toa gas ha.ndling 

system, an~ had a copper cast clamped to its top by an O-ring seal. The 

air was, evacuated from the tube and replaced by argon at a pressure of 
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about 1/3 atmosphere. The tube was heated until the alloy was molten, 

shaken f'or several mizrutes to ensure complete mixing w:hi1e continuing to 

heat and then quickly inverted so that the alloy f'lowed into the copper 

cast and solidif'ied rapidly • 

.Almost all of' these alloys Vlere sufi'icienUy brittle to be crushed. 

in a pestle and mortar and then sieved. Those which could not were care

fully filed using a. specially cleaned file, and the f'ilings washed in 

dilute H(;l and then in water bef'ore dr"j'ing and sieving. 

b) This method is an improved version of' the 

technique described by Heighway et a1., (1970). A broad silica glass 

tube was drawn out to a f'ine jet at one side of' the bottom and the top 

of' the tube connec·l;ed. to a gas handling systelil, see f'igure 2.5. The tUbe 

was mounted so that it rested at about 450 to the vertical with the jet 

uppermost, but it could also be rotated into the vertical position with 

the jet unde!' the noz7.1e of' the nitrogen tube. 

The tvro components: of' the alloy to be prepared were placed in the 

tube, the jet blocked temporarily and the tube evacuated. The tube was 

then 1~il1ed with I'Lrgon to a slight overpressure, the blockage removed 

and argon allowed to f'low out tr.rough the jet, the f'low being maintained 

by the overpressure. The tube was heated in the tilted position and 

agit~ted until the alloy was molten and thoroughly mixed. The nitrogen 

gas bla~t was then turned on, being maintained :f'rom the cylinder at a 

pressure of' two atmospheres and the tube rotated into the vertical position. 

This poured a f'ine stream of' molten alloy into the ~trogen blast, the 

liquid stream &tomseo. and the particles sprayed into a large glass 

container whose inside walls were f'looded with running water. The sample 

was f'iltered f'rom the water and washed thoroughly bef'ore dr,ying and 

sieving. 

The advantage of' this method is that the alloy particles are produced 

direct from the molten alloy so that there is little chance of sample 
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inhomogeneity occurring, as could happen in the casting process described 

above. 

c) Composition. The general self' consistence of' the data. 

together wlth the agreement; obtnined with the results of other workers 

suggests tha.t all of the alloys are near in composition to the values 

claimed. Analysis of Te-Tl alloys prepared to contain 50 at. % and 

32 at. % Te l'espectively showed that they did in fact contair. 45.2 El.t % 

and 33 at. %. It seems likely tha.t all of the alloys are within 5 at. % 

of the stated conposition, al~L tha.t most are correct to within 2 at. %. 

2.5 The C.W. Spectrometer 

D'.1ring the per~od while the pulse spectrometer was under construct

ion a C.W. spectrometer was available, and this was used to Cal~r.y o~t an 

investigation of the composition dependence of the 115In and l21Sb 

resonance shifts. in the liquid In-Sb system. 

The basic circuit consists of a coil into which the sample tube is 

placed, this coil being part of the tank circuit of a Pound-\1atlr..ins 

marginal oscillator constructed by G. A. Styles. The coil is contained 

inside a heater coil surrounded by a water cooled jacket. The heater 

coil is supplied from a Roband Tl12 power supply and the temperature 

monitored by a thermocouple mounteu nea!' the sample tube. 

To display the nuclear resonance the steady magnetic field is 

modulated at 80 Hz by a small field supplied from a Varian VF 16 wide

line spectrometer. The signal from the marginal oscillator is supplied 

to the phase-sensitive detector in the VF 16 spectroneter along with a 

referenco sign~ from the modulator. The detected nuclear resonance 

signal is further improved using a Computer of Average Transients (CAT), 

in this case a ~o]"thern NS 544 digital memory oscilloscope. The CAT ha.s 

1024 memory channels which are opened in sequence so that each channel, 

opened oncs as the magnetic field is swept through the resonance, stores 
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a small section o~ the sweep. Since the coherent signal increases directly 

\vith the number o~ sweeps but the rando~ noiee voltage. increases as the 

square x'oot o~ the rrumber o~ sweeps, in U sweeps an improvement in the 
1 

signal to noise ratio o~ N2 is achieved. The final resonance signal is 

displayed on a Br,yans series 21000 chart recorder. 

The magnetic ~ie1d is determined using a second coil containing a 
. 

sample o~ D
2

0 mounted on the main asse~bly as close to the main receiver 

coil as possible. A second Pound-Wa.tkins marginal oscillator is used to 

detect the 2D nuclear resonance in the manner described above. The 

frequencies of the main nuclear resonance and o~ the ~ calibration 

resonances are measured using a Venner TSA 3lt.36 counter which together 

with a divider unit is capable o~ measuring frequencies of up to 10 MHz 

to 1 part in 107• 

2.6 The Magnetic suceptibility balance 

The magnetic suceptibi1ities were measured using the well knovm 

Farad~ technique. The semple is suspended in an inhomogeneous ~ield, 

and there is then a ~orce on the sample given by 

= mp.~(m) 
o t,x 

where m is the sample mass, 
~ 

~~m) is the mass suceptibility. 

The x IlXis is in the direction of the magnetic field, the z axis is in 

the direction of the suspension. H( ~ H / ~ z) was· determined for this 

apparatus by measuring the suceptibility of a standard material, silveri 

see section 4.2.3. 

The magnetic field is supplied by a Mullard electromagnet with po1e

pieces which has been shaped to provide a large value of H( ~ H / \ z), 

but this occurs only over a small vo111llle. To overcome problems o~ 

reproducibility the magnet is mounted on a hydraulic jack which is pumped 
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up; then the hydraulic fluid is released slowly and the magnet sweeps 

down the sample. The sample is suspended from one arm. oi' a Sartorius 

microbalance which can measure the force on the sample to within one 

part in 10
6, with samples which are usually of order 1 gram. The changing 

i'orce on the sample is monitored and the maximum i'orce noted, to the 

nearest microgram. To obtain the suceptibility of the sample it is 

nece·ssary to allow i'or the suceptibility of the sample holder, a quartz 

bucket, lIhich oi'ten contributes an appreciable part oi' the total measured 

force. 

A nichrome heater coil wouild directly on to & silica tube is fitted 

over the lower arm of the microbalance and the coil surrounaed by fiber-

frax paper. Temperature of up to 1400 K can be obtained, and are 

monitored by means of a chromel-alumel thermocouple mounted inside the 

furnace tube, having the junction within 4 mm of the sample. 

All measurements have been carried out in an atmosphere of argon 

at a pressure of 400 Torr to inhibit preferential evaporation in arv 

alloy. Above 400 Torr convection currents were found to cause 

fluctuations observable on the balance. 
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CHAPTER THREE 

EXPERDiENl'AL TECHNIQUE 

3.1 The C. W. Spectrometer: Nuclear resonance shift measurements 

The sample is continuously irradiated by r.f. radiation, and the 

resonance condition is detected by an increase in the absorption by the 

sample. To observe the resonance line the spectrometer frequency is held 

cons,tant and the magnetic field is swept through the resonance condition. 

Superimposed on this field is a small modulating field at audio frequenoy, 

80 Hz. Thus the deteoted r.f. signal will also be modulated and this is 

passed to a phase-sensitive detector whose outPlrt is effectively the 

differential of the pure absorption lj ne when the phase has been suitably 

adjusted, enabling the centre of the resonance to be 8'Ocurately determined. 

The magnetic field is set to sweep through the resonance with the 

sweep range chosen to adequately cover the resonance width. In most cases 

the signal to noise ratio .obtained from a single sweep is insufficient, 

and so the output of a number of sweeps is then &ver~ed by the CAT (see 

section 2.5) and the output displayed on an X - T chart recorder. The 

upper limit to the number of sweeps, and hence to the improvement which 

can be made in the signal to noise ratio, is set by drif't of the magnetic 

field and of the spectrometer frequency to be of the ord3l' of 128 sweeps. 

The resonance observed on this spectrometer, 115In and 121sb, were 

s-atisfactori1y resolved using considerably less than this number. 

The field is calibrated by observing the 2D resonance from the 

D2 0 sample. The frequency of the oscillator is adjusted so that the 

resonance occurs low in the field sweep range, and the output stored in 

the CAr. The frequency is then re-set to cause the resonance high in 

the sweep raD8e and the output is also stored in the CAT. These two 

calibration marks are added to the chart record of the main resonance. 
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Since the D20 S&lple is located s.t a different position from that of 

the sample a constant difference between the field at the sample, and 

that measured by the calibration occurs. This is not important when 

comparing the resonance field shifts observed in the alloys to that for 

the same nucleus in the pure metal. 

It is found that due to time-constant distortion there is a small 

difference in the position of the centre of the resonance if the field 

sweep is operated in the increas'e mode, as compared to that in the 

decrease mode. Errors from this source are eliminated by taking the 

avera'ge of an equal rrumber of sweeps in each mode. 

3.2 The Pulse Spectrometer 

3.2.1 Nuclear resonance shift measurements It has 

been pointed out by Clark (1964) that the pulse spectrometer can be used 

to observe Inlclear resonance lineshapes, as well as to measure relaxation 

rates. This is due to the fact that the steady state unsaturated 

absorption 'X. " en) is proportional to the Fourier cosine transform of the 

:tree imuction decay envelope, and the dispersion 'X.' (ta.) is proportional 

to the Fourier sine transform (Lowe am Norberg, 1957). Hence if the 

boxcar integrator gate is opened to observe the entire f'ree induction 

decay then, provided the time constant of the integrator is very much 

sreater than a Larmor period and the receiving system is coherent, the 

resonance linesha.Je will be observed as the magnetic field is swePt through 

the resonance condition. 

In the ini tia! search for a pe.rticular nuclear resonance two 

adjustments must be made. Firstly the pulse beyond which the resonance 

is to be observe,d is adjusted to be a 7t /2 pulse. The pulse length may 

be calculated f'rom Bl,equation 1.15. Seoo~ the pulses must be several 

relaxation times apart or else the nuclear magnetisation will become 
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saturated; in these materials this conc1ition is usually met with the 

-1 
normal operatine pulse rate of 100 s Small relaxation rates could 

also cause a problem in that if the boxcar gate is too wide the signal 

becomes so spread out that its average size becomes undetectable. Hence 

the boxcar gate is not usually set to greater than 300 ~ and this has 

not proved detrimental to the observation of nuclear resonances. 

Unfortunately due to the problems of coil ringing and pulse suppression 

it is ess.ential to delay the boxcar gate behind the r.f'. pulse and so 

part of the induction decay is not included. In consequence the resonance 

lineshape observed in this way is distorted and it is not possible to 

measure linewidths. 

The nuclear resonance having beAn detected, due to phase changes 

. introduced in the system, the resonance may be a mixture of absorption 

and dis·persion. For the Lorentzian lines. of interest here it was 

possible to obtain a pure absorption signal by adjusting the phase of the 

reference signal (i.e. by altering the delay) until the signal appears 

symmetrical with respect to the centre of the resonance line. 

To measure the position of the centre of the resonance the magnetic 

field is swopt up through the resonance condition and back down again. 

If it is a strong signal the time constant of the integrator is short 

and. the two resonances are superimposed; if it is a weak signal the time 

constant will be large and this will introduce some distortion so that 

the two resonances are each displaced a little, one above and one below 

the centre. The centre of the resonance is taken as the average· over the 

tVTO resonances seen and the magnetic field is adjusted to correspond to 

this centre. 

To measure the magnetic field the whole assembly is pulled forward 

placing the mag~etometer coil and D
2

0 sample in to the position occupied 

by the receiver coil. The magnetometer frequency is adjusted until the 

~ resonance is seen at the centre of the oscilloscope trace. For further 
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detail see section 2.3. Experimental results are normally the average 

of' f'our measurements. 

Nuclear spin-lattice relaxation rate measurements 

Once the resonance has been detected and adjusted in phase as described 

in section 3.2.1 the f'ie1d is set to the centre of the resonance. The 

boxcar gate is reduced in width to sample the height of' the decay at the 

f'ixed delay beyond the Tt /2 pulse. Normally this was set to 30 PSi 

tests have shown that the observations are not influenced by the gate 

width;' even with fast relaxation rates which are comparable to the 

reciprocal of' the gatewidth. 

The f'ie1d is then switched of'f resonance by means of a shorting 

switch connected across a resistor in the f'ie1d control unit; shif'ting 

the field by more than 100 mT. The change in the receiver output gives 

the magnitude of the resonance, denoted M. The pulse separation is o 

then reduced until an appreciable decrease in the signal level is 

obtained. The magnitude is then measured by switching on and off resonance, 

and the pulse separation is recorded. The process is repeated for a series 

of pulse separations, usually eight in all, and finally using a long 

pulse separation M is checked to ensure that there have been no changes o 

in the system. In each case an estimate of the uncertainty is made by 

noting the average deviation of the receiver output from the value recorded, 

readily done by observing the chart recorder trace over a period of about 

a mirmte. A typical l1. measurement trace is sho\YIl ~n figure 3.1~ 

The data are analysed by fitting the best straight line to the graph 

of the logarithm of signal amplitude against pulse separation (see section 

1.3) using the least-squares technique with the values suitably weighted 

by their uncert~nties f'ollowing Topping (1962). I am grate:t'ul to 

Dr. E. M. Dickson tor supplyir..g a computer programme suitable f'or carrying 

out this analysis, which yields directly the measured value ot Rl • Each 
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experimental observation consists of the average of six such measurements. 

As a precaution each set of data is plotted by hand to give an estimated 

value for Rl • 
.1 

Considerable difficulty has been experienced in measuring rates in 

the case of weak nuclear signals. This is due to the fact that under 

tha .. circumstances the integration time constant is increased to improve 
. 

the signal to noise ratios, with consequent increase in the time rec;.uired 

for the receiver to reach the mean value of the signal. However the 

output from the receiver arising from other sourc~s, the 'baseline', is 

subject to random drif'ting due mainly to external radiation in the band-

width of the receiver. Under conditions of high gain and small nuclear 

signals these drifts ,become relatively large, so that if the period of 

. observation is long the uncertainties become much greater. 

For this reason it is found expedient to speed up the estimation 

of the size of the weakest signals, not by the method described but by 
1 

sweepina the field through the resonance with a wide boxcar gate in the 

manner described in section 3.2.1. The baseline is then taken as the 

signal level at the ends of the field sweep, the signal being the level 

at the centre of the resonance. This is repeated for a number of suitable 

puls e separations and the data analysed as normal. 

An attempt was made to overcome this problem by the construction of 

a two channel boxcar integrator, where one channel was intended to sample 

the signal and the other the baseline 1 ms later; this was unsuccessful 

in the time available due to technical difficulties. 
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CHAPl'ER FOUR 

EXPERIMENTAL RESULTS 

4.1 Liquid metallic binarY alloys 

Res~nance shift measurements The princiIlEt1 
. 115 121 

measurements have been made on the In and Sb resonances in In-Sb. 

No measurements; on reference compounds have been made; instead the 

extensive resonance shift results of Warren and Clark (1969) at 900 K 

for the pure liquid metals namely 

S (
11

5In) = 0.76% 

= 0.71% 

have been used, in conjunction with tne observations in pure In and pure 

Sb made in the course of this work, to calculate the reference resonance 
/ 

fields;, !3ref' from the expression 

Brat - BllletSll. 
= S 

Bmetal. 

The resonance shifts for all other compositions were than calculated using 

the respective reference resonance fields from "eqllStion4.1. The 209Bi 

resonance shift reported in Bi50S~0' see table 4.7, has been calculated 

from equation 4.1 USing a value for Bref obtained from the literature 

(Varian Associates, 1965) : 6.842 MHz/T. The results of shift measure-

menta: are given in table 4.1, 4.7 and fi.!Ul"e 4.1. 

NUclear spin relaxation rate meas~ament$ 

Where possible the present measureme~s have been compared to those 

reported in the literature and in all cases good agreement has been 

obtainad. For example Warren and Clark (1969) have reported measurements 
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on liquid InSOSbSO a.t 900 K 

~ (llSIn) = (14.8 ~ 0.3) .103s-1 

= 
which are to be compared with results reported in table '+.2 at 900 K 

Rl (llSrn) = (lS.l ~-0.2) .103s-l 

= 
In pure liquid Bi st 620 KRossini and Knight (1969) report that 

~l = (16.± 2)x 103s-
1 

whereas in this work (table 4.3) it is found that 

Rl = {16.8 ~ 0.3)x 103s-
1 

at 610 K. 

The close agreement found in these cases gave confidence in the 

accuracy of the observations of ~ made on other systems. The result3 of' 

the Rl measurements EWe given in t&bles 4.2 to 4.6 and 4.8 to 4.10. 

4.2 Liquid binary alloys containing Tellurium 

Resonance shift measurements The resomnce 

shi:f'ts reported here for the 12STe nucleus have been calculated from the 

observed resonance fields USing equation 4.1.1 where B f has been calculre 
1?S 

ued f'ro.ll the value reported by Weaver (19S3) for the -- Te resonance in 

a: solution of Te0
2

• These results are given in table 4.11, 4.14, 4.1S 

and displayed in fit;ure 4.2. 

4.2.2 Nuclear spin relax!ttion rate measurements 

There '.vas considerable dif'f'iculty in making these measurements on the 

12STe nuclei due to poor si~nal--to-noise ratios in all these alloys. 

The agreement obtained with other experimental observations mentioned in 

paragraph 4.1.2 indicates that the major part of the uncertainties in 

the experimental' measurements arise~ from limitations on the sensitivity 

ot the spectrometer. The Rl results; are given in table 4.12, 4.14 and 
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4.2.3 Magnetic suceptibility measurements 

The technique used does not sive a direct measurement ,ot suceptibility 

and so the balance has been calibrated using metallic silver as a 

reference material and values tor the Te-Tl alloys have been calculated 

in terms of the results tor silver. It has been taken that 

= at 300 K 

The values' obtained for pure Te are considered unreliable due to a 

high ra.te of evaporation of the sample at the temperatures of observat;ton; 

however the Te-Tl alloys all appeared to remain stable I and these are 

rega;rded as satisfactory. The results are displayed in table 1,..13. 
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Table 4.1 

Nuclear resonance shifts in In-Sb 

At % In S% Temperature (900.± 10)K 

100 0.760 

90 0.8~ .± 0.006 

80 0.816 .± 0.006 

70 0.863 .± 0.006 

60 0.894 .± 0.006 

50 0.913 .± 0.006 

40 0.923 .± 0.006 

30 0.931 .± 0.006 

20 0.936 .± 0.006 

10 0.936 .± 0.006 

b) 121Sb At % Sb S% 
, 

100 0.710 

90 0.702 .± 0.006 

80 0.690 .± 0.006 . 

70 0.675 .± 0.006 

60 0.661 .± 0.006 

50 0.64.6 .± 0.006 

40 0.64.3 .± 0.006 

30 0.630 .± 0.006 

20 0.621 .± 0.006 
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Table 4.2 

Nuclear spin relaxation rates in In-Sb 

At % In Rl (103s-1 ) 
Temperature (900 + 10) -

100 9.3 .± 0.2 

90 9.8 ..± 0.2 

80 10.0.± 0.2 

70 12.7.± 0.3 

60 14.2 .± O.J+ 

50 15.1 .± 0.2 

40 15.9 .± 0.2 

30 16.8 .± 0.2 

20 16.9 ..t 0.4 

At % Sb Rl (103
5-

1) 

100 10.2 at 0.2 

90 14.1 ..t 0.2 

80 17.0..t 0.6 

70 19.7..t 0.6 

60 22.1 ..t 1.0 

50 21.9 ..t 1.3 

·40 21.5..t 1•0 
, 

30 17.8.± 0.8 
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Table 4.3 

Nuclear spin relaxation rates in Bi-In 

At % Bi ~ (1038-1) Tempera.ture (610 + 5):K 

100 16.8 .± 0.3 

90 18.1 ..± O.l .. 

80 19.0 .± 0.5 

70 20.4.± 0.5 

60 2O.8.j,.0.7 

50 19.4.± 0.9 

40 

30 17.5.± 0.6 

2'0 16.1 .± 0.5 

10 15.1 .± 1.2 

b) l15In At % In R1 (1038-1) 

100 7.4.± 0.3 

90 7.5 ..± 0.1 

80 j 7.9.± 0.1 

70 8.3 + 0.1 
- I 

60 8.4- .± 0.1 

50 8.7 .:t 0.2 

40 9.2 .± 0.2 

30 9.5 .± 0.1 

20 9.5 .± 0.1 

10 10.2.± 0.3 
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Table 4.4 

209Bi nuclear spin relaxation rat~ in Bi50InSO 

Temp R1 

(K) (lo3s -1) 

909 21.1.:t 1•6 

822 21.1 .:t 0.8 

688 19.8 .:t 0.8 
, 

616 19.4.:t 0.8 

510 19.5 .:t 0.3 

441 20.0.:t 0.4 

400 20.6 .:t 1.0 

344- 23.5 ..± 0.6 

Te.ble 4.5 

209M nuclear spin relaxation rate in Bi
50

Pb
50 

Temp ~ 
(K) (103s-1) 

905 24.0.:t 1.7 

au 22.5 .:t 1.0 
-. 

767 22.3 .:t 0.6 

705 22.0.:t" 0.5 

638 20.7.:t 0.5 

585 19.5 .:t 0.5 

523 19.5 .:t 0.5 

473 19.7.:t 0.5 

425 20.6 ~ 0.6 

401 21.3 .:t 0.3 

,386 23.6 .:t 0.5 
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Ta.ble 4.6 

209Bi rruclear spin relaxa.tion rate in Bi
50

Sn
50 

Temp R1 

(K) (lo3s -1) 

567 .± 2 18.3 .± 0.6 

523 17.4..± 0-4-

472 16.1 .± 0.3 

426 15.1 .± 0.3 

381 15.5 .± 0.3 

Table 4.7 

209Bi resonance shift in Bi
5

0Sn
5

0 at 426 K 

S = 1.33 .± 0.01 % 

Table 4.8 

209Bi JUlclear spin relaxation rate in Bi
50

Sb
50 

Temp R1 

(K) (lo3s -1) 

919.± 2 26.0.± 1.8 

850 ~.6 .± 0.8 

783 21.8 .± 0.8 

754- 24.5 .± 0.5 

701 23.2 .± 0.8 
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Table 4.9 

121 b 1 . 1 t . ~. . S nuc ear spJ.n re axa ~on raC,e J.n B~50Sb50 

Temp Rl 

(K) (103s-1 ) 

919 ..:t 2 11.2 ..:t 0.3 

850 11.3 ..:t 0.3 

782 10.1 .% 0.3 -
753 10.6 ..:t 0.3 

705 10.4 ..:t 0.7 

Table 4.10 

27A1 nuclear spin relaxation rate in A1
89

Si
11 

Temp R1 

(K) (103s-1 ) 

852 .± 2 . 0.53 ..:t 0.1 

&..3 0.43 

&..0 0.45 

829 0-48 

813 0.43 

805 0.43 

795 0.42 

n1 0.1 .. 0 

766 0.45 

763 0-43 
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Table 4.11 

l25Te resonance shifts in liquid Te-Tl alloys 

Alloy Temp S % 
(At % Te) (K) 

100 696 .:t 2 0.350 .:t 0.01 

773 0.395 .± 0.01 

834 0.446 .± 0.01 

880 . 0.472 .± 0.01 

958 0.468 .:t 0.02 

969 0.485 .:t 0.01 

80 530 0.170 .± 0.02 

556 0.18 .± 0.01 

576 0.22 .:t 0.01 

598 0.24 .:t 0.01 

611 0.27 .:t 0.01 

631 0.28 .± 0.01 

64B 0.30 .± 0.01 

709 0.35 .:t 0.01 

787 0.39 .± 0.01 

Belt- 0.38 .:t 0.01 

825 0.39 .:t 0.01 

897 0.41 .:t 0.02 

60 472 0.05 .± 0.01 

493 0.~5 .:t 0.01 

513 0.085 .± 0.01 

521 0.09 .:t 0.01 

5lt-2 0.115 .± 0.01 

606 0.17 .:t 0.01 . 
(43 0.195 .± 0.01 

658 0.205 .± 0.01 

731 0.24- .± 0.01 
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Table 4.11 (Cont) 

.Alloy Temp S % 
(.At % Te) (K) 

60 752 0.255 ..± 0.01 

826 0.28 ..± 0.01 

877 0.305 ..± 0.01 

45 538 0.05 . .:t 0.01 

573 0.065 ..± 0.01 

64-9 0.11 ..± 0.01 -

721 0.15 ..:t 0.01 

786 0.18 ..:t 0.01 

860 0.22 .± 0.02 

40 847 0.144 ..± 0.01 

795 . 0.115 ..± 0.01 

723 0.086 ..:t 0.01 

700 0.067 ..± 0.01 

36 665 0.009 ..± 0.01 
J 

680 0.016 ..± 0.01 

709 0.032 ..± 0.01 

732 0.029 ..:t 0.01 

796 0.~5 ..± o.m. 

843 0.056 ..± 0.01 

35 64-9 - 0.025 ..± 0.01 

682 - 0.025 ..± 0.02 

737 - 0.011 ..± 0.02 

791 + 0.009 ..± 0.01 
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Table 1t-.11 (Cont) 

Alloy Temp 8%1 
(At % Te) (K) 

. 
.34 672 - 0.049 .± 0.01 

715 - 0.032 .± 0.01 

737 - 0.032 .± 0.01 

762 - 0.025 .± 0.01 

788 - 0.018 .± 0.01 

819 - 0.008 .± 0.01 

33 639 - 0.114 .± 0.01 

708 - 0.092 .± 0.01 

719 - 0.088 .± 0.01 

754 - 0.075 .± 0.01 

787 - 0.059 .± 0.01 

814 - 0.052 .± 0.01 

au - 0.a..0 .± 0.01. 

31 662 - 0.116 .± 0.01 

689 - 0.093 .± 0.01 

719 - 0.091 .± 0.01 

754 - 0.071 .± 0.01 

780 - 0.065 .± 0.01 

831 - 0.054 .± 0.01 
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Table 4.12 

125Te nuclear spin re1axatio~ rates in Te-T1 alloys 

Alloy Temp R1 

(At % Te) (K) (1033 -1) 

100 695 5.2 .± 1.1 

778 6.7 .± 1.3 

80 523 2.1 .± 0.4 

625 584 .± 1.5 

60 473 1.8 .± 0.3 

573 3.0 .± 0.7 

690 5.0 .± 2.5 

45 563 3.1 .± 0.4 

663 5.0 .± 2.5 

·40 719 4.3 .± 1.1 

36 741 4.6 .± 1.3 

35 737 5.2 ..± 1.9 

6.7 • 34 718 .± 2.2 

33 705 1.0 .± 0.25 

841 1.7 .± 0.3 

31 662 0.74.± 0.2 

831 1.0 .± 0.2 
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Table 4.13 

Total suceptibi1ity of some Te-'rl alloys 

Alloy Temp Mass Suceptibility 

(.At % Te) (K) (10-9m3kg -1) 

100 751 .± 5 - 0.84 .± 0.1 

773 - 0.73 

60 673 - 2.09 .± 0.01 
, 

773 - 1.85 

823 - 1.78 

40 723 - 2.37 .± 0.01 -

n3 - 2.32 

873 - 2.28 

36 693 - 2.56 .± 0.01 

773 - 2.53 

843 - 2.49 

34 683 - 2.70 .± 0.002 

711 - 2.57 

745 - 2.62 

816 - 2.51 

876 - 2..47 

979 - 2.41 .± 0.('08 

31 800 - 2.60 .± 0.003 

854- - 2.54-

933 - 2..48 

981 - 2.47 
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Table 4.:14 

63cu and 65cu resonance shifts and nuclear spin relaxation ra.tes 

Temp S% Rl 

(K) (3 -1) 

700..t 5 0.038 ..t 0.02 l210..t 60 

E'40 0.038 ..t 0.02 lC40 ..t 30 

950 0.038 ..i 0.02 900 ..t 60 

1(40 O.~..t 0.02 910..t 50 

1120 0.053 ..t 0.02 900 ..t 70 

Temp S% ~ 
(K) (3 -1) 

700 ..t 5 1080..t 150 

84.0 0.034 .± 0.02 900 ..t 90 

950 00 033 ..t 0.02 970..t 70 

1(4.0 1090..t 60 

1120 890 ..t 60 
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Table 4.15 

125T nd 209B· h' e a ~ resona~£e s ifts and nuclear spin relaxation 

Temp Nucleus S % Rl 

(K) (1038 -1) 

883 125Te 0.385 .± 0.01 5.± 2.5 

893 
209Bi 0.97 .± 0.02 40 .± 20 
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CHAPrER FIVE 

NUCL:"~AR SPIN-LATTICE RELAXATION In LI~UID MB.'TALLIC BINARY ALLOYS 

5.1 Introduc'cion 

The most effective interaction by which nuclei in a metallic 

envfroment relax is usually the direct contact interaction between the 

nuclei and the conduction electrons. The same interaction causes a shift 

of the nuclear resonance position, and these two effects have been combined 

into a simple relationship by Korringa (1950). It is thus possible to 

evaluate the relaxation rate due to this interection from the magnitude 

of the observed resonance shift. This produces reasor~ble agreement 

between observed and calculated relaxation rates for many pure liquid 

metals, although mir~r discrepancies arise and these will be discussed 

later. There are also a few cases, notably Bi, where at temperatures 

near the melting point there appears to be an extra relaxation rete which 

increases as; the temperature decreases (Heighway and. Seymour, 1971). 

When the composition d&pendence of the spin-lattice relaxation rate 

in binar-,f alloys is examined, in some cases considerable discrepancy is 

found; there appears. to be a large extra rate which reaches a maximurn in 

the middle of the composition range. It was pointed out by Faber (1963) 

that the nuclear electric quadrupole moment interacting with the local 

electric field gradients could cause nuclear spin relaxation, and this 

was confirmed in the case of Ga by Cornell (1967). This quadrupolar 

relaxation mechanism, which is believed to be the source of the extra 

rates observed, has been discussed l'y several authors and a comprehensive 

expression for the relaxation rate in a pure liquid metal has been eiven 

by Sholl (1967). This theory has recently been extended to liquid binary 

alloys (Sholl, private communication) and the outline of this theory will 

be given and discussed in the light of available data. 
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5.2 1~gnetic relaxation 

5.2.1 The contact interaction ','lhen an external 

ma.gnetic field is applied to a metal it produces. a net polarisation of 

the s-type conduction electrons, and since they have a probability 

density at the nucleus they give rise to an extra magnetic field at the 

nucleus. Thus the field required for resonance is lower than the field 

required for resonance of the same nucleus in an insulator at the same 

frequency. This shift of the resonance in metals is known as the Knight 

shift, and is expressed (Townes, Herring and Knight, 1950). 

s s :: A BIB :: 
o 

where.n. is the atomic volume, 

•••• (5.1) 

:: (I 'l' (0) I 2) F' the probability density at the 

nucleus, averaged over all Fermi surface electrons, 

Jt p is the conduction electron spin suceptibility. 

The contact interaction also provides a ~namic coupling between nuclei 

and cond.lction electrons enabling nuclear relaxation to take placa. This 

relaxation rate has been expressed (Korringa, 1950) 

•••• (5.2) 

where ~, ~ are the electron, nuclear gyromagnetic ratios e n 

respectively, 

N(EF) is the oansity of states at the Fermi energy. 

These two relationships were combined by Korringa using the assumption 

of free non-interacting electrons, to give the Korringa relationship 

:: 

•••• (5.3) 

It has be~n found that agreement between uxperimental values and 

the Korringa relationship is not satisfacto17, so that electron-electron 

interaction must be taken into account. It was pointed out by Pines (1955) 
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that electron-electron interaction loads to an enhancement of the 

static spin suceptibility and thus to an enhancement of the resonance 

shift. Later it was shown that the rela.xation rate corresponds not to 

the static but rather to the dynamic frequency and wave number dependent 

part of the spin suceptibility (Moriya, 1963). rYarath and Wecwer (1968) 

have modified the Korringa relationship to take account of these factors, 

expressing it 

= 

where X( «.) is a function of 0(., the electron-electron interaction 

para.n:.eter. 

The val~e of K(<< ) lies between 0 and 1; experimental values for a number 

of liquid metals are near to 0.7. The calculation of K(~) is a complex 

problem; Narath and Weaver have evaluated it in two cases, one where tho 

electron-electron interaction potential is approximated to a b function, 

the other where the interaction potential has long range. Experimentally 

determined values of K(~) for the alkali metals are foulm to lie between 

the theoretical values found for the two cases. It appears that urri;il 

more is known about the ~namic part of the spin suceptibility the 

uncertainty in the magnitude of K( ct.) remains, and so in this work no 

attempt will be made to e5timate it. 

5.2.2 Other magnetic interactions 

a) Orbital motion. The orbital motion of the conduction 

electrons also gives rise to a magnBtic field at the nucleus whichL 

produces a corresponding shift in the nuclear resonance position. This 

shift ha.s been E;xpressed approximately by noer ",nd Y.night (1964) 

So = 'x'o~~ 1/r3 ) .n. .... (5.5) 

where ~ is the orbita.l suceptibility, o 
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r is the mean radius of the electron orbit, 

n )"s the atomic volume. 

If' as an approximation ')(.0 is taken as the free electron value of X, 
p 

then a reasonable e!:.ltimate of an Upper limit to S can be mad€. It is 
o " 

found to be small compared to the shift produced by the contact inter-

action, Ss' except for some transition metals, but may be an appreciable 

part' of 3 for heav,y nuclei. 
s 

This interaction also produces nuclear spin relaxation. Mitch-all 

(1957) has given an expression for the relaxation rate Que to p-elec~rop~ 

in Bloch states l an acceptable model for the near free electrons in 

liquid metal systems. 

(l1.)0 = lS2 ~2kT 
e n •••• (5.6) 

where B = J (Iv (r) I? dt'. 

r 

<I V (r) I ? is the radial part of the p-wave component 

of the Bloch wave function, 

Z is the number of valence electrons per atom, 

• m is the electron effective mass. 

This is a very complex expression to evaluate, but Mitchell has compared 

this expression with that of (Rl ) s and concludes that this relaxation 

proces~ will be more than two orders of magnitude less effective than the 

contact process, providing the s-part is at least half of the conduction 

electron wave function and so will be neglected. 

b) Core polarisation. An additional "magnetic field may be 

produced at the nucleus due to polarisation of the a-electrons in the core 

by the conduction electrons, creating an additional resonance shift scp· 

This shift cannot be easily evaluated since the effects of the s, p 6.nd d 

components of tn~ conduction electrons on each core state must be evaluated 

individually, and some of these may be negative, producing a reduction in 
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the overall shift. Scp has been calculated to be -5% of Ss in Li, ~6% 

in Be and -.8% in Al (Shyu, Das and Gaspari, 1966). In Cd it is +10% of 

S (Jem, Das avd Gaspari, 1970). In In a calculation of S is very close 
s s 

to the eJq>erimen.tal value of S, and since So is expected to be small it 

is cor~luded that S is less than 1% of S (Gaspari and Das, 1968). It cp s 

appears that there is no correlation between S and atomic number; all 
cp 

that can be deduced at this stage is that it is unlikely to be greater 

in magnitude than 15% of S but could be positive or negative in sign. s 

The existence of this interaction leads to a further relaxation 

mechanism; there is a Korringa-like relationship between the shift and 

the relaxation rate but with an inhibiting factor of between one and one 

fifth, due to degeneracy of non s-states at the Fermi surface (Yafet and 

47f k 

~ ( ~) 2 

2 

s cp T •••• (5.7) 

However even if S = 0.15 S then at most (R
l

) = 0.02 (R
l

) cp s cp s 

which is within the eJq>erimental error, and so this relaxation mechanism 

will be ignored. 

c) Other intera~tions. Because the short correlation time 

limit has been r~ached, and because of the smallness of the dipole-dipole 

interaction this effect contributes little to the nuclear spin relaxation 

(Bloembergen, Purcell and Pound, 1948). Pseudo-dipolar and indirect 

exchange interactions similar~ are rather small and have reached the 

short correlation time limit, and SCI also contribute little to the 

relaxation. 

5.3 Electric guadrupolar relaxation 

The interaction between the nuclear electric quadrupole mom'1m, 

existiIl5 when the nuclear spin, I, is greater than one half, and the 
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~luctuating electric ~ield gradient is also capable o~ causing nuclear 

spin relaxation. An expression ~or this relaxation rate has been given 

by Abragarn (1961) applicable in the short correlation time limit, where 

the electric field gradient correlation time is very much less than the 

Larmor period, l/'->L ' which is v~ry well satisfied in the case of liquid 

metals: 

3 2 I + 3 
== 

.4 I2 (2I - 1) 

where Q is the nuclear quadrtlpole moment, * «(JL ) is the spectral density of the electric field 

gradient at "'I.. • 

•••• (5.8) 

IsotopiC separation This electric quadrupolar 

rate may be expressed for one chemical species in a particular alloy as 

= 

where C is the same for all isotopes of the same species. 

The relaxation rate due to the contact interaction, discussed in 

section 5.2.1, can be expressed in a similar way for ons chomical species 

in a particular alloy as (Rl)s = C' t( ~. If it is assumed that 
n 

nuclear spins relax by a combination of these two processes namely 

Rl = (Rl)s + (Rl)Q and if it is possible to measure the relaxation rates 

of two different isotopes, X and. Y of one chemical speci':ls in a pa.rticular 

alloy then, provided that A and B are not the same, where 

A and B = 
F (Ix) (Qx)2 

x 

F (Iy) (Qy)2 

it is a ~imple matter to resolve the observed relaxation rates (R1)x and 

(R) into their electric and magnetic components (Cornell, 1967). 
1 y . 

= Rlx - B. Rly'. (R) 
1 _ BfA· , 1 sy 

== • • •• (5.9) 
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= 
(Rl ) 

s~ 
B 

The Sholl theory for pure ligttid metal~ 

•••• (5.10) 

The main difficulty in carrying out calculations of Abragam IS expression 

to find if there is agreement with experiment lies in determining ~ (W
o

)' 

In a~tempting to calculate the electric field gradiel* at a nuclear site 

it is clear (Rossini, Geissler, Dickson and Yillight, 1966) that the effects 

of both surrounding ion cores and also the conduction electrons must be 

considered. Sholl has included the conduction electrons as a screening 
j 

cloud around the ion cores, and using the theory of linear Hartree SCl"een-

ing has expressed the asymptotic form of the screened potential as 

VCr) = A cos' (2k;r) 

2(k
f
r)3 

wh~re A is the amplitude of the potential. 

•••• (5.11) 

It has been shown tha.t this asymptotic form is a good approximation up to 

nearest neighbour dists nces (Harrison, 1966) and so is likely to be 

reasonably satisfactory in this case. 

An iIllportant contribution to the electric field gradient at the 

nucleus arises !'rom the distortion of its own ion charge distribution by 

the external field gra.dient. This has been considered by Sternheimer 

(1966) who finds that it can be represented by multiplying the external 

field gradient by a constant, the Sternheimer anti-shielding factor, ~ 00 , 

a.nd the factor has been calculated for a number of ions. The 2( 00 vary 

f'rom small negative values for metals of low atomic number, for example 

- 4.5 (Na' or - 9.5 (Ga3+), to large negative values such as - 102 (Gs +) 

or - 81 (Pr3, for larger atomic numbers, but there does not appear to be 

a.1\V simple relationship to atomic number. 

The potential part of the quadrupolar Hamiltonian may be expressed 
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•••• 
Where the sum is over all ionic positio~. th h , .! ~,o er t an that of' 

the ion at the origin. The m is an energy quantum number taking integral 

values between t and - i; i is ~ f'or the nuclear quadrupole moment. 

U (.! ~) m = C V
2 (r~ ) Y2m ( ..Cl,\) 

(1-1$'(») 
1. 

where C = (47t /45)2 

v
2
(r) r ~( 

1 ~r») = -r 

Y2m are spherical harmonics, 

.n is the direction of vector !. )\ • 

The electric. field gradient spectral density term is expressed 

00 

J -iw't t (~) = e ~, (t') d 1: 
-00 

where gmml ( t ) = 
and. the bar denotes an ensemble average. 

Subsituting in this for F(m) from equation 5.12 gives. 

i m
) (t -l.') F(~') (t) = Um{'!1\ (t -1:)} U: (£,.(t)} 

and. the ensemble average is 

.... (5.13) 

Bmm,(t) = J fUm (Eo) U:, (£1) p(Eo~ t -ti £l't) dEo <1£1 

•••• 

where PC£o, t - 't'; £1' t) d£o d.!:l is the probability of' finding 

ions. in ~ at Eo at time t - t, and. in <1£1 at £1 a~ time ti given that 

there is an ion at the origin. 

P is composed of two parts; the first giving the probability of 

finding an ion in drl a.t time t, given the same ion was in dr at time 
- -0 

t -'t. This desc:-ibes the diffusion of a.n ion from r to r l , and so is 
. -0 -

just the product of' the diffusion probability and the radial distribution 

fUnction. The second part gives the probability of finding an ion in d£l 
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at time t and that a different ion is in dr at time t - t. This term 
-0 

describes the diffusion of an ion originally at I' to some other pal~ of 
-0 0 

the liquid while a second ion d..i.ffuseG. into £1 at time t, and is the ,'nun 

oyer all possible starting points of the product of the diffusion prob

ability and the three body correlation function. Since the three particle 

correlation function is not known the superposition approximation has been 

used. To get the diffUsion probability for each of these terms the method 

of Oppenheim and Bloom (1961) has been used, taking as a solution to the 

diffusion equation that for :relative dif'fusion which is equivalent to 

replacing the self-diffusion coefficient, D, by 2D. 

From equations 5.14 and 5.15 a (c..)) is calculated and substituted 

into equation 5.8 which gives the quadrupolar rate. This rate contains 

two terms, one arising from the two pArticle correlation function (the 

radial u.istribution function, g(r) and the other from the three particle 

correlation function. 

2I + 3 {A(l -l1~OO )eQ) 2 nO,", [ ,1 (6) :: ,- II + I
2J 

••• 5.1 

r2(2I - 1) 75 D 

2 
ro2 = 

2 
r o 

- 2:r I' Z 
o 2 

~ is the number density, 

P2 (z) is the Legendre polynomial in z where z = cos e ; 
e is the angle between.!:o and .!Q. 

This equation bas been used by Sholl to calculate (Rl'Q in liquid 

Ga and liquid In and reasonable agreement with experiment was obtained. 
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The theory is extended to the case of binary alloys in section 5.3.3. 

The principal temperature dependence of (Rl)Q arises from the self

diffusion coefficient, the other terms f.\!'e only weakly temperature 

dependent in comparison. The t empel'ature dependence of the (R ) will 
1 Q 

be examined and compared to those of self-diffusion coefficients in 

The Sholl theory for biDafY allqys 

~1his theory is given in detail in the Appendix and an o\,;tline only i3 

given here. 'When binary alloys are considered the potential which 

describes the interaction depends on whether the other atom is the same 

as, or different to the atom at the origin. If there is an A. type atom 

at the origin the possible potentials are V A..A or V.AB. In calculating 

how the potential gradient fluctuates the occupancy of dr at r is 
-0 -0 

considered together with the occupancy of ~l at ~l at a time ~ later, 

so that .I.;here are now four possibilities to consider. When the ensemble 

average is taken there will be four terms of the form of equation 5.15. 

One of these will be 

•••• (5.17) 

where P.AAB (~, t - 't; ~l' t) ~ d£ 1 is . the probability of finding 

an ion of type A in ~ at .!:o at time t - 't, and an ion of type B in <1£1 

at ~l a.t time t, given that there is one' of type A at the origin. As 

before P and P must include two parts, one depending on the radial 
AAA ABB . 

dis,tribution function, the other on the three particle correlation 

f'unction. but in P and P B.A there will only be the three particle , AAB A 

correlation function since these two do not describe diffusion of a given 

atom :from r to r
l

• 
--0 -

The scaling f'actor, fl , used on the radial distribution funC'tions 

is simply 9. number density and the concentration dependence can be 
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included in this by means of C, the atomic fraction of A type atoms; 

the density of A type ai;oms is then Cp and of B type atoms (1 - C)p • 

Since the three ]J.:Jri:icle correlation function must be expressed by the 

superposition approximation, terms of secor4 order in C will appear, for 

example 

•••• (5.18) 

where g.A.A(ro ) is the radial distribution function for A 

atoms evaluated at r , given an A type atom at the origin. o 

Again, following Oppenheim and Bloom (1961) the di..ffusion probability is 

included as a solution to the diffusi<!U equation, where the diffusion 

rates for A and B type atoms are derived sep&"e.tely. This enables a very 

complex expression for the relaxation rate to be deduced; and is given 

in f'u11 in the Appendix, equation 1.5. The expression can be made consider-

ably more tractable by some simplifying assumptions. 

If it is assumed that 

(i) the interatomic potentials are in simple proportion 

(ii) the radial distribution functions are all the same 

i.e. = = 

and. are independent of composition. 

This leads to 

'K{ C II (1 - e) Q(,2Il e2. I (1 - C)2cx. 2I2 

(Rl)Q' 
2 

= + + + 

DA DB DA DB 

+ e(l - C)~I2 ( -.: + ~J} •••• (5.19) 
DA e (1 ~ l( CO ) ~Q ) 

2 
7T.P 

where K 2 I +-3 , 
== 

I2(2I - 1) 75 

II' I are as defined in equation 5.16. 
2 
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If it is further assumed (iii) tha.t the dii'i'usion coei'f'icients are the 

same i.e. D A ::: DB ::: D then 

"\ 
"f2C(l - C>U2J 

•••• (5.20) 

It can be seen that this conta.ins a. quadratic expression in C, and it is 

by using this equatilll1 that the experimental observations will be 

explained. The comparison of' the theory with the dats. will be discussed 

in section 5.LI-. 

other theories of quadrupole.r relaxation 

Borsa and Rigamonti (1967) have used Abragam's expression (equation 5.8) 

to calculate a value f:or (Rl'Q. They considered the time dependent inter

pair e1~ctric field gradient which arises from screened ionic charges 

di:ffusing in the liquid metal, obeying the classical diffusion equation; 

but the screening was only taken to be exponential in form. They derived 

an ensemble average by integrating the transition probabilities between 

the closest distance of: approach and infinity. However, they chose the 

ionic antishielding factor and so neglected the effect of: the conduction 

electrons near to the nucleus being considered. Nevertheless the rele.x-

ation rate calculated i'rom this theory gave agreement within a :factor of' 

three to the experimental relaxation rate value available for Ga at that 

time. 

This theory was extended to binary alloys (Bonera, Borsa and 

Rigamonti, 1969); however it predicts only linear dependence on C. This 

result is il~orrec~ theoretically since, as pointed out by Heighway (1969) 

they merely added separate contributions to the electric field gradient, 

each of: widch contains an ensemble average, rather than taking a new total 

ensemble average. 

A second possible source of: the fluctuating electric field gradients 



- 65 -

responsible f'or quadrupolar relaxation has been proposed by I.litchell 

(1957), namoly 0. direct nuclear interaction with the conduction electron 

charge, aIlalagous to the magnetic contact inter2.ction. This process 

utilises the kinetic energy of' the conduction electrons at the Fermi 

surf'ace. An expression was derived by Mitchell f'or the relaxation rde 

produced by Bloch electrons. It is distinguished f'rom a diffusion induced 

relaxation process in that the rate increases with increasine tempera.ture 

in cornmon ,lith other mechanisms depending on electrons at the Fer.ni level. 

The rate ha.s been shown by Mitchell to be comparahle to (R) def'ined 
1 0' 

in section 5.2.2.a, and will be neglected f'or the same reason as (R ) 
1'0 

is neglected. 

5.4 Analysi~ of' the experimental data 

or the metallic elements in groups IlIa, and Va ot: the periodic 

table only Al, Ga, In, Sb and: Bi have nuclear spins greater than one halt:, 

and thus have electric quadrupole momems, enabling the nuclear spins to 

relax via the interaction between the quadxupole moment and the t:luctuat-

ing electric field gradient at the nucleus. Experimentally obsel'Ved spin-

lattice relaxation rates ot: these nuclei in the pure liquids and binary 

liquid alloys given in table 5.1 will be discussed. 

Sorne ot: the data come t:rom measurements ot: nuclear resonance lioo-

widths. The usual assumptions are m3.de, namely that in liquids the line-

width, b. B, is due to li:f'etime broadening a.nd so is proportional to the 

spin-spin relaxation rate, R ; and that the dominant process in spin-spin 2 . 

dephasing is the longitudinal s.pin rela."'{ation rate, Rl' so that Rl is 

propor~ional to J:::. B and can be calcult.ted t:rom it. Experimental evidence 

t:or the validity ot: these assumptions will be discussed in section 5.4.1. 

The data \"{ill be amlysed to determine the relative contem ot: 

magnetic a.m. electric qllaru.--upolar relaxation contributions. When it h 

possible to carry out isotopic separation ot: the relaxation rate the 
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Table 5.1 

r---.,----.------------~-, ~-~ 
Element Alloy Data source 

r---------~j-----~---------------~--------------------~---. --
Al 

Ga 

In 

Sb 

Bi 

pure Al 

Al-Si 

pure Ga 

Ga-In 

pure In 

Ag-In 

Bi-In 

Cd-In 

Ga.-In 

In-Pb 

In-Sb 

In-Tl 

pure Sb 

Bi-Sb 

In-Sb 

pure 'Bi 

Bi-In 

Bi-Sb 

Bi-Sn 

Bi-Pb 

Spokas and Slichter (1~59) 

This work 

Cornell (1967) 

Bonera et a1 (1969) 

Warren and Clark (1969) 

Host (1972) 

This work, Styles (1967) 

Styles (1964) 

Bonera et al (1969) 

styles (19f.4) 

This work, Warren and Clark (1969) 

Styles: (1964) 

This work, ~arren and Clark (1969) 

This work, Moulson (1966) 

This work, Warren and Clark, (1959) 

This work, Heighway and Seymour (1971) 

Rossini and Knight (1970) 

This work, Styles (i967) 

This work, Moulson (1966) 

This work 

This work, Heighway and Seymour (1971) 

magnetic and quadi~polar parts are immediately available; if not it is 

taken that the quadrupolar rate is negiigibly small at the highest 

temperatures, and the experimental Kor.ringa product, TS2/Rl , is evaluated 

fiolD. values measured there. The Ko~ringa produ';t f'ound in this way can 

deviate considerably f'rom the value calculated f'cr f'ree non-interacting 

electrons, due to the value of' K(G(,) and also to the observed shift having 
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other undetermined contributions S and S , but it is assumed that their o cp 

fractional effect will remain independent of temperature. 11 quadrupolar 

contribution at lower temperatures can thus be recognised. 

Spin-spin relaxation rates Although it has 

been generally assumed that in liquid alloys R 
2 

= Rl , there is as yet 

little experimental evidence to SUppOIt this conclusion. Hanabusa (1965) 

has shown in the Na-Tl system that provided care was taken to ensure that 

surface contrunination was minimised Rl and R2 were the ~ame to within the 

experimental uncertainties. The Rl measurements: reported here will now 

be compared with linewidth measurements where available as further 

confir~ation that the ~wo rates are equal. 

I'1. the case of pure Bi R2 is calculated from the linewidth (Heighway 

and Seymour, 1971) using the usual expression for Lorentzian linos 

= ~ ~B n 

where lS is the nuclear gyrolllagnetic ratio. 
n 

.... 

This leads to R2 = (16.5 ~ 0.2)x 103
5-

1 
at 570 K which is to be compared 

~ ~ -1 
to the value given in table 4.4, Rl = (16.8 + 0.3)x 10's at 574 K. 

Turning to alloys, in Bi50Ph50 the 209Bi linewidth (Heighway and 

Seymour, 1971) gives R2 = (21.3 ~ 0.5)x 1035-1 
at 625 K, whereas from 

_ ~ 1 . 
table 4.6 Rl = (20.7 ~ 0.5)x 10-s- at 638 K and the temperat~e 

dependence is such that R. will increase as the temperature decreases SO 
.! 

that agreement between the two results is again satisfactory. 

In Bi-In there are available a set of linewidth measurements over 
115 209 . 

the major part of the composition range for both In and B~ (Styles, 

. t bl 4 3 The l15In 1967); these are compared to the R1 data given ~n a e •• 

measurements will be considered first; if the Rl data are extrapolated 

to 580 K by ass~ing that Rl is proportional to temperature then it is 

fO'.lntl that the R2 are about 10% larger than the Rl , the discrepancy 

being greatest in the 40, 50 and 60 at. % In alloys. However since the 
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experi;nerrtal uncertainties total around 5%, and since lWo of the 

observed linewidth is about 15 pT which is of the same order as the 

inhomog8neity of the steady magnetic fi61d it would be unreasonable to 

claim that R2 was not equal to R • 
- I 

li'hen the 209Bi data are examined the discrepancies become rather 

larger, for example R2 in Bi50In50 was found to be 21% larger than R
l

-

In tbis case since Rl is virtually inu.ependent; of temperature in this 

range no extrapolation has been made; the values of R observed at 580 K 
2 

and those of' ~ at 620 K have been compared directly_A possible eA-plan-

ation for the discrepancy is that it arises from composition inhomogeneity 

in the samples; the observed Rl and S ~ould be averages over the sample 

but i.f there were a spread of resonance shifts the linewidU..s would be 

increas~d accordingly_ If' the average range of composition is only + 1%, 

from the composition dependence of S (Styles, 1967) in Bi50In50 th~ 

additional linewidth at 1.4 T is 0.125 mT$ which is approximately 2Q% of 

the observed linewidth and hence acco11nts for the difference between ~ 

and R2 • This hypothesis is borne out by three things, firstly that this 

additional linewidth i$ propvrtional to the steady magnetic field, and 

so explains the field dependence of the linewidth which was obsel~ed_ 

Secondly S is not composition dependent below 40 at _ % Bi and in those 

alloys ~ and R2 just agree within the uncertainty; further the differences 

between ~ and R2 in the (",ther alloys vary in proportion to the magnitude 

of' the composition dependencs of S. Thirdly the original samples which 

were used for both Rl and. R measurements were prepared by G. A.· Styles 
2 . 

using the method of casting the molten alloy into a mould, then taking a 

sample of this ca.st and turning it ;.nto a powder, and so might b0 expected 

to contain some range of compositions. Fresh samples containing 50 at. % 

and 60 at. % Bi respectively were prepared using the spraying technique 

described in section 2.4, but the lil1ew:i.dths measured, although less, 

agreed with the original measuremen'cs to within the experimental 
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measurements. This implies that alloys prepared by either of these 

technique will contain a range of compositions of order + 1%. 
11,5 

If the In measurements are eXE.."uiued in the light of this 

hypothesis a ranee of ..± l>i in composition will produce an increase of 

some 2<4b of the line"idth in alloys of 30 to ,50 at. ~ In and there are 

indeed indications of' these in the linewidth measurements. The agreement 

between 209Bi Rl and R2 in Bi,50Pb,50 is also to be expected since the 

change of the resonance shif't with composition is three or four times 

amallar in Bi-Pb than it is in Bi-In. 

It is concluded that R2 does equal Rl in liquid alloJTs but an 

additio~il line broadening can arise; giving e}~erimental values of R2 

which can be as much as 20.% larger than R
l

, depending on how S varies 

with composition; hence attempts to deduce accurate values of' Rl f'rom 

linewidths must be carried out with due regard for the composition depend-

ence of'S. 

Pure liquid metals 

a) Aluminium. The only available data report that just 

into the melt the measured relaxation rate is in agreement with the 

Korringa product evaluated in the solid over the temperature range 1 K 

to 930 K indicating that there is no evidence of quadrupolnr rel~c.tion. 

b) Gallium. Isotopic separation of the relaxation :t'ate 

data (Cornell, 1967) gives tIH; magnetic relaxation rate for 69Ga and hence 

the Korrine;a. product as 6.2 x 10-6s K. The quadrupolar relaxation rate 

is (Oe6 ..± 0.2)x 103s-1 at 300 K and shows little temperature dependence in 

the rar~e 300 to ,500 K. Sholl (1967) using equation ,5.16 has co~pleted 

calculations of' the quadrupo1ar rate, estimating A and (1 - 1)00) from the 

qua~po18.l' coupling constant and the lattice sums in the solid, and finds 

. -~ -1 
that at 300 K (R1)Q = 0.15 x 10"s • It appears that there has been an 

underostimate by a factor oe about four in the values substituted into 
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the exp~ession. Since the relative magnitudes of Il and I2 (defined in 

equation .5.16) call be detoI'Llined more readily from alloy data, discussion 

of their values calculated by Sholl will be deferred until section 5.4.4.b. 

c) Indium. Isotc,pic separation of the relaxation rates 

has not been possible since the abundance of one of the two ayailfOble 

isotopes, l1
3In, is only 4%. The data show near linear dependence over 

a wide range of temperature implying that quadrupc;lar relaxation if 

present is small. Warren and Clark (1969) give the Korringa product 3S 

-6 
5.1 x 10 s K over the rar~e 430 K to 1200 K. Sholl (1967) has calculated 

the quadrupolar relaxation rate at 570 K and finds (Rl)Q = 1.05 x 103s-l , 

but there is no obvious sign of deviation from the Korringa product value 

so the quadrupolar rate must be within the experimental error: here 

-~ -1 
~ 0.25 x 10'5 • Here the theoretical estimate is at least a facto~ of 

( ) - ~ -1 four too large. Rossini and Knight J.970 report Rl = 5.6 x 10' s in 

pure In at 403 K, where the liquid has been supercooled by some 26 K. 

Using the Korringa product from above to calculate the magnetic rela.x:ation 

) 
-~ -1 rate it is found that (Rl Q = 0.6 x 10's • 

The principal temperature dependence in the quadrupolar relaxation 

rate comes from the self-diffusion coefficient; using the reported self

diff'usion temperature coefficient (Careri et al, 19.58) the ll5In rate is 

-~ '1 
estimated at 373 K to be, (Rl)Q = 0.72 x 10's-. Bonera et al (1969) 

have estimated this rate to be 1.6 x 103s-1 but in their estimate the 

observed resonance shift was used to calculate the KOlTinga product, 

along with the factor K(oG) = 0.75 to allow for electron-electron 

interaction; and no account was taken of possible core polarisation or 

orbita.l contributions to the resonance shift. The value used here for 

(R ) . is calculated from the experimentally deri ved Kor~ings. 1 magnetJ.c 

product and so should be more reliable. 

Rossini and Knight (1970) have mada estimates of the quadrupolar 

relaxation rates in several liquid metals usi~ approximations to evaluate 
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the teros in the Sholl expl'ession. To obtain (1 - 2S 00) for a screened 

ion they increase the ionic values of Sternheimer (1966) by a factor of 

three, the integl'al Il is estimated from the value calculated by Sholl 

for In by comparison of radial distribution functions for the different 

elements; and the integral I2 is neglected completely. Using the 

temperature dependence of the self diffusion coefficient to give the 

temperature dependence of the relaxation they estiQate (R ) 
1, Q = 

3 -1 
3.2 x 10"' s at ~~5 K, clearly a consid~l:'able overestimate. The relative 

magnitudes of' Il and I2 calculated by Sholl for In will be 'compared to 

those deduced from experimental data in section 5.4.4.c. 

d) AntimonY. From five observations in the temperature 

range 900 K to 1200 K isotopic separation of the relaxation rates (~arren 

and Clark, 1969; table 4.2) yields a !Jean value for the 121Sb Korringo. 

-6 
product of 6.6 x 10 s K. The quadrupolar relaxation rate decreases from 

3.5 x 1a3s -1 to 2.5 x 1a3s -1 as the temperature increases :from 900 to 

1200 K, so that this process appears to be at least an order of magritude 

more effective than in the metals previously discussed. SUo. e~ ;'.').1-

Rossini and Knight (1970) ho.7e estimated Il and. F(Q,r"Il)j(0r 121Sb 

from the calculations of Sholl for ll51n as mentioned in section 5.4.2.c. 

They find thet assuming I2 = 0 their estimated values give good a~eement 

with the ~xperimentally determined rate in pure Sb. Since a value of I2 

near to- II is required to predict the observed concentration dependence 

which in turn requires a considerably larger F(Q,T,Il ) to i'lt the experi

mental rates it is likely that the value of Rossini and Knight must be 

underestimated about twenty times. 

e) Bismuth. . t 209B• There is only one ~so ope, ~. Lir.ewidth 

data (Heighway and Seymour, 1971) and relaxation rate data (Rossini and 

Knight, 1970; t~ble 4.3) ShOll linee.r dependences on temperature above 

750 K. The limiting gradients agree to within the experimental error, 

but the linewidths give rather larger Rl values (see section 5.4.2) and 
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since there may be some field inho!!logeneity coJ.:tribution to the line

width, the relf'_-v.:ation rate data have been used in preference. The line 

chosen by Rossini and L'1ight to fit the data appears to be an upper l:iruit; 

,In 6-3 a choice of T/Al ::: 37. x 10 s K win therefore be taken as the best 

fit, which leads to a leorringa product of 6.95 x 10-6s K. 

Below 700 K the observed relaxation rate deviates from the predicted 

magnetic relaxation rate and an extra, quadrupolar, rate appears and 

increases as the temperature is decrea3ed into the supercooled resion, 

, h' ~~ -1 
reac l.ng a magnitude of ol'der 1 x l<Ts at 500 K. The only available 

estimate of this rate (Rossini and fu~ght, 1970) gives (Rl)~ = 
0.9 x la3s -1 at 500 K so again there appears to be reasonable agreeraent, 

but as previously they have neelected I
2

• If an appropriate value is 

taken for I 2 , see section 5.4.4.g this calculation vlill yield a. val1te 

for (Rl)Q which is some twenty times smaller than the experimentally 

determined rate. 

Liquid binary alloys It is clear from the 

results described above for pure liquid metals that quadrupolar relax-

ation of the nuclear spins is occuring, and that it appears to be more 

effective at lower temperatures. However the magnitude of (Rl)Q is often 

near, or less than the experimental uncertainty, and so it is difficult 

to draw quantitative conclusions. 

It has been found that alloying can increase the quadrupolar 

rel~"'Cation process by a.n order of magnitude or more and the new work 

described in tr~s chapter cor~ists mainly in obs~{ing the effects of 

alloying on the relaxation rate to attempt to get a bette!" understa.nding 

of the quadrupolar relaxation process, and perhaps also of the motions 

of atoms in alloys. 

Composition dependence. To determine the behaviour of 

the as a function of' composition the magnetic relaxation rate is 
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calculated f'rom the resonance shif't using the Korringa product and 

subtracted f'rom the observed rate. However two possibilities exist, 

either J~he Korringa product remains iru'iependent of' composition, or else 

it vE>.2:'ies with composition due to changes in K(<<..) caused by dtera.tions 

in the electron-atom ratio; or in the core polarisation contribution, 

S , to the observed reSOllance shif't. To consider these possibilities cp 

the "beha.viour of' the Korringa product as a £'unction of' composition must 

be examirsd f'or nuclei where electric Quadrupolar relaxation is impossible, 

i.e. nuclei of spin one hali'; or where such relaxation is likely to be 

small. 

Considering cases of' nuclei of' spin one half', the Korringa product 

for the 20
7pb nucleus increases by about 23% on adding 80 at" % Bi, and. 

that for the 205Tl nucleus increases by about 6010 on adding 64 at. % In. 

Both these results come from linewidth measurements with rathe~ large 

uncertainties so the size of' the increase must have considerable uncertainty. 

Ahhough the 115In nucleus has l'. quadrupole moment, the near linear 

variation of its relaxation rate with composition in several systems 

implies that electric quadruI-.)lar relaxation in these systems is small. 

This must be due in pari; to the high temperatures at which the measure-

mems were made; further reasons will be discussed later. Relaxation 

115 " 
rate measurements show that the In Korringa product decrease by about 

16% on adding 80 at. % Sb (at 900 K) whereas it decreases by only about 

10% on addir"g 80 a.t. % Bi (a"t. 610 K). Linewidth measurements show that 

the 115In Korringa product decreases by 31% on adding 80 at % Ph (at 700 K) 

and decreases by 15% on adding 80 at. % Cd (573 K). 

Linewidth measurements have been made on 115In in Ag-In but no 

isothermal data are available. A decrease in the Korringa product with 

decreasing tecperature is observed in several alloys in the middle of 

the composition range, indicating the appearance of an additional relax

ation mechanism at temperatures below 700 K, presumably quadr~polar 
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relaxation. Ii' it is assumed that this extra relaxation is small near 

the ends of the concentration range it is estimated that the addition 

of 80 at. )0 Ag reduces the Korrin.::;u prod.uct by a.bout 3O;~. Due to the 

possibility of quadL~polar relaxation still being present this figur0 

must be an upper estimate. 

An examination of the ll5In and 205Tl linewidths and shifts in 

In-Tl should indicate whether the Korringa product changes have a 

common origin. The l15In Korringa product decreases by about 20% on 

20h adding 74 at. % Tl, whereas if it changes in the same way as the -"'1'1 

product d.escribed above it should decrease by about 3OJS. The ur.ceriainties 

in the observations are too large to draw a firm conclusion but the fact 

that they both change in the same dir~ction implies that there might be 

a COlIUilO:l origin, and since they have the same valency this cannot arise 

from a chap~e in the electron-atom ratio. 

Only in the case of In is there sufficient data to examine the 

effect OI.~ difi'erent elements on its Kcrringa product. The results are 

summarised by displaying a section of the periodic table, and displaying 

below each element the percell~age change in the 115In Kcrringa product 

caused by adding 80 at. % oi' that element in In. 

Table 5.2 

Changes in the l15In Korringa ~roduct 

I a IIa III a rla V e. 

Ag Cd In Sn Sb 

-30% - 15% - 16% 

Tl Pb Bi 

- 22% - 31% -10% 

The changes are apparently not rela.ted to the valence difference 

and so it is unlikely tha.t changes in electron-electron interaction due 
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simply to changes in electron density ure sufficiently large tc be 

observable in comparison to uncertainties in the do.ta or to the effect 

of other factors which are causing the changes. It is concluded that 

the changes observed must arise from changes in the core polll'.'isatio:l or 

orbital contributions to the measured resonance shift. 

It will therefore be essential to consider two possible variations 

in 'the magnetic relaxation rate with composition, one where the Korringa 

product i.3 considered to be constant, the other where it varies in Ii 

similar fashion for each constituent of an alloy system; the above results 

do net enable a conclusion to be drawn as to which is the better course 

of action. 

b) Temperature dependence. It is assumed tho.t the Korringa 

product will remain constant, independent of temperature, and a~ small 

changes due to volume changes, being inside the experimental error, will 

be ignored. 

Composition dependence of (Rl)g The data 

will be analysed by comparing the predictions of the Sholl theory, 

together with the calculations for Ga and In (Sholl, 1967) to the ~~peri-

mental results. Some adjustments have to be made to obtain reasonable 

agreement and these together with the values required to fit the theo.~ 

to the experimental result~ for Sb and Bi, where no calculations h~ve 

been made, will be discussed. 

As a first step the three simplifyil~ assumptions described above 

(section 5.3.3) will be made and the relaxation rate will be taken as; 

given in equation 5.20. This is now re-expressed 

+ 

Before proceeding a. few remarks will be made concerning the influence of 

the parameters 0(, and 10l on the composition dependence of the 
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relaxation rate. i) oc.. When cC. equals one the relaxation rate is 

constant;, independent of composition. As c(. increas as above 1 the 

gradient of the curve from C = 1 is positive and increases as oC increases; 

as c(. decreases below 1 the graditmt of the curve from C = 0 ::'s positive, 

increasing as «.. decrea-ses although much less rapidly than when oc. is 

greater than one. Below a-round 0(. = 0.05 it has little influence on the 

predicted rate. 

ii) I 2/Il • If I2 is less than about half Il the variaticn is 

near linear with composition, (Rl)Q arising mainly from the Il term; it 

is only as I2 approaches - Il that a~ curvature appears. The oomposition 

dependence gets progressively more curved with a peak in the middle of the 

range as I~l tends to - 1. This is in agreement; with the general form 

of the axperimental~ determined composition dependence. If I2 approaches 

+ Il a pronounced dip in the middle of the composition range will occur, 

but there has been no experimental evidence of this form of composition 

dependence. Since (Rl'Q in the pure metal is given simp~ by 

F(Q,T,Il ) {Il + I21 it is clear that I2 cannot exceed - Il without 

predicting a nagative relaxation rate. 

iii) The combination of the tWo effects gives, for I~Il near 

- 1, and ct greater than 1, a curve 

which peaks at C < 0.5, the magnitude 

ot this peak increasing at' at. increases. 

The rate at low C does not drop below the 

ra.te at C = 1. 
(':1 .. c-. c=o 

If I~l is near -1 and ot< 1 the curve peaks at C > 0.5, and the 

magnitude of the peak increases as ~ decreases. The rate at low C does 

not rise above the rate at C = 1. 

a) Aluminium in Al-Si. An attempt has been made to see 

whether by alloying 27Al quadrupolar relaxation could be made large erlOugh 

to be observable. Although as will be demonstrated in the following 
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section,,:; quadrupol&r relaxation is expected to be [rentest in f.Jloys of 

around C :: 0.5,A189Sill was selected sir..('e in the solid this is &on 

eutectic composition" and is well known "';0 sho-;v consider~ble supercool..i.ng. 

Quadrupolar relaxation is observ~ble at temperatures near the solidus, 

being most marked in the supercooled liquid, and it has been possible to 

supercool this alloy by 70 K below its melting point. However as can be 

seeri froill table 4.10 no appreciable deviation from T/R
l 

:: constant was 

found even at the lowest temperatures, indicating that the relaxt .. tiOlJ. was 

principally magnetic in ol'igin. This is not surprising since both anti-

shielding factors and quadrupole moments, see equation 5.19, are small 

in light elements. 

The observations give T;Rl :: (1.8 .± 0.1) K s which when compared 

to that for pure Al (Spokas and Slichter~ 1959) of T/R
l 

:: (1.85 .± 0.05) K 5 

indicates that the contact interaction in Al changes little on alloying 

with Si. 

b) Gallium in Ga-In. The composition dependence of tbe 

69Ga relaxation rate at 373 K shows a small peak in the middle of the 

range, see figure 5.1.&. Since the l15In relaxation rate shows a marked 

peak, see figure 5.2, it is not possible to deduce how the Korrin[a product 

changes vdth composition and so it is taken that the product remains 

constant. When the magnetic part has been subtracted off, the <;.uadrupolar 

rate is seen to peak at around 55 at. % Ga, and the values at low C do 

not fall below that at C = Ij the general form suggests cc. > I and 12/Il 

close to - 1. 

Sholl (1967) has calculated values for Il ap~ I2 for 69Ga in pure 

Gallium at 300 K, but rinds that I~Il is about - 0.7, which would give 

near linear variation of relaxation rate with composition. To get a~ 

agreement with the observed curvature a value of I 2/Il of about - 0495 

J:lust be taken. This would require the size of F(Q,T,I,) (see eq1lation ... 
5.22) calculated by Sholl to be increased by a factor of five to allow 
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:for the change in II + I 2; hence because of the factor of four described 

in section 5·4.1. b the new expression must be multiplied by about t7iomy 

to obtain agreement with experimental ob3'3rvations in pure Ga. The 

quadrupolar relaxation increases by a factor of two or three on goins 

from pure Ga to around 50 at. % Ga cnd this implies thut ~ is near 1, 

and no more than 1.7. 

Comparison of the observed 69Gg relaxation rate in pure Gallium at 

373 K (1.8 ~ 0.1) 1035-
1 

(Cornell, 1967) and (2.1 ~ 0.2) 103s-1 (Bol~ra, 
Bors& and Rigamonti, 1969) indicates that the uncertainties in these 

measurements are, if a~hing, underestimated. Since the quadrupolar 

relaxation rate is small throughout the composition range the experimental 

uncerta.inties are of order ~ 3~, and together with the uncertainity in 

the magnetic relax~tion rate indicates that no :further conclusions can 

be drawn from these data. The theoretical prediction from the simplH'ied 

Sholl alloy relaxation rate using cG = 1.7, Iz1Il = - 0.95 and 

F(Q,T,Il ) = 20 x F(Q,T,Il)Sholl calc. is shown in figure 5.l.b. 

c) Indium in Ga-In. Here the l15In nuclear spin relaxation 

rate shows a marked peak in tbe composition dependence ~t 373 K, see 

figure 5.2, due to the presence or quadrupolar relaxation. No deductions 

about the possible composition dependence or the Korringa products c~n be 
115 . -

made so it is assumed that the In product remains constant. Since at 

7 at. % In the calculated ~agnetic relaxation rate agrees closely with 

the observed rate it is possible to claim that the Korringa product cannot 

decrease with decreasing In content because this would lead to a "calculated 

relaxation rate wb.ich would be greater than the observed rate. 

~ben the magnetic relaxation rate has been subtracted orr the ~uad-

rupolsr relaxation is a curve which peaks at around C = 0.65 and decreases 

to small values at C < 0.2. This is the general rorm f"or 0( < 1 and 

I~Il near to - 1. The te~perature of observation, 373 X, is too far 

below the melting point of pure In to enable the resonance to be observed 



6·0 

I 
5·0 

--. ..,-
4·0 

figuroe 5.2 

~ ......... -:"' ..... --. . .,-.---

/\ 
• 
\. 

..-- .... ----......... ............. 

100 80 60 40 20 Ga 

a to m i c per c e n tin 

IISln R, IN Go-In AT 373 K 

calculated maVnetic relaxation rQ1e-•••• ~-. 

1kt ~o~ o.~ L® oJ. \"" ""' ~ Q. Ortft. 
~"-. c~ ~\ie. 



- 79 -

in the pure metal, so that the rate must be extrapolated in temperature, 

see section 5.4.2.c. 

Sholl (1967) has also calculated II and 12 for pure In at 573 Y, 

and f'inds that 12/11 is about - 0.46; using any l:'kely value of' <X, with 

these values f'or II and 12 an almost linear decrease in quadrupolar 

relaxation with decreasing In concentration is predicted. Since 12 is a 

mucn more dif'ficult integral to evaluate it is more likely to be incorrect; 

if' it is nearly doubled to make 12"'11 ::: - 0.89, then with the odginal 

value of F(Q,T,Il ) calculated by Sholl the quadrupolar reh.xD.tion rate 

for pure In becomes 0.7 x 10+3s - 1 at 373 K. Table 5.3 shows some calcul-

ated values for quadrupolar relaxation at differen~. compositions using 

different choices of ~ along with the above values for II' 12 and 

F(Q,T,Il )· 

Table 5.3 

Predicted l15In quadrupolar rel~~ation rates (in 1035-1 ) 

~ 0.02 0.1 0.2 0.316 0.5 Experimental 

1.0 0.7 0.7 0.7 0.7 0.7 0.7 

0.8 1.6 1.3 1.1 1.0 
I 

0.8 2.8 

0.6 1.9 1.5 1.3 1.1 0.8 3.5 .± 0.5 

0.3 1.5 1.2 1.0 0.8 0.6 1.3 

Below ex..::: 0.02 the rates change little with 0(.. , and from the above 

table it is clear that the curvature is insufficient to fit the data. It 

is therefore necessar,y to modify the value of I2 further to make it ncarer 

to - Il and so tv increase the curvature. This will decrease the overall 

magnitude of the predicted rates and so it is r~cessar,y to increase the 

value of F(Q,T,I
l
). The Sholl alloy expression (equation 5.22) has been 

evaluated for each of several value~ of ~ usin~ a series of values of 

I~II. The factor F(Q,T,Il ) has been chosen for each curve to make the 
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3 -1 
predicted rate at C = 1 beoome 0.7 x 10- s • The predicted curves are 

then compared to th~ datE'. al"l..d a best fit for each oc. value selected. For 

oC. > 0.5:;110 predicted curve' is clearly too fl.1.t I belo~v ex.. = 0.1 the 

values seem physically unlikely. Threo ~ values 0.2, 0.31 and 0.5 alone 

with I~1l = - 0.97 and F(Q,T,I1 ) = 24 x 103s-1 all eive reasonable fits, 

see figure 5.3, and of these 0(. = 0.3 appears the best. Vlhile none of 

thes·e curves fit the data v/ell at lOTI values of c the data are least 

reliable there, and since, if the KorriIl£8. product does change with 

composition it has been shown above that this can only lead to an increcse 

in the estimate of the quadrupolar relaxation at 10., c, this does not 

appear to be a serious discrepancy. 

If. the value of F(Q,T,1l ) calculated by Sholl is ~ctrapolated to 

373 K it is found to be about four times smaller than that required to 

fit the values for II and 12 chosen there to the experimental results. 

d) Indium in Bi-In. The quadrupolar relaxation rate in 

In is given above by (0.6 ~ 0.2)x 103s-l at 400 K, the l151n quadrupolar 

rate in Bi50In50 is (2.7 + 0.3)x lo3s-l. From the ratio of these values, 

and using the value of I~/Il derived in section 5.4.4.c, it is possible 

to evaluate 0(,. It is however possible to fit two values of 0(." one 

greater than one, the other less than one. The only means of disting-

uishing them is their composition ~ependence, and this is unknown at 

present since most of the quadrupoler rates are within current experimental 

uncertainties at the temperature of observation of the data, 580 K. It 

is only possible to state that either 0(, = 0.3 .± 0.15 or else 

ct = 1.5 ..± 0.15. <X.= 0.3 is chosen since for Bi in Bi-In has alreaqy 

been pvaluated at c(.. > 1. 

e) Antimogy in In-SD. The experimental data show clearly 

f · 5 The 115T_ .• n the presence of qlladrupolar relaxation, see ~gl.l.re .4. 

relaxation rate data are almost linear, see figure 5.6.a, and because the 

temperature of observation is high (900 K) it is reasonable to nssUIDe that 
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quadrupo1ar relaxation has become negligibly small compared to the 

t · 1 . . ,1151 v i magne ~c re axaT,J.on. TL1e n J\.orr nga product decreases by about 2a;-~ 

as the In content decreases to zero, so if the 12lSb pI'oduct behaves 

similarly it should increase by around 25% as the Sb content decreeses 

. ~l 
from 100/" to zero. This leads to an estimate of' the Sb magnetic 

relaxation rate in 1n50Sb50 of (Rl)J,f == (5.3 ~ 1.3)x la3s -\ isotopic 

separation by Warren and Clark (1969) in 1n
50

Sb
50 

yields for l21Sb 

(Rl)M == (708 ~ 3.0)x la3s -1 at 900 K. To predict the value given by 

Warren and Clark the l21Sb Korringa product will have to decrease b~- 25% 

on going from 100 to 50 at. %, and not il".crease a.s suggested above; 

however this is considerably larger than any of' the changes of' the 1151n 

Korringa product on alloying as discussed earlier, and would theref'ore 

appear +.hat (Rl)J,f obtained by isotopic separation is overestimated. Since 

the uncertainties in the two (R
l

)1\ values overlap no firm conclusicn ~an 

be drawn as to whether the two Korringll products have a common behaviour. 

The assumptions that the 12ls"o Kor:cinga product varies similarly 

to that of' 1~, or that it remains constant, give two sets of quadrupolar 

relaxation rate data which are only six percent dif'ferent at most. Since 

this is within the experimental uncertainty the data will be taken as the 

average of the two Korringa predictions. The general form of' the qU3.dru-

polar relaxation rates indicates that 0(.> 1, and so for a nurnb~r of 

different .values of oL. the predicted composition dependences have been 

evaluated using several values of 1~1l near to - 1. The value of' 

F(Q~T~Il) has been chosen to normalise each curve to the data at C == 1; 

the best fits for those curves which fit the data are shown in figure 5.5. 

Of' these the curve f'o1' 0(. == 107 and 12'1I1 == - 0.96 appears to give the 

best fit, requiring F(Q,T,Il ) 8 x l~s-l to fit the data. 

r) Antimony in Bi-Sb. The 121Sb quadrupolar relaxa.tion 

_"i -1 
rate at 920 K in Bi

50
Sb

50 
is ~stimat6d to be (3.2 + O.6)x 10-5 ,see 

table 4.9. This is similar to the rate in pure Sb at this temperature 
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(3.3 ~ 1.0)x 103s-
l

, and using the values of F(Q,T,Il ) and Iz1I
l 

derived 

for Sb above it is probable that ~ is less th~n one •. cl= 0.65 predicts 

that the rate at C = 0.5 is 1.2 times the rate at C = 1.0, whereas 

~ = 0.5 makes· it 1.9 times the rate at C = 1.0. It is concluded that. 

in this system ~ == 0.65 ~ 0.15. 

g) 'Bismuth in Bi-In. The 209Bi nuclear spin relaxation 

rate also shows the presence of quadrupolar relaxation, see figure 5.7, 

and again the 115In relaxation rate at the temperature of observation 

(610 K) show& little evidence of a~ quadrupolar relaxation, see fi~xre 

5.6.b. The two sets, of quadrupolar relaxation rate data derived on the 

two assumptions for the behaviour of the Korringa product are clear~ 

different, and will be dealt with as separate cases. Since again there 

are no calculated values with which to make a comparison a selection of 

possible c(, and IlIl values have been tried, each predicted curve being 

normalised by adjustment of F(Q,T,Il ). Since the quadrupolar rate for 

pure Bi is small and not accurately known the curves have been normalised 

-~ -1 
to the value at C = 005; 7 .• 5 x lo-s • 

i) Korringa product independent of concentration. The 

predicted curves for IlIl = - 0.96 and ~ = 2, 2.5 and 3 all fit the 

data within the experimental error, but oc. = 2.5 gives the best fit, see 

figure 5.8. T~s requires F(Q,T,Il ) = 11 x l03s-l • 

ii) Korringa product varying similarly to tha.l.; of In. The 

experimental curve is slightly more peaked than in case i). The best fit 

now appears to be between ex:.. = 2.5 and 0(..= 3. The slightly larger value 

of «. increases the predicted rate to match the experimental curve without 

increases of F(Q,T,Il ) or of I/Il. 

Rossini and Knight (1970) have also estimated F(Q',T,Il ) for pure 

Bi; again they appear to have underestimated by some twenty times. 

h) Bismuth in Bi-Pb. The data here again show the presence 

ot quadrupolar relaxation, see figure 5.9, and so should provide a tast 
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for the Sholl theory, and. the simplifying approximations, since the values 
. 2~ 

of I l , I2 and. F(Q,T,Il ) deduced for Bi above should carry over into 

t.his sys,tem with only c(, altering in value. The temperature of observ-

at ion, 625 K, is comparable with that in the previous section and. so the 

magnitude of F(Q,T,Il ) should remain unchanged. 

207 
The Ph nucleus has no quadrupole moment and. so the behayiour of 

its ·Korringa product may be determined unambiguously; it is ~ound to 

increase by about 30% across the composition range C = 1 to C = o. ~'he 

uncertainties are larger here than in most other cases since the 207 Pb 

nuclear resonance is partioularly weak. The two sets of data derived on 

the assumptions that the Korringa product remains constant, or that it 

oha.nges similarly to that of the 207 Pb nuoleus are widely different in 

character. In the firs.t case the form of the oomposition dependenc3 is 

similar to the previous section with DC. ') 1, but the second. case has the 

form of C(.< 1. 

i) Korringa; product constant. Here using the vaJ.ues for the 

.values for I l , 12 and F(Q,T,Il ) from above the best fit is for ~ between 

2 and 2.5, but these do not fit the experimental data. at low C, being 

rather too large. If IlIl is increased within the limit of uncertainty, 

to - 0.97 this increas~s the curvature, and improves the fit at low 

values of C; but requires. an increase in ot to compensate. It is deduced 

that C(., = 2.5 .± 0.5 with IlIl = - 0.97, see figure 5.10.a. 

ii) Korringa product va.rying similarly to that of Pb. The 

general form here is that of a( < 1 and several' values were tried; although 

a fit to the region 1> C > 0.5 could be found, the curvature could not 

be made great enough to fit at low C. The magnitude of F(Q,T,Il ) required 

to normalise the curves at C = 0.5 is roughly twice that used in i) above. 

Possible fits; for «.) 1 were also tried but again it could not bEl made to 

agree at low C, see figure 5.l0.b. 

i) Bismuth in Bi-Sn. The 209Bi quadrupolar rate has been 
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measured in BiSOSn
SO

' sea figure S.13.b, and is compared with the 

quadrupo1ar rate in ptU'e Bi. From the ratio of these two at 610 K it is 

estimated that ~ = 1.7 ~ 0.3, although as has been pointed out the value 

could be less than one, and since no composition dependence is available 

no definite choice can be made. However since the 209Bi d" value is 

greater than one in Bi-In the same choice is made here. 

. j) Bismuth in Bi-Sb. 209 The Bi quadrupo1ar rate in 

Bi50SbSO is shown in figure S.14.o., and by comparison of this rate with 

that in pure Bi at 610 K it is estimated that ~ = 2.S ~ 0.4i choosing 

0(..) 1 for the same reason as used in section S.4.4.i. 

k) 209 . 
Bi quadrupo1ar relaxation 

rates at 610 K are tabulated for several alloys of C = 0.5, the values 

being taken from the best fits to the data, and. only in the case of 

BiSOSb
SO 

has it been necessar,y to extrapolate. The value in 'pure Di is 

also given. 

Table S.4 

209Bi (Rl)Q (in l03s -1) for BiS<f50 at 610 K 

In Sn 5b 

(a) (b) (a) (a) 

7.2.t O.S 8.2 + o.S 3.4 + 0.6 - 9.S .t 1.S 

Pb Bi 

(a) (b) 

6.3 ~ 0.5 4.9 ~ O.S 0.6 ~ 0.3 

(a) Korringa product constant (b) Korringa product var,yir~ 

From this it can be soen that there is little dependence on the difference 

in valence between the two constituents. 

TemperattU'e dependence of (R1 )g quadrupo1ar 
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relaxation is found to be greatest at compositions near the middle of 

the range in the alloy systems discussed, and so as part of this work 

an investigation of the temperature dependences of the relaxation rate 

has been made in the 50 at. % alloy of several systems. The upper 

temperature limit is set by deteriorating signal to noise ratios at 

around 900 K, and since several of these alloys have relatively high 

melt"ing points in these cases only a few data have been obtained, with 

consequent reduction in accuracy. 

The temperature dependence of the Sholl formulation (equation 5.22) . 

\ arises mainly from the self-diffusion coefficient; the radial distribution 

:functions change much less rapidly with temperature. There is still 
\ 

much doubt as to the correct form of the self-diITusion temperature 

dependence (see for example Nachtrieb, 1967) but it has been common for 

the results of sel:f-diff'usion experiments to be analysed in terms of an 

Arrhenius beha.viour. For this reason the quadrupolar relaxation rates 

have been analys..ed here by plotting In(Rl)Q as III function of (temperaturef
l

• 

The dependence obtained are compared to those obtained :from self-di:f:f'usion 

experiments where these are cvailable. 

a) Indium in BisoInso. The appropriate Korringa product 

for ll5In in this alloy, which has been evaluated :£'rom the limit to which 

Tlal tends to high temperatures, is 4.9 x lO-6~ K. From this the magnetic 

relaxation rate at each tf'...mperature of observation has been calculated 

and subtracted from the observed relaxation rate. When In(Rl)Q is plotted 

as a function of (temperature)-l, it is just possible within the' experi

mental error to £it a straight line, see the broken line in figure 5.11. 

Selt-diffusion data are availp.ble (Petrescu, 1970) and these show 

t1'lO temperature dependences; above 400 K it is. given by exp( - l370/T); 

am below 400 K to the melting point (383 K) tho sel:f-diffusion cCle:f':fic-

iem: appears to be independent of temperature. Equally it is possible 

to fit the relaxation rate data to two dependences, exp(1400.± 300/T) 

ab~e 400 K and exp(550 .:t 200/T) below 400 K as shown by the full line 
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in figure 5.11. This indicates that the relaxation rate temperature 

dependence could indeed arise froln the reciprocal of the seli'-diffusion 

coefficient. It is interesting to note that the 115In self-diffusion 

coefficient in pure In (Careri at al, 1958) agree in magnitude at SOO K, 

to within the experimental uncertainties, with the value in Bi In 
50 50· 

Further its temperature coef'f'icient is given by exp( - l250/T) which 

shows: that neither the self-d:iff'usion coefficient nor its temperat\l.!"e 

dependence are strongly composition dependent. 

b) Antimony i) 

in this case is that for pure Sb. The data are rather scattered due to 

poor signal to noise ratios, but yield a temperature dependence of 

exp(850~ 5OO/T), se~ figare 5.l2.a. 

ii) I~OSb50. Whether the 121Sb ICorringa product remains 

constant or varies as the ll5In product the results are very similar, 

and givo & temperature dependence of the quadrupolar relaxation rate of' 

exp(900 ~400/T), see figure 5.l2.b. Isotopic separation of' these data 

(Warren and Clark, 1969) gives e l21Sb Korringa product which differs 

considerably f'rom that used here, although not by more than the experi

mental uncertainty; nevertheless. if' this value is used the temperature 

dependence beoomes exp(1200 + 4oo/T). The self-diffusion coefficient 

temperature dependence has not been measured in pure Sb, but since it 

has & higher melting point than In it is expected that the temperature 

dependenoe will be stronger than in In (Saxton and Sherby, 1962). This 

tends to f'avour the latter choice of' temperature de?endence, which in 

turn .suggests that the l21Sb Korringa product is changing with composition 

115 ' in a maIll1er independent of' that of' the In product. 

c) Bismuth i) Bi50InSO. The two values of' the 

209Bi Korringa p,roduot discussed above both ~~eld linear relationships 

between In(Rl)Q and (temperature)-l. With the Korringa product constant 

the temperature dependence of' the relaxation rate is exp(670 ~ 70/T), 
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s:ee f'igure 5.13.a, and with the Korringa product varying it is given by 

exp(600 ~ 60!T). These are to be compared with the temperature dependences 

of the Bi s;elf"-d1.£f'usion coef'f'icient in ·this alloy (Petrescu, 19691.'1.) 

exp(1500/T) and also with the temperature dependence of' the viscosit;r of' 

the alloy (Petrescu, 1969b) which is given by exp(680!T). 

ii) Bi50S~0. There is no information available on the 

behaviour of' the 209Bi Korringa product in this a.lloy and so it is assumed 

to be the srune as tha.t f'or pure Bi. The only possible line to fit the 

data, see f'igure 5.13.b, gives a temperature dependence of' exp(490/T). 

There are some measurements· of' the 209Bi self'-dif"f'usion ooef"f'icient in 

the eutectic alloy (43 at. % Sn) (StaviDtsev and Rogov, 1969) but these 

are over suoh a limited temperature r~nge that no conclusions can be 

drawn about the temperature dependence. 

iii) Bi50Sb50. The melting point of' this alloy is high (780 K) 

and so the data are available over only a very limited range, and are 

poor in quality. The temperature dependence is estimated to be 

exp(780 ~ 7oo/T), as shown in f"igure 5.14.a. 

j.v) Bi5cfb50. Here also two possible values f'or the 209Bi 

Korringa produot have been considered. As discussed in section 5.4.4.f' 

neither appear to give good f'its to the composition dependence data; 

with the Korringa produot oonstant which was the more aoceptab1e choioe 

the temperature dependence is exp(850.:t 1OO/T), see f'igure 5.14.b. If 

the Korringa produot varies similarly to that of' Ph the temperature 

dependence is exp(1100 ~ 1OO/T). 

v) Pure Bi. Resonance linewidth measurements have been 

analysed to give the temperature de:per.dence of' the 209Bi quadrup01ar 

relaxation rate as exp(22oo ~ 2oo/T) (Heighway, 1970); however the 

)
-1 

experimental da~a are not linear when plotted a~ainst (temperature • 

Above the melting point, 544 K, the rates. are small ,.,nd the unoertainties 

large, the tempel~ature dependence is weaker, given by exp(900 ~ 4oo/T). 
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It is only in the supercooled region that the gradient increases to 

give as &n overall average the value quoted above. The experimental 

data are in good agreement with relaxation rate measurements reported 

(Ros sini and. Klught, 1970) which suggests that the Arrhenius form is. 

not the best description i'or seli'-dii'fusion processes. 

Two measurements of the self"-diffusion coefficients ,and its temper

ature dependence are reported; Larson (1969) gives the tempeI'ature 

dependence as exp( - 900 .± 3oo/T) in the temperature range 550 K to 750 K, 

whereas Petrescu and' Petrescu (1970) give it as ex:p( - l250.± 601T) in the' 

temperature range 550 K to 1000 K. 

These values give a good indication of' the experimental uncertainties 

in self-dii'fusion co~i'i'icient measurements currently available, and it' is 

seen that within the limits of these uncertainties quadrupolar rela~ation 

rate temperature dependences are in agreement with the appropriate seli'-

dii'i'usion coei'f'icient temperature dependences. 

Summary of ~ values The values of « 
determined i'or the systems mentioned above will now be tabulated. Those 

i'or Ga, In and Sb will be presented first. 

Table 5.5 

69Ga, l15In and 121Sb 0(, values in some alloys 

Nucleus. System oC. 

69Ga Ga-In 1.7 .± ~.3 . 
l15~n Ga-In 0.3 .± 0.15 

l15In Bi-In 0.3 .± 0.15 

121Sb Bi-Sb 

I 
0.65 .:t 0.15 

l21S~ In-Sb 1.7 ,j- 0.3 

The 209Bi values will be presented in the 1'orm oi' a section oi' the 

periodic table so that an examina.tion may be made i'or possible valence 
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dependence. 

Table 5.6 

209Bi '" values in Bi - X 

In Sn Sb 

(a;) (b) (a.) (a) 

2.,- + 0.4-.- 2.& .± 0.4 1.7 .± 0.3 2.5.± 0.4 

Ph Bi 

(a) 

2.2 .± 0.4 

(a) Korringa. product constant (b) Korringa product var,ying 

The validity ot the simplifying assumptions and the general interpretation 

of these values will now be discussed, in section 5.5. 

5.5 Discussion of the Sholl theo;y 

It is seen in saction 5.4 that the Sholl theor,y can be used to 

obtain reasonable correlation.with experimental observations in both 

composition and temperature dependences. Some further cons.ideration must 

now be given to the validity of the simplifying assumptions made, and to 

the magnitude of the individual terms required ·to achieve quantitative 

~eement between theory and experiment. The three simplifying assUI'!1ptions 

(see section 5.3.3) concerning the self-diffusion coefficients, the radial 

distribution functions and the interlltomic potentials will ba considered 
l 

first. Then the magnitude of' the two integrals II and I 2, and. the et'fect 

on them ot altering the Fermi level by alloying will be discussed. Finally 
, . 

some remarks will be m&de concerning the multiplying factor F(q,T,Il '. 

Self-diffusion coefficients There are 

rel.a:tively few published data on self'-diffusion in pure liquid metals, 

and even :t.ess in bi~ alloys. A basic technique is to place a capillary 



- 90 .;. 

containing the sAmple into a reservior of the sample which also contains 

a radioactive tracer, subsequent analysis of the sample in the capillary 

enablos. the self-diffusion coefficient to be measured. There are several 

other techniques av.ilable (see Edwards et al, 1968) but from the scatter 

of the experimental results, it has been estimated (Wilson, 1965) that 

uncertainties can be as large as 50% in pure metals, and as much as 10~ 

in iome alloy measurements. In the case of binary alloys it is; also 

possible '~o measure interdirfusion coerficients of the two constituents 

and :f'rom these using Darken's; relation (Darken, 1948) the self-diffusion 

coe:f'ficiems; can be es.timated. A further method by which mass transport 

has been in'/es.tigated is electrotransport, the study of atom motion in 

the presence of an electric field; self-dif'fusion coef':f'icients may be 

obtained by observing back diff'usion when the field is removed. 
( 

The experimental. results reported in pure Ga, Cd, In, Sn and Bi at 

( ) -9 2 -1 around 600 K all lie in the range 2 to 4 x 10 m s • Measurements of 

's.elr-dif.tUsion of impurity atoms in liquid Bi and also in liquid Ph 

(Onoprienko at al." 1967) find that there is little or no apparent 

dependence of dif:f'usivHy on valence difference between solvent and solute 

atoms or on atomic size; the coefficients reported at around 700 K almost 

all lie in the range (2 to 5):X: 10-9m2s -1. Extensive investigations of 

composition dependences have been carried out in the Cd-Pb system 

(Crant'ield and Trimble, 1~67) and in the In-Sn system (Paoletti and 

V1centini-Missoni, 1961). In each case the self-diffusion coef'ficients 

of both constituents; have been measured, and, at 600 K all have values 

'" ) -9 2 -1 
which vary little with composition ,and lie in the range (2 to 3 x 10 m s 

Neither of these systems have a.n 1ntermetallic compound in their soUd 

phas:e diagrams, but there is one in the In-Sb syatem at In
50

Sb
50 

(Hansen, 

1958). This system has not been investiga.ted fully but the selt'-diffusion . 
coet:ricient for In in I~cPb50 has been reported (Petrescu et &1, 1968) 

to be 5 x 10-9111
2
5-

1 at 800 K. CompariI18 this to the va.lue in pure In at 
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800 K (Carer! et al, 1958) of 6 x 10-9m2s-1 it is concluded that self-

diffusion measurements do not show the. existence of aI\Y marked change 

in liquid alloys whose composition corresponds, to a solid state compound. 

It is interesting to note that in cas·es where self-dif':fusion coeff'icients 

have been measured over a wide range of temperatures deviations are often 

reported :from Arrhenius type temperature dependence, which suggests that 

energy activated diffusion may not be strictly a.pplicable to mass 

transport in liquid metals. 

Tw.o results have been reported which do not :fall into the general 

pattern suggested above. The self-diffusion coef:ficient o:f Sn in eu is 

reported to rise from normal values at less t}l..sn 0.1 at. % Sn by two 

orders of magnitude by the addition of 1.0 at. % Sn (Gerlach et aI, 1970). 

Since this is such an enormous change its validity must be in question. 

The second case is, that of Tl inHg (Foley and Liu, 19~) at 300 K, here 

the self'-d1:ffusion coefficient ot Tl is reported to have decreased by a 

tactor of 2.5 in going from 1 at. % Tl to 41 at. % Tl. It is posaible 

that this change could become less marked at higher temperatures. Bi-Sn 

is a system discussed &bove, in section 5.4, in which quadrupolar 

relaxa:tion is found to occur. Inter-dirtusion measurements have been 

reported for this sy&tem (Buell and Shuck, 1970) in the range 580 K to 

680 K, and it is shown that if it is assumed that the self'-ditf"USion 

coert"icients ot the constHuents. vary linearly with composition good 

agreement is obtained between the inter-dif'fusion coef:ficients predicted 

from. the Darken relationship and those observed experimentally. . 

From these few results and others mentioned it appears that self-

dif'f'usion coefticierit& in liquid metals lie in a narrow range ot values 

which do !JOt change appreciably on alloyiIl8. Thus; it can be seen that 

the assumption that the self-d1ffUsion coe:f:fici~nts do not contribute . 
a.ppreciably to the composition dependence of que.drupolar relaxation is 

a reasonable one. 
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Radial distribution functions The radial 

distribution function, g(r), has already been defined in section 1.1.3. 

S~nce g(r) gives the probability of finding two atoms separated by a 

distance r it must also give th6 amount of interference between incident 

X-r~ radiation scattered by an atom through angle e , and the radiation 

scattered,by other atoms. We define a(K) = I (e )/I (Q) where I (9 ) 
a 0 a 

is the intenslity of scattered radiation per atom from the liquid and 

Io( e) is the scattered intensity from one isolated atom. ,g(r) may be 

obtained with limitations from experimental observations by performing a 

Fourier transform. on a(K). Neutron scattering experiments ,may also be 

used to obtain g(r) but in this case the expressions are more complex 
, 

since the scattering ,process is inelastic. It is quite difficult in 
~ 

, practice to obtain, accurate g(r) by transforming a(K) due to trunJ6ltion 

errors, vlhich arise from the experimental upper limitation to K; random 

errors in a(K) give a cumulative error in the transform which appear most 

marked at low values of r. It is also possible in principle to calculate 

a(K) or g(r) theoretical~ if a suitable interatomic potential can be 

foundj the scarcity of experimental da.ta- has led to this being attempted 

(Ashcroft and Lekner, 1966). 

The a(K) expression can be generalised to cover binary alloys, but 

now three partial interference functions. are required. To obtain thes~ 

experimentally is a much more complex problem than for pure metals and 

has only been carried out in one case so far (Enderby et al., 1967). To 

obtain these functions three separate experiments are required, and in . 
some cases the data have been analysed by performing a Fourier transform. 

on the total scattered intensity, which only yields an average over the 

three functions. It can be seen that the g(r) obtained from transforming 

experimental re~u1.ts must be examined. with some caution. 

Results for pure metals will be considered first. Nearest 

neighbour distances, given by the position of the first peak in g(r) 
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give good a&-reement i7ith the smallest intere.tomlc distance in the 

corresponding solid. Data on the majority o~ the metals considered in 

this work are presented and discussed (i';aghorne et ale, 1967). l;ost Oi" 

these show a shoulder on the large angle side of the principal experi-

mental diffraction which is interpreted as demonstrating departure fl'Om 

simple rano,om mixing. Since this is still open to question the main 

peak is taken as giving the mean interatomic distance and the available 

values al'e tabulated. 

Table 5.7 

Mean interatomic distances in some liquid metals 

Metal A1 Ga In Sn Pb Bi 

r 0.296 rm 0.277 :nm 0.317 :iJl 0.327 nu 0.340 IlIl 0.332 nrn 

The variation of these values covers a range of some 20% and since 

in the Sholl theory the potential is screened out very rapidly it would 

seem that the first peak in g(r) is the most significant. Hence the 

approxiruation that all g(r) are the same may not be a very good one; 

although in none of the alloys considered is the difference as large as 

There are few data available on liquid alloys, but these will also 

be considered. The case of Cu-Sn has been mentioned above (Enderby et a1. 

1967); here by three separate experiments the three partial imerfe!'ence 

fUnctions were found. The a (K) and a (K) were similar to those 
Cu-Cu Sn-Sn ' 

for the pure metals but the a (K) was not a linear interpolation 
Cu-Sn 

between those of the constituents, however the three partial interference 

functions were found to be practically independent of composition. 

An snalysis of the X-ray sce:tt9ring data for the Bi-In system is 

availpble (Isherwood and Orton, 1969) and sinC6 this is one of the systems 

discussed above it is of particular interest. It was asswned that the 

partial interference functions a..... B' (K) and a
I 

I (K) were the same as 
.l:U- J. n- n 
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for the pure metals and independent of composition, which en.l\bled 

B-. T (Ie) to be evaluated. The first main peak position of the total 
Jjl.-.. n 

scattered intensity is foul'..d. to vary linearly as a function of composition, 

changing by about 6% over the range 'c = 0 to c = 1. The partial inter

ference function B-. I (Ie) isfoUlld to coincide with that of the total .Jjl.- n 

soattered intensity, within the experimental er1"1:>r. It seems that in 

this case the approximation of setting all three g(r) equal is reasonable. 

Data. from several other alloy systems which are found to show 

asymmetric peaks with a pronounced shoulder are reviewed (Waghorne et al.,' 

1967) and are interpreted as showing persistence of short-range order in 

the liquid; no conclus:ions are drawn about imi vidual g(r). 

Apart from thes,e, other dis,cussions of X-ray scattering data have 

been carried out on the assumption tha~ gA(r) = gB(r) (see for example 

Wagner and Halder, 1967) which produces reasonable agreement with 

experiment. From above it would seem that aA_B(K) lies somewhere between 

those of the two constitu,~nts, and so until more experimenf:;al data are 

available errors. can be minimised by choosing g~r) so that it corresponds 

to the mean interatomic s,pacing for all the metals cons.idered. 

Interatomic electric field gradienf:;s Before thE 

values. obtained above are discussed it must~be emphasised that they are 

all dependent to a.ome extent on the behaviour of the Korringa proouct, 

1eaat ill the case of 121Sb where the quadrupo1ar relaxation rates ere 

greatest. Since .the Korringa product appears; to vary in a random way in ' 

going from one alloy system to another its variation carmot readily be 

allowed for. 

If the Sholl theory assumption holds, namely that (v2) AB = ~ (v 2) AA' 

where (v2)AB is :he electric field gradient at An A type nucleus due to a 

neighbouring B type atom, then in aI\Y bina:ry alloy 9t ;; and B atoms DC (A) 

should equal the reciprocal of C(. (B). The data above, section 5.4.5, 
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emble this to be checked in three alloy systems 

(a) Ga - In 0(, (69(}a) ::: 1.7.:± 0.3 

[cc. (115In)] -1 = 3.3 ..± 1.1 

(b) Bi - In «. (209Bi) = 2.5.± 0.4 

[«.e15In) ] -1 = 3.3..± 1.1 

(c) Bi - Sb C(,,(209Bi) = 2.5 .± .0.4 

f"N (121Sb) ]-1 L"'" = . 1.5.± 0.5 

This tes.t is not entirely satisfactory since the choice of «. b always 

ambiguous. unless the composition dependence is available, this is true 

only for case (a). In case (b) the 209Bi compos.ition dependence ma.kes 

-1) 1 b t· (115In) ~ ,u 51nce is estimated from the relaxation rate in 

Bi50In50 this value is ambiguous and so the '" < 1 value was chosen.· In 

. () ( 209.) > case c B1 waa selected to agree with the ~ 1 obtained for Bi 

121 
in the other cases, and hence the Sb 0(, value should be less than 1. 

Using the data for 121Sb obtained earlier the choice of Ol( 1 appeal's 

more reasonable ~> 1.' Examining the results, it can be seen that only 

in one case is agreement obtained to within the estimated uncertainties, 

but all are approximately right. 

Next the magnitudes of the 0{, values will be considered .to see if 

&:I\V valence dependence is apparent. Size has been discounted by the 

assumption made in aection 5.3.3 that all the g(r) are the same. However 

two equivalent systems have been examined and both show quadrupoler 

relaxation. If the size of an atom is taken :from the position of the 

first peak on experimemal g(r) curves then In is s~en to be larger tha~ 

Ga. A value for Sb is not available, but its neighbour in the periodic 

table, Sn, is' only slightly smaller than Bi and so it is likely tha"t Sb 

is. in fact larger than Bi. In both Ga-In and Bi-Sb the atom which is 

taken to be larg,er has ot> 1, or in ~the~ words the electric field gradient 

at a nucleus due to the larger atom is greater than that due to the smaller 

one. 
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In nIl three C[J:::..es where valence difference depel!dence can be 

considered, In-Sb, Bi-Pb and Bi-Sn tho magnitu(les are no greater th2.n in 

the equivr.l.lent cases, and even appear to be leBs TIhen the valence 

difi'orence is two than when the valence difference is only one. In each 

case the constituent having the larger valence has o() 1, namely the e.tom 

lath the smaller 'valence' produces a greater electric field gradient at 

its 'nearest neighbou~ than does the larger valence atom. The expression 

for v2(r) is given in equation 5.13, e.nd this is seen to contain A, the 

runplitude of the screened potential. This is given by (Sholl, 1967) 

2 Z me3 
::: •••• (5.23) 

where Z is the ion core valency, 

m, e are the mass and char.go of the electron, 

E: (2kp) is the dieleotric function evaluated at ~. 

The scaling factor ~ must arise from the d~ferent values of A, and 

hence of Z, so that OLA ::: (v2 )AB / (v2 )AA ::: ZB / ZA; and this can be 

used to estimate the relative ef'fective valencies of' the d:i1'ferem nuclei 

observed. 

From this ZIn / ZBi ::: 2.5..± 0.4 

and ZIn / ZSb ::: 1.7.± 0.3 

::: 1.7/2.5 ::: 0.68 

and this compares f'avourably with the experimenta.lly determined 

::: 0.65. From the ~ values a scale of ef'f'ective valencies 

f'or liquid metals can be drawn up. Since the results. are relative the 

value of' In has been chosen to be 3 and the others calculated f'rom it. 

Table 5.8 

Ef'fective valences deduced from the values of' ~ 

Metal Ga In Sn Sb Ph Bi 

Valence 1.0 3 2.2 1.8 2.7 1.2 or 0.9 
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Those values are to be conpared with those given by Faber (1966) 

in s. summary of the eff'ecti ve vale.ncies of' a nLlmber of'. liquid metals, 

deduced f'rom optical properties. There the values were within 20~ of 

those preJicted f'rom the free electron picture, and hence are not in 

agreement with the values obtained here. 

The magnitudes ~f II' 12 and F(Q,T,Il ) 

Sholl (1967) has calculated II and 12 f'or Ga and In. The g(r) used in 

e~ch case were exper~nenta1ly determined, and Q~ffer appreciably fr~~ 

10 -1 each other. The va.J.ues 1<]. used were 1.66 x 10 m f'o1' Ga. and 

1. 51 x 1010m-l , which are also appreciably different. Nevertheless the 

two computations only make 11 f'or Ga some 4010 larger than that f'or In, 

indicating that the integral is not especially sensitive to e(r) or to k. 

To check this approrimate calculations of II have been made f'or a 

f'ixed g(l') and. some values of 1<].. II appears almost independent of' ~ 

. th . f" t t (1.4 to 1.8)x 10 10m-I. hi h d ~n e reg~on 0 ~n erea , T's as been confirme 

by calcu1ations carried out by Sholl (private cOlJllllUnication) in the course 

of the orig.i.nal work. 

I", i.'3 an even more difficult term to consider. As Sholl has pointed 
.::; 

out the errors in introducing the superposition approximation, which are 

worst rlhen the ions are close together, mean that calculation of 12 will 

be consiClerably less a~curate tha.n those of' II. Sholl (1967) chooses, 

for this reason, to neglect I2 in order to obtain a better fit to the 

experimental data. In this work to obtain a good fit to the much ~ore 

comprehen~ive raDt:se of experimental values it is required that I2 should 

be close to - 11 • Sh011 (private communicatioll) points out that although 

he is unable to show that I2 is of' opposite sign to II' the fact that the 

caIculA.tivns give this for both In a.nd Ga gives some encouragement. It 

does seem possible now that an experimental value of I2 is available 

showing that 12 is near to - I1 that an estimate of the three-boc\Y 
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correlation fUnction might be e~~racted, even although it is contained 

in an integrati0n over r. 

F(Q,~,Il) is defined in equation 5.22, and is given by 

21 + 3 
T\P 

75 D 

V~lu8s vf F(Q,T,Il ) for three nuclei can be extracted from the fits 

which have been made to the experimental data. 

Table 5.9 

Values of F(Q,T,Il ) deduced from experiment 

Nucleus F(Q,T,Il ) Temperature 

l15In cY -1 24 xIs 373 K 

l2lSb 80 x la3s-l 
900 K 

209Bi 03 -1 11 :x:: 1 s 615 K 

To obtain direct comparison the values must be extrapolated to a common 

temperature. The principal temperature dependence appears to ari.se from 

the self-diffusion coefficients and these have been discussed in section 

5.4.5. Since this is least accura.tely known for Sb the other two values 

will be extra.polated to 900 K using as temperature dependence exp(1250/T) 

in each case. 

Table 5.10 

Values of F(Q,T,Il ) at 900 K 

Nucleus l15
In l2lSb 209Bi 

F (in 103s-l ) 3.4 80 5 

If tIle spin dependent term is evaluated, values for the quadrupole 

mome!lts from the literature (Varian Associates, 1965) substituted and 

D, P are taken to be the same in all cases then the ratios of 
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In Sb Bi 8 90 

Rossini and YUlight (1970) estimate that II for Sb or Bi is approxihlateiY 

or.e and a half times II for In. On that basis the ratios of A(l - '(co) 

may be estimated. 

Table 5.11 

Relative proportions of A (1 - '6(0 ) for In, Sb and Bi 

I Atom A (1 - 't{oo) 

In . Sb . Bi 2 . 5.5 . 4 . . • . 
A has been defined, equation 5.23, and Las as principal variable 7., the 

ion core valency. Values for Z have already been deduced in this section 

and these ratios; will be used to determinp. 'tao; these cannot be any more 

reliable than the values of Z which have been found. From this the 

ratios of (1 - too ) for In . Sb Bi are 2 . 9 10. Sholl has • • 

estimated (1 ~~) for In to be 78. Since this is for a screened ion 

it seems reasonable in comparison to the value 17 cal~u1ated by 

sternhoimer (1966) for an In3 + ion, as the anti-shielding factor decreases 

with increasing ionisation. On this basis (1 - ~~) for Sb is 350 and 

for Bi is 390. 

Rossini and Knight (1969) have estimated (1 - ~O!) for Sb and for 

Bi by multiplying the sternheimer ionic anti-shielding values by a factor 

of three. They obtained 30 for Sb, and 150 for Bi; the value for Sb 

seems. small in comparison to that for Ill. Heighway' (1969) has estimated 

(1 - )(00) for Bi5+ to near to 80, so that the value for a screened ion 

could be 21+0. The values of (1 - ~oo) deduced in this work appear to be 

overestiffia.ted due in the main to the choice of Z values. 

In conc1u~lon it must be pointed out that the value of II calculated 
oJ It, ~ 

by Sho1l lea.ds to a value~which is some five times too small. 
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An attempt has been made to account for the general occurrence of 

greatly increased quadrupoh.r relru:ation rates around 50 - 50 composition 

in binary liquid alloys, as compared to the values in pure metals. The 

physical phenomena responsible arise almost certainly in the fluctuations 

of the electric field gradients produced when a neighbouring ion of one 

type is l'eplaced by an ion of B. different type. This points to the 

importance of the I2 term in Sholl's expression and of the three-bo~ 

correlation function it contains. A full application oi" Sholl's 

extension of the theory to alloys becomes far too cooplex to serve as a 

basis for computation. By making several assumptions, not all of which 

are likely to be completely justified~ it has been possible to express 

this ex':ension in a form which is sufficiently simple to allow comparison 

with experiment. The result is that the required parabolic dependence 

of (RI)Q on solute composition is produced providing the term I2 is 

retained. 

In Sholl's discussion of the pure metals Ga and In the predicted 

(RI)Q values fitted experimeht better if the term I2 was ignored (being 

justified to some e:h.'tent on the grounds that I2 was considerably more 

uncertain than II). It now seems that this conclusion cannot be main

tained since sufficiently pronounced parabolic dependence. of (Rl)Q on 

composition cannot be obtdned unless I2 is negative and near in 

magnitude to II ~ Unfortuna.t61y the form of I2 is so complex that it is 

impossible to discern an explanation for this conclusion. It ),ould be 

~ 
argued that the form of the theor-,f is inappropriateA meaningf'lll comparison 

with experiment if' the results depend so sensitively on the small 

c1L.Dference between two large terms •. However an alternative conclusion 

is put forward,. n"llnely that the sensitivity of 12 to the three-body 

coz-relation function may provide a means of: invesi:i.gr.tit:g that f\mctionj 

an opportunity which does not often pre~ent itself. 
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It must be admitted that in fitan€; the theory with experin.cm 

several quantities have been treated as adjustable parameters. As a 

result a puint against this interpretation emerges in that the velues 

of OC , the relative field grad:i.ents, seem physically unreasonable. 

This could result from the use of an asymptotic expression for the field 

gradient in circumstances where the main contribution comes from small 

distances. 

It has been suggested that other properties could give rise to '~he 

parabolic dependence of (k1 )Q. Bonera et a1. (1968) have attributed the 

effect in Ga-In to the assumed behaviour of the difI~sion coefficient. 

However an extep~ive survey of the literature definitely rules out 

variation of D as the main cause; in fact D values turn out to be 

remarkabl~ independent of composition. A further possibility was t~18t 

II might be sufficiently composition dependent through variation of the 

Fermi wavevector to produce the maximum in (Rl)Q. Calculations incl.icate 

that this is not the case. Suggestions that the persistence into the 

liquid of compounds which exist in the solid might give rise to additional 

relaxation are ruled out since quadrupo1ar relaxation is equally effective 

in systems where no solid compound is known, for example Ga-In or Bi-Sb, 

as compared to systems where a compound does exist. 

It is therefore concluded that th~ most likely interpretation of 

the data lies in the large field gradient fluctuations produced by 

exchange of ulllike neighbours. Further experimental investigations could 

bo centred on the 12lSb nucleus since it is clearly more sensitive to 

quadrupolar relaxation than alJiY of the other nuclei observed. Final 

confir~ation must await evaluation of the 12 term, and there seems little 

point in attempting this without including the refinement of' differing 

partial radial di:::trlbution functions; generally such partial functions 

are not yet available. 
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CHAPl'ER SIX 

11UCLE.AR SPIN-LAT1'ICE RELAXATION IN LICZUID BIliARY ALLOYS 

CONTAINING TELLURIUM 

6.1 LiC@id semiconductors 

The general properties of liquid semiconduotors, liqui~s WhOSA 

conductivities lie in the range 3 x l05ohm-lm-l to 3 x 1030hm-lm-l are 

outlined in section 1.1.2. Ma~ o~ these liquids consist of binar,y 

alloys having a metallic component and a chalcogenide component, and so 

some alloys containing tellurium have been investigated as part of this 

workc There is, as. yet, no complete theor,y to explain the electron 

transpor·t properties observed in amorphous semiconductors, although a 

general model has been proposed (Cohen, Fritzche and Ovshins~, 1969; 

Davis and Mott, 1970). This model has been extended to the case of liquid 

semicond1lctors, (Mott, 1971) and. an outline of that work will now be 

given. The new work reported in this chapter represents an attempt to 

investiga·te the general prodictions. of the Mott theor,y. 

6.1.1 The pseua.ogap model Two mechanisms for elect-

ronic conduction in solids have been de~cribed in the literature. In the 

first, which applies to cr,ystalline Rtructure j the electron is described 

by a wave function which has the periodicity of the lattice. The electron 

travels through the lattice with a mean free path, L, which is large 

compared to the interatomic spacing; L is determined by the scattering of 

the elp-ctron by impurities ap~ by latti~e vibrations. The second mechanism 

is that of thermal~ activated hopping; it is no longer possible to define 

a mean free path. The electron is in a loc~lised state and so ea0h time 

it moves. it has to exchenee energy with some source such as phonons. 

In liquid metals the conductivity has been accounted for in the 
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n.f.a. theor,y (Ziman, 1961), where the electron is described by a plana 

wave, on the assumption that the scattering of an electron vrave by each 

atom is small. The scattering facto~ is determined from neutron or 

X-ray diffraction experiments; this ha.s led to rem9.rkably good agr.::ement 

in a number of liquid metals (see, for example, M&rch, 1968, p 71). Ziman 

has given an expression for the condur.tivity, 

6 = . ~e ~ I 12 1\' 31} •••• (6.1) 

where SF is the ar0& of the Fermi surface, 

L is the electron mean free path calculated from 

the n.f.e. theory. 

Mott (1967) has considered the case where the interaction between the 

conduction electrons and the atoms is strong, and shows that the conduct-

ivity expressior~ should be modified to 

= •••• (6.2) 

In the intermedia.te region as the conductivity decreases in different 

materials due to the increasing interaction the n.f .e. theo:-y is expected 

to break down, since the Born approximation only holds for weak scattering. 

At first this is not found to happen, for example in liquid bismuth good 

agreement is obtained. This has been explained by Edwards (1962) who has 

shown, using second order perturbation theory that the t:r'ue mean free 

path, L, is given by 

L = L I 2 z g 

This is b~sically because if the density of states decreases the 

•••• (6.3) 

probability of scattering also decreases. Hence there is a cancellation 

2 
of the g term. As the scattering becomes stronger so L must decrease. 

The 10.Ter limit will be reached when L = a, tne interatomic spacing, 

since values smaller than this are not physically meaningful. When the 
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interaction is strong the Edwards theory will no longer work and the 

i term will no longer ca.ncel; the conductivity mIl t.hen be given by 

equation 6.2. 

Part of the problem is therefore to calculate g for the non-

metallic ca.s~. The behaviour of the density of states as a function of 

energy has aroused considerable interest. 

Calcula.tions basad on a one dimensional N(E) 

model cOllsisting of a. random distribution 

of delta functions show that in the 

strong intera.ction case there is 81 

considerable dip in the curve (Frisch and Lloyd, 1960). 

Over a range of energies th5 re~io g drops considerably belo~ ~~ty. 

E 

The problem in three dimensions has ploved intractable so far. In solid 

semicontl.Uctors the band gap is a 

consequence of the structure of the 

material, and hence when a semiconductol' 

melts the disorder is likely to produce a 1) &0' ld. 
sp!'ead of energies, some of which rill 

fall in the gap. Mott postulates that in 
N(E) 

this case a pseudogap is formed providing 

the c;iructural changes are not too great, 
E 

as: for example in the case of PbTe. 

It is even possible that the gap will disappear altogether, and metallic 

behaviour will occur as in InSb. 

Mott has aIM considered the conduction process when the density 

of states is well belo'Vl the free electron value, as in the region ~f the 

pseudogap. Mott predicts, following the work of Anderson (1958), that 

when g is less than about one third, electrons in those states become 

localised. If' the density of states at the Fermi energy is sufficiently 

below the free electron value such that.the states at EF are localised 
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there 'ifill be two processes leading to conduction. Current is carried 

by carriers excited into the extended states: predomin!i.ntly, but there is 

also a contribution from current calTied by thermally excited hopping. 

Ar~erson considered a three dimensional crystalline array of potential 

wells viliose depth varied in a random w~. Conduction electrons placed 

on these sites interact (on the tight binding model) to form a sinele 

band of energy levels. Anderson then showed that, providing the spread 

in the potential is several times larger than the width of the energJ' 

band the electrons will be localised, e.nd can only move with phonon 

assistance. The applicability of the theory to the case where the 

randomness is in the position of the atomic sites rather than in the 

depth of the wells is still an open question; !.lott has used this th{\ory 

being the only quantitative theory avJ.ilable at the time. In a liquid 

once tho states have become localised it is unlikely that a hoppine 

conduction process characterised by an activation energy is entirely 

satisfactory. Since the atoms are continually moving the electron can 

move without hopping, in a manner similar to that of a heav,y ion in solu

tion, but its mobility will still be several orders of magnitude less 

than if it is in a non-localised state. 

Mott (1969) has considered the effect of the conduction electron 

character on the likelihood of localisation. It is shown that as a 

consequence the directional nature of non-s electrons t1:ese are much 

more likely to produce the spread of energies, due to random oriente.tions, 

required to create localised states. 

Other transport measurements should be able to provide additional 

ini'ormat:ion on the electronic behaviour in these materials. As ht..s been 

pointed out in section 1.1.2 there is a conflict between the sign of the 

majority charge ,carrier predicted from Hall coefficient and thermopower 

measurements. Mott points out that the thermopower theory (Cutler and 

Mott, 1969) can be applied to amorphous materials, whereas the Hall 
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e~cct theol~ has not been developed to apply to these oaterials; ar-othAr 

point of view is put forward in section 6.1.2. The thermopower measure-

ments indicates that the majority of these materials are p-type; Mott 

ex,?lains this by assumine that the ba.nd 

of localised states below ~ is 

narrower than the localised band above 

E
F

, 'so that there wiH be more mobile 

holes the.n electrons. 

N(E) 

6.1.2 The dilute metal model 

E. 

b"'-.~\f\\ \~l\('Q.te~ l()(.t.\ls~l 
.\~s 

Another model has boen 

proposed (Enderby and. Simmons, 1969) in which the transport properties 

are explained in general terms. It is assumed that the Hall coef'i'icient 

is indeed a useful measure of' the sign and density of' the current carrier, 

it is tilen postulated that molecular groups are formed in the liquid of 

some critical composition; generally at stoichiometr,y, together with 

excess of one or other of the constitu~nts. 

The bonding electrons in these groups f'orm 

a narrow band of virtual bound stat es NlE) 
separated in energy from the conduction 

band; hev£e the number of' free electrons 

will be depleted causing a peak ir- the 

Hall coefficient as the composition nears the critical v'3.lue. 

The resistivity of a~ arbitrary alloy is discussed in terms of' 

liquid binary metal theory (Faber and Ziman, 1965) assUD.ling that the 

conduction electron states are extended states at all compositions, 

2 [1 1 ] m v
F 

I De _ + _ 

Ao Al 
= 

where v
F 

is: the velocity of Fermi surface electrons, 

n is the f'ree electron density. 
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Ao and. A 1 are the contributions to the electronic mean free path 

from the molecular groups and from the excess atoms respectively. If 

}\'l is expressed using partia.l wave theoi"Y (Zima.n, 1960) it is possible 

to derive an expres$ion for the er~rgy deper~ent resistivity, (.)(E). 

This is then used to derive an expression for the thermopower which is 

compared to the experimental data. A ra.pid variation in the conduction 

electron scattering with change in Fermi energy is predicted; since this 

scatterir~ will depend on the nature of the 'impurities' the differe::rl; 

varia.tions in resistivity with composition on each side of the criti~al 

composition can be explained. 

In :f'u.....-ther calculations, by taking.A to be 20 x 10-9m where 
o 

this is deduced from the conclusion that the l~itip~ value of kp is 

found from ~ Ao > lj Mott, 1967) it is possible to estimate the width 

of the virtual bound state band; it is found to be 0.2 e
v 

in TeT1
2

• 

A modification to this theory has been put forward (Enderby and. 

Collings, 1969) where it is postulated that the energy dependent scattering 

arises from the molecular groups. This has the advantage of predicti~ a 

maximum in the resistiYity at the critical composition without the need 

to make special assumptions about the scattering properties of the 

cons,tituents. 

The experimental results will now be reviewed in the light of these 

theories. 

6.2 ~ 

6.2'.1 The Te-Tl system One of the most suit~ble 

alloy systems to choose for investigation with the available apparatus is 

Te-Tl. The liquidus line on the phase diagram, see figure 6.1 shows that 

over most of the composition it is possi,!)le to melt the alloys within the 

temperature range of the spectrometer furnace. There is a region of 
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liquid imr::i.sdbility when the Te corr'cent lies between 0 and 30 at. %, 

and it is this region that is inaccessible. Further, since 125Te and 

205Tl (both of which nuclei it ~'i2.S intended to investigate) have rrucl,,~r 
spin one half, there can be no relaxation which is electric quadrupolar 

in origin; this will simplify the interpretation of relaxation rate 

measurements. On the other hand the small abundance and nuclear moment 

of J,
2

5Te made it certain that considerable efi'orts would be required. to 

extract the resonance adequately from t~e noise. 

Tho;; electron transport properties of Te-Tl have been extensively 

investigated and show interesting behaviour. The conductivity is found 

to vary rapidly with concentration and has a pronounced minimum at 

TeT12, s.ee figure 6.2. The temperature coefficient of the conductivity, 

which is positive in alloys from Te to TeT1
2

, is gre~er at around TeT1
2 

than ~t any other concentration. (Cutler and Mallon, 1966; Enderby and 

Walsh, 1966). The thermo~ower shows urillSal behaviour, being p-type from 

TelOO +'0 TeT12, when it undergoes a chunge of sign, becoming n-type on 

the Tl rich side of TeT12 (Cutler and Mallen, 1966). The Hall coefficient 

has been measured across the composition range and is found to remain 

negati va throughout and has a large sharp peak at TeT12 (Enderby and 

Walsh, 1966; Cutler and Field 1968). 

In the present study magnetic suceptibility measurements have been 

made on several alloys, see table 4.13, and figure 6.3. There is a rapid 

decrease in ""t' see section 1.1.4, as the Tc content is reduced towards 

TeTl ; this behaviour is discussed in more detail in section 6.2.3. In 
2 , 

addition the l25Te nuclear magnetic resonance shift b..as been measured as 

a: :function of temperature and composition in the range 100 to 30 at. % Te, 

see table 4.11. A typical isoth8rm, see figure 6.4, shows a rapid decrease 

as the Te content is reduced. These results are discussed in more detail 

in aection 6.2.4. Nuclear spin-lattice relaxation rates have been 

measured in the same range of compositions and those results are tabulated 
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in table 4.12. These relaxation rates are found to be enhanced over the 

rate which is predicted by the Korrinea l'elationship by an amount which 

increases rapidly near the composition TeT1
2

, see figure 6.7 and section 

6.2.5 for further discussion. 

The sj~ilarity between the gep~ral form of the conductivity, 

Sllceptibility and resonance shift measurements as a function of concen

tration suggests: strongly that the density of' states at the Fermi ~nergy 

decreases steadily as Tl is, added, until the composition TeT1
2 

is rest.~hed. 

A detailed theor,y of the electron trar~port behaviour in Te-Tl has been 

proposed by Cutler (1971). This theor,y will now be outlined. 

6.2.2 The Cutler Model This modclsivcs a possible 

mechanism for the composition and temperature dependences of the de:1Sity 

of'states observed in Te-Tl •. It i~ basically a structural model, and 

applies specifically to chain structures, as may exist in a-lloys of Te 

or Se with monovalent metals. It is similar to the dilute metal model 

of section 6.1.2 in that conduction is through bands of extended states. 

The conductivity and thermopower of the Te-Tl system behave in 

quite different ways on different sides of the composition TeT12• On 

the Tl rich side these quantities vary rapidly with composition but have 

small temperature dependences. A model has been proposed (Cutler and. 

Petersen, 1971) which treats the alloys as dilute metallic solutions of 

T13+ ions in a matrix of stable TeT12 molecules. 

On the Te rich side of TeT12 the conductivity, and thermopower 

change rapidly with temperature but only slowly with composition, so 

theruu~l processes are more important here. From the fact that the 

conductivity is lowest at TeT1
2

, and ~ince crystalline Te is known to 

exist in a chai~:ype structure a model is proposed by Cutler (1971) 

which pictures alloys in th;.s range to be made up from chains of the form 

Tl-(Te) -Tl, the Tl atoms fulfilling the role of chain-enders. 
n 
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The starting point used to deduce a model for the electronic 

structure is the states correspor~ng to these molecules. The Te atom 

ha.s two sand fcur p electrons in its outer shell; the s-electrons are 

ignored, being lower in energy, and hybridisation is not cons5.dored at 

this stage for simplicity. A Te-Te molecular bond orbital is formed by 

a linear combination of atomic p-orbitals in the bond direction which 

gives two bonding states, since spin states are included, denoted by 6 

and two more states higher in energy, entibonding sta.tes denoted by 6 *. 

Hence a Te atom forms two covalent bonds with other Te a.toms or Tl atoms. 

As the Te content increases, causing the number of Te-Te bonds to increase, 

the conductivity increases and if this arises from broken bonds it must 

be easier to break e Te-Te bond than to break a Te-Tl bor..d. Therefore 

the 6 ~ond corresponding to Te-Tl will be lower in energy than the 6 

bond for Te-Te. The two non-bonding p-electrons left at a Te site must 

remain at about their original energyl and are referred to as 7( electrons. 

These discrete energies will be broadened into bands by overlap with 

neighbouring atoms as in the tight binding case. 

With no bonds broken all the states in the CS and It bands are 

filled, and the Fermi level lies at the top of the ~ band, as shown in 

figure 6.5. 'When a bond breaks the bonding electron will return to its 

original energy, in the 7f band but will bring tl70 allowed states thu'3 

creating one vacant state. or hole, in the 7t band. Hence this model 

shows how p-type conduction ~Tises, and how the density of states at the 

Fermi level increas·es with tempera.ture. 

This model differs from conventioxal semiconductor theory in this, 

mechanism proposed for the increase in conductivity with temperaturs. 

Instead of electrons being thermal~ excited across a band ga.p more states 

are generated in the valence band. 

Cutler has adapted the themodynamic theory for polymer equilibrium 

(Florry, 1944) to the case for short chains, and using this has calculated 
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the fraction of broken bonds as a function of concentration and of 

temperatura. Calculations of conductivity fro~ these data give good 

agreement with the experimental results. 

Discussion of the Magnetic S.~tibility Measure~ 

The total observed suceptibility is made up of tr~ee principal ccntri-

butions, namely the suceptibilities 0:2 the ion cores, 'X" and of the 
c 

electronic Paull spin paramagnetism, ~, and Landau orbital diamagnetism, 
p 

-r.,(m) 
t = "X,(m) 

o + 
'X,(m) 

p + 
-x,(m) 

d 

where the supers,cripts indica-te that the suceptibility is measured per 

unit ma.ss. 

A method which has recently been pruposed (Dupree and Seymour, 1972) 

in the case of li~uid metallic alloys for extracting the electronic terms 

is to estimate the contributions from -I;he ion cores in a particular alloy 

by taking a weighted sum of the suceptibilities of the constituent cores, 

using values for the cores which have been calculated by Ansus (1932). 

In this ca.se where tellurium and its alloys cannot be regarded as simple 

assemblies of ions this method cannot be applied. 

Instead, in order to make an estimate of the electronic contribution 

to the total suceptibility the following three assumptions were made:-

(i) that the free electron result relating the spin suceptib-

ility to the orbital suceptibility is still valid, namely 

- 1/3'" p 

(ii) that it is possible to use the free electron expression 

for the spin suceptibility, 

'X,(m) 
p 

•••• (6.5) 

where C is a constant if the density is constant and N(~) is the density 



- 115 -

of states a-t the J!'ermi energy per unU volume. 

(iii) that the principal temperature dependence of i)V arises 
t 

from cha110~s in ~p and 'X..d due to the temperature dependence o~ N(E
F
). 

'fhe Mott formula for condtictivit.y when there is a strong interaction 

between the conduction electrons and the ions, equation 6.3, can be 

expressed 

:: •••• (606) 

where C I is constant if ~ and L are constant;. 

It is possible to eliminate the aensity of 3tfttes and the con'ltants 

by writing 

l/~ (d 6/ dT) = 2 (1 / 'X.,(m) ) {d 'X,(m) I dT } 
P P -

assumptions (i) and (iii) give 

( d ~~m) / dT) :: 3/2 (d 'x,.{m) / dT ) 
t 

•••• (6.7) 

•••• (6.8) 

6 and d 6/ dT are available for several alloys from the work of Cutler 

81lld Mallon (1966) and bence -xS m) may be evaluated. 
p 

at. % d x(m) 
_t 

Te dT 

-1) (SI units: K 

34- 5.8 x 10-13 

36 5.8 x 10-13 

40 5.8 x 10-13 

60 22.1 x 10-13 

100 49 x 1'0-13 

Table 6.1 

Est.imate of x(m) a.t 800 K 
P 

d x(m) 
6 ---£ 

dT 

-1 (SI units; K ) ( -1 -1) ohm m 

8.7 x 10-13 140 

8.7 x 10-13 200 

8.7 x 10-13 240 

33.1 x 10-13 720 

73 x 10-13 2200 

(:;f -x,(m) 
p . 

(ohm m K) 
-1, 

(SI units K ) 

1.5 
-10 

3.6 x 10 -

1.4 4.8 x 10 
-10 

1.8 7.5 x 10-10 

0.66 
-10 

31. 7 x 10 -

0.23 76 x 10-10 

It is seen that, as would be expected from the above models, the 
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conduction electron suceptibility decreases . dl' . 
rap~ y ~n go~ng from Te

lOO 
to lleOX TeT12; (orJ.y a small fraction of the change can be attributed 

to the cha.!lge in density of the liquid). 

Assumption (i) requires tt.at the ratio of effective mass, l'J*, to 

the electron mass, ill, remains unity as in the free electron case. Since 
>00 

m reflects the interaction between the conduction electrons and the ions 

it is likely to be different from the free electron value here. Liquid 

bismuth and liquid antimo~ probably h3vo values of m* I m appreciably 

iess than 1 (Dupree and Seymour, 1972) and it may be that the same is 

true for liquid tellurium. Since rrt affects; 'X.
p 

and ~d in inverse ways, 

* the overall effect of reducing m is to reduce 'X,. It seems likely there-

fore that the values Of~~m) above are overestimated, mora so in the case 

of TeT12 than of TelOO where the conduction electron-ion interactio'l is 

not so strong; (of course a change in N(E
F

) due to fil1i~ up a pseudogap 

'" could well also change m. This possibility is ignored.) Further, on 

the dilute metal model a chaJ:Ige in N(~) would be accompanied by a change 

in SF; for a free electron band the changes would be such that the factor 

on the right hand side of equation 6.7 would be 4 rather than 2. The 

qualitative conclusion that 'X,p decreases rapidly near TeT1
2 

is unaltered. 

The estimated values of ~ may now be found by subtracting 'X. from 
c e 

&to % Te 

'lI(m) 
c -2.8 

(SI units) 

34 

Table 652 

Estima.te oi' ~m) at 800 K 
c 

36 40 

_0 -9 -9 x 10 ;I -2.8 x 10 -2.8 :x: 10 

60 100 

-9 -3,,9 x 10 -9 -5.3 x 10 

The estimated value for 'X,~m) for Te:;.OO lies between the two valu(:;s 

~ 6+ nd calculated by Angus, - 1.8 x 10 SI units for 5 Te core, a -

- 6.8 x 10-
9 

SI UlutS £or a Te2- core. The variation between these two 
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extremes will not be linear and so the degree of 'ionisation' of the Te 

nucleus cannot be evaluatud, a~though this value for 'X,(m) does imply that 
c 

it cannot be fully ionised. The value calculated by Angus for a metallic 

T1
3 

+nucleus is - 2.4 x 10-9 SI \:.nits which is similar to the estimate for 

(m) 
'X.c at Te,34 Tl36 • Hence 'Nc as a function of composition appears to 

deviate from linear behaviour, and although the uncertainties in the 

values of ~c are too large to show an.v deviation conclusively it does 

suggest that the electr~ns involved in Te-Tl bonds appear to reduce -the 

overall core diamagnetism. 

6.2.4 Discussion of the l25Te resonance shift 

measur~~~ The observed nuclear resonance shift is composed of 

three main contributions; that due to the direct contact interaction 

between the nucleus and the conduction electrons, S , that due to the s 

polarisation of the s-type core electrons by the conduction electrons, 

s ,a~ a third contribution which arises from the orbital motion vf 
cp 

the valence and conduction electrons, A. 

The contact shift has been expressed in section 5.2, 

s s = ( 2/3) .0. p ~(v) 
F P 

•••• (6.9) 

Core polarisation shifts, S ,are a. much more complex problem. 
cp 

These have been discussed in section 5.2.2 where it is concluded that 

S varies from element to element but is likely to Ue in the range 
c:p 

+ 15% S. Since both S and S are proportional to 'XI they will be 
- s s cp p 

included in a single term and the observed resonance shift will be 

expressed 

s = (3 -x,(V) 
p +6 

\ 

•••• (6.10) 

If a.s 8< fi:t'st approximation f\ and A are asstuned to be inde~rlClent 

of' temperature they may be found by comparison of' the tempera.ture 

dependence of' S and of 'L(v). A comparison of' conductivities with S t..Sing 
P 
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tempe'ra"~ure as the implicit variable mll also enable ~ to be estinul.ted. 

a) ~ull'\.tion of ~ and. A. usin.ft._suceptibilij;,v measure~. 

Ve.lues of'),(v) and its; temperature deIJendence \'Tere calcu1[,ted :Cram the . p 

experimental values 'X.(m) using density measurements available for all p 

the alloys (Kanda 1967). Then by differentiating equation 6.10 with 

respect to temperature ~ is first deduced; hence A can be found for 

each' alloy. 

Table 6.3~ 

Estimate of ~ from suceptibili.ty measurements 

at. % d S d'X,(V) 
P, -P 

Te n d T 

- (x-l ) (SI units, 1(-1) (SI units) 

34 -6 
2.5 x 10 7.3 x 10-9 

34-0 

36 
-6 

2.5 x 10 -9 7.5 x 10 330 

40 4.9 x 10 
-6 -9 7.7 x 10 64-0 

60 4.9 x 10 
-6 

27 x 10-9 180 

Estimate of A a.t 800 X from suceptibility measuremAms 

at. % s fl~(v) 
p A 

Te (%) (%) 

34- - 0.01 0.06 x 10-2 
- 0.07 

36 "" 0.C4 0.12 x 10-2 
- 0.08 

40 + 0.12 
-2 

0.3~ x 10 - 0.27 

60 "" 0.27 
-2 

0~37 x 10 - 0.10 

b) Calculation of 6. using conductivity measuretnents. 

The resonance shift m~ be expressed in terms of the del~ity of statec by 
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substituting for'N in equation 6.9 givin~ p 

S = ~ a N(Ep) + A 

where a is a constant (the alloy dep$ity times C, see equation 6.5. 

Since the conductivity has alreadiY' been given in tel'1llS of N(E
F

) in 
1 

equatj.on 6.6 plotting S against 6 '2 will yield A. The gradient. of 

this plot will depend on a and on C', doi'ired in equation 6.6; both ~e 

constant for a particular alloy but could depend. on composition he!1:...e 

the graphs for different alloys need not all have the same gradient. 

However when plotted on the same axis, see figure 6<6 alloys having Te 

concentrations of 40, 45 and 60 at. % respectively all appear to be on 

the SS1Jle strtight line with intercept 

The data: points for Te
35

T1
65 

do not lie on this line but do have 

the same intercept, within the uncertainity quoted. In this reg5.on the 

conductivity is changing very rapidly and a change of less than 1% in 

the Te content would put the points on to the common line i hence it 

cannot be said that the change of slope is .significant. 

c) Discussion of the values of (I:J and t:::... 

was found to be 160 S1 units but has not been included in table 6.3 siD¢e 

the ur~ertainty in this value is very large du~ to the difficulty in 

extracting accurate values from published graphs of 6 and ~. 

A calculation of ~ fer a Te 6 ~. ion has been made (Heighway and 

Seymour, 1971) by representing a cop~uction electron at the Fermi energy 

by a single orthogonalised plane wave. The value obtained was 

~ = 350 S1 units. Comparison of the values for ~ indicates that the 

conduction-electron wavefunction density at the nucleus is not violently 

composition dep.3udent and that the change in S must be largely due to 

the composition.dependence of N(EF). 

It is now p03sible to investigate the fractional s-charactar in 

this wavefunction. It is useful to introduce a factor ! given by 



.. .to 
(oh m m) 2-

I 
200-

150-

100-

50-

0 

-0·1 

125 
T~ RESONANCE 

---~------~-------.- -->-'-'-. 

0-0 

SHIFT vs 

0-1 

KEY 

( , 

r" 

\ ~,/. 

A 

atomiC F'tZrCtZnt 

0 60 

A 45 

0 40 

V 35_ 

S(o/o) 
0-2 

ok 

TtZ 

(CONDUCTIVITY) 2- FOR 

~ 

/: 
,./' 

SOME Te:-Tt ALLOYS AT DIFFERENT TEMPERATURES 



- 120-

1:11ere PA is tho density at the nuc1eu.~ of +he ~ h 
- v oucermost s.ell s electr0r~ 

in a free atom. 1 can be estimated from the above OPW calcuh:.tion of 

PI" ard the te1)ulated 5 s atomic wavefunction for the neutral ctom given 

by Heman arl(1 Skillman (1963). Extrapolating the Te 5 s function to 

r :: 0 gives PA :: 25 in atomic units, am heilee in this case 

fJ = 41,)() SI units. 

350 

4100 
:: 0.00 

Altern.:'\tively f can be estimated from experiment. Ii' the core 

polarisation part of f.!> is neglected then ~ is simply 2/3 n P
F

, then 

taking the marlmum observed shift and using the free electron value for 

'Xp this gives PF :: 1.5 in a.tomic units. P
A 

can be estimated from the 

cbserved atomic hyperfine s.plitting constant, a. Bennett, Watson and. 
s 

Carter (1970) found. PA :: 33.6 atomic units; hence ~ = 0.(45. The 

agreement betweon these two values indicates that the conduction electron 

w!wef'unction in Te has about 5% s-character, and this proportion does 

not chanee much on adding Tl. This implies that the p-character must be 

18xge which is in keeping with the predictions of the Cutler model. 

The values of A derived above indicate clearly the existence of 

a ill3gative chemical shift near TeT1
2

• The general interpretation of the 

resonance shift Ite&surenents is that as the density of states falls, 

either due to reduction of the Te content or a reduction in temperature 

thon 'X, (v) diminish~s and. the resonance shift tends to 4 , which has its 
p 

origin in the orbital motion of the Te-Tl bonding electrons. The lalogest 

negative shifts observed occurred in Ts
31

T1
69 

end Te
33

T167 at tamper~ 

atures around 640 K and were S :: - 0.11 + 0.01%. Hence taking 
1 

A = - 0.15% i~ the range of 33 to 60 at. % Te as given by the S vs 6"2 

en-tUys.is is in good agreement with the experimental results and if' 
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a:rurthing overestimates the magnitude of' A... The s.'Verage of the va.lues 

of' ~ calcula.tec. f'roJl the S vs 'X. analysis is b. .:: - 0.13 ..± 0.05% 171110h 

is in agroetlont with the conclusion abvve. This value f'or the l25Tc 

chemicaJ. shif't is reasonable in the light of' the value of - O~24% cb:;erved 

in semiconducting Pb4SSn5Te50 a.t room temperature (Clar-idge and Moore, 

unpublished) and - O.l/~ .&oor l25Te J.' l~ the h t t -I> 
~. amorp OllS s a e o~ TeS1Ge15As4 

(SeDturia, Hewes and Adler; 1970). 

There is little change of' resonance shift on goi~ from Ta
33

T1
67 

to Te3l T169 which suggests that the electronic envirol1!l1ent of the Te 

nuclei is no longer changing rapidly as Te content decreases; (80::1 would 

be expected on the dilute metal model of TeT1
2 

molecules with free Tl 

e:toms). The tempera.ture dependence of the shift is the same in both 

alloys &.00. so the mechanism by which the density of states increases 

with temperature has not changed. 

6.2.5- Discussion of the l25Ta s.pin-lattice relaxation 

rate measurements. The observed spin-lattice relaxation ratos do 

not show any marked dependence on concentration and hence it appears that 

the Korrinc;a. relationship does not hold in these alloys, since the 

behaviour of the resonance shift predicts that the rate should decrease 

steadily as the tellurium content decreases from 100 to 33 at. %. 
The Korringa relati0nship can be expressed from section 5.2 as 

•••• (6.13) 

Where S is the part of the resonance sl~~ which arises from the 
s 

(urect contact intera.ction. As discuSsed in the previous section it is 

not possible to dis.entangle the core polarisa.tion part from the COiltact 

part, but this should cau~e about 2~ uncertainity in Rl at most. 

The chemical shift, A , has baen estimated above to be - O.l5~~ in 
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alloys near TeT12 and hence must arise f'rom the Te-Tl bonds. This nhift 

mU3t decrease a3 tho Tl content decreases and has been bl:cn to be 

- 0.15% for alloys in the range Te
3l

T1
69 

to Te
60

T1
40

, and arbitrarily to 

be - 0.07% for TeSo'rl20 and 0% for TelOO• Using these values for A 

and the observed shifts to evaluate S , the Korrinca relationship has 
s 

been used to calculate reluJtion rates for each alloy at each temper-

l".ture of observe.tion. 

Table 6.5 

125Te nuclear s.pin-lattice relaxation rates 

Alloy T (Rl)observed (Rl)Korringa (Rl)observed 

(at. % Te) (kelvins) (lo3s-1) (1035-1) ~R1}Korringa 

100 695 5.2 .t 1.1 3.1 1.7 

778 6.7 .t 1.3 4.8 1.4 

80 523 2.1 ..± 0.1 .. 0.96 2.2 

625 5.4 .t 1.5 2.5 2.2 

60 473 1.S ..± 0.3 0.68 2.7 

573 3.0 .t 0.7 1.8 1.7 

690 5.0 .t 2.5 3.6 1.4 

45 563 3.1 .t 0.4 1.0 2.9 

663 5.0 .t 2.5 1.8 2.8 

40 719 4.3 .t 1.1 1.5 3 .. 0 

36 741 4.6 .t 1 .3 0.93 5.1 

35 737 5.2 .t 1.9 0.56 9.5 

34- 718 6.7 .t 2.2 0.36 19 

33 705 1.0 .t 0.25 0.10 10 

au 1.7 .t 0.3 0.38 4.5 

.31 662 0.74..± 0.2 0.42 18 

8.31 1.0 .t 0.2 0.32 3.1 
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Comparison 01' the observed relaxation rates with those calculated 

trom the Korringa relationship, see table 6.5 and tigure 6.7, suggests 

t~at some other relaxation mechanism must also be present to account tor 

the additional rates observed in most alloys, or else the Korringa 

tormulation taUs. Electric quadrupolar relaxation is already ruled out 

since the l25Te nuclear spin is one halt, so other possible mechanisms 

must be cons.idered. 

It there is a hypertine tield due to polarisation of the core 

electrons not only will this affect the value of (Rl)K . through ornnga 

the magnitude 01' the observed shift, but. it will also produce nuclear 

spin relaxation in its; own right. This mechanism has been discussed in 

section 5.2.2 where ~t has been shown to be ineffective in comparison to 

the direct contact intera-ction, and also, since it depends on N(~) it 

must get less effective on going towards TeT1
2 

and so cannot explain the 

data. 

The relaxation rate arising trom the orbital motion 01' p-type 

electrons has been derived by Obata (1963) using the tight binding 

approximation, a model suitable for these alloys. 

= 87{k'r 

1i 

where N is the number 01' atoms per unit volume, 

V is the valency, 

r is the electron-nucleus separation. 

•••• (6.14) 

For a~ of' the 

f'rom the value 

alloys, 

01' 'XI< v) 
p 

say Te36Tl~ the density 01' states may be tound 

using the tree electron expression tor the spin 

suceptibility. As discussed earlier it is not possible to say how mallY 

tree olectrons there are in these aJ~oys, but if' it is only one per atom 

say then at 740 K. 

= 620 s.-l 
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If' the valency is larger then equation 6.14 predicts a smaller Rl 

and therefore teis process is too weak to explain the apparent extra 

relaxation rate. 

There are also several mechanisms which arise f'rom ionic motions, 

tumbling motion of molecules or the change in environment of a Te nucleus 

by moving from say a TeT12 molecule to become a free ion. Since a 

chemical shift is known to exist its ef'f'ect will be considered first. 

This shift can cause relaxation if' it is anisotropic by reorientation 

due to molecular motion. Abragam (1961) has derived an expression f'or 

this process 

= •••• (6.15 

where b is the la.rges.t component of the chemical shif't, z 

1) is the shift asymmetry parameter (where 0 < ') <. 1), ,.. 
a- (~L) is the component at c.) L of' the fourier transform 

reduced correlation function f'or the chemical shift inter-

action. 

The interaction may be typified by a correlation time 1:' c and in the 

cas e where this is short compared to the Larmor period l/~ L as it will 
~ tv 

be here t (~L) = * (0) = 2 l: • Typical -1: f'or molecular rotation c c 
- -11 

in liquids are of order 10 s. Bensoussan (1967) has measured the chemical 

shift in a single cr,ystel of' Te and f'ound a paramagnetic shift character-

is.ed by () = x b - 0.05%, y 
b z 

+ 0.11%. The estimate of' chemical 

shift in liquid TeT1
2 

above is - 0.15% so f'or the pUrposes of' this 

c&lculation IE, z I = 0.15% and. 'I) = 0 will be used. It is f'ound that 

(R
l

) = 2 x 10-2s-1, which is f'ar too small to be of' interest. 
cr 

The same expression can be used to evaluate the relaxation rate 

which could ar·i~e if the chemical shift was modulated due to chemical 

exchange, causing the chemical shif't to vary between 0.15% and O. The 

correlation time f'or this process is not known, but it will be at its most 



effectiv~ when comparable to the Larmor period, 10-75. If it were even 

longer two resor.ance lines corresponding to the two environments would 

be seen, but only a single line was seen. With 't = 10-75 the rate 

(R) = 100 s -1. 
1 ce 

c 

The Te-Te bond lifetime haa been estimatod by 

Cabana and Friedel (1971) in TelOO to be of order 10-12s and so the value 

of (Rl ) above is clearly ver,y much an upper limit. ce 

The normal dipole-dipole coupling can cause relaxation in the 

presence of molecular rotation. -ll "t c = 10 s as used above is short 

compared ·to the Larmor period and so the suitable expression for the 

relaxation of Te nuclei in TeT1
2 

molecular groups is given (Abragam, 1961) 

= 1::. c •••• (6.16 

where b is the inter-molecular distance, here estimated to be 

-10 3 x 10 m. 

The calculation gives (R
l

) r = 10-4s -1 which is negligible. 

A f'urther interaction is the scalar spin-spin coupling where two unlike 

nuclear spins are indirectly coupled via the conduction electrons. The 

relaxation rate in TeT1
2 

due to chemioal exchange of Tl ions can be 

oa~oulated using an expression derived by Abragam (1961) 

(l1.)sc = s(s + 1) 

3 

where A is the soalar coupling oonstant, 

S is the Tl spin, 

t . is the correlation time for ohemioal exchange of the 
2 

Tl ions. 

A is estimated ~o be 2 x ld+-rad 5-
1 in the metallic phase of lItre (Brog, 

Jones and Milford, 1966). It is not lmown what value t: 2 has and' 

although it could be as small as 10-12s the relaxation rate is largest 
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:: 1. Even in this case (R
l

) 
sc = 4 s -1 which 

again is too small to be important;. 

Fina1~ it is suggested, see section 6.2.5, that the Tl spin-lattice 

relaxation rate is as rapid ,as 10'3 s -1 s.() this could cause relaxation of 

the Te nuclei via the indirect spin-spin coupling. The previous formula 

is applicable but now 1: 2 = 1/Tl (Tl) = 10-5s • This gives 

J -2 -1 
(Rl sT

1 
= 10 s ,and so is even less effective. 

It is apparent that none of the possible relaxation mechanisms so 

far considered, even at their most effective, can account for the 

increase in relaxation rate over that calculated from the resonance shift 

measurements. Another explanation must be sought as to why the relax-

ation rate has been enhanced, particularly in the range of oomposition 

near TeT12• It is in this region that the density of states at the Fermi 

energy is low and so according to the Mott model it is possible that the 

conduction electrons are becoming localised. 

Warren (1971) has considered this possibility and suggests that 

nuclear s.pin-1attice relaxation will be sensitive to localisation of 

conduction electrons. His work will be discussed in detail below 

(section 6.5.2); horvever the main principle will be outlined here. 

In the short correlation time limit (<..lL 'tc « 1) the nuclear 

spin-lattice relaxation rate due to perturbation which is a random 

function of time, ill' has been shown in section 1.1.2 to be given by 

2 

where 't is the correlation time for the interaction. 
c 

When the interaction is the contact interaction between the nuclear spins 

and the conduction electrons the relaxation rate is given by 

•••• 
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The factor (leT / EF) is included because only electrons within 1."1' of 

the Fermi energy can absorb the nuclear 9I1..ergy as it relaxes. This 

e.quation can be combined with the resonance shift expression, equation 

6.9 to give a form of the Korrir.ga. relationship 

t 
c •••• (6.19) 

In niaterials where the electron mean free path is long, the time which 

a conduction electron spends in the vicinity of a particular nucleus 

does not depend on the mean free path, since it is just the time takGn 

to transverse the unit cell. The Fermi velocity is given by Bloembergen 

(1954) 

""F = 2a EF.I zil 

where Z is the number of conduction electrons per ataa, 

a is the nearest neighbour distance • 

. Hence the electron-nucleus correlation time is 

•••• (6.20, 

Substituting this into equation 6.19 gives the usual Korringa relation-

ship to within a numerical factor. Warren points out that the pseudogap 

theory predicts that in these materials where the scattering is large, 

the mean free path is of the order of the interatomic spacing, so if the 

density of states is reduced sufficiently the electron remains for a 

longer time in the vicinity of one nucleus, 't will increase and formula c 

6.19 predicta that there will be an enhancement of the relaxation rate. 

This provides a piausible explanation for the observations of the 

l25Te spin-lattice relaxation times in the Te-TI system. As Tl is a.dded 

to Te the density of states decreases to the point where, at around 

Te
4

0,T160,' the e~ectrons begin to increase their time of stay in the 

vicinity of a particular nucleus and the relaxation rate is enhanced over 

the simple Korringa value. This enha.ncement increases until Te33T167 is 
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reached, and in Te31T169 it is still observed although not quite so 

marked as in Te33T167• It is o~ course to be expected that since there 

will be a spread of conoentrations in any liquid alloy due to thermal 

motions the effect will be observed in a range o~ alloys. 

It is diffioult to deduce when localisation as such occurs ~or 

there is no satisfactor,y criterion. These results show that 730 K when 

the "resonance shif't, and hence the density of states is reduced to about 

one half of the value in TelOO there is some small indication o~ the onset 

of localisation. By the time the density of sta.tes: has dropped by a. 

factor of 7 the enhancement factor is 10. The uncertainty in the enhance

ment factor must be large to judge from the values in high Te oonoentrations 

where & factor o~ 1 is expected, but the value is 2 or more. In good 

liquid metals the factor is less than 1 but this is due mainly to 

electron-electron interaotions which have not been included in the 

Korringa expression. Electron-electron interactions are expected to be 

SJnall here and so the discrepancy must arise from uncertainties in S 
s 

measurements" in possible core-polarisation: effects and in the value ~or 

the chemical shift. The uncertainties in ~ measurements will also 

contribute appreciably. 

Mott has estimated that when the conductivity has fallen to 

(20 .:!: 7)x l030hm -lm-l localisation can occur, ~hich corresponds to alloys 

with Te content between 32 and 35 at. %, or as far as 40 at. % at around 

700 K when the uncertainty is included, which agrees well with the Rl 

observations • 

The conduction process for ful~ localised electrons is by hopping, 

so presumably the jump time for the electrons will be of the order of 

the phonon vibration period, about 10-12s or longer; alternatively the 

lifetime of the locti configuration could be thi'! dominant time. In the 

nearly free electron case the correlation time 1: e is given by 

-ti N(~) = 10-15s , so fully localised electrons could be expected to 
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produce relaxation enhancement factors of the order of 103. (Alterna

tively the effective ~eld fluctuations due to a localised electron 

c.ould be produced by the electron spin-lattice relaxation; such times 

vary widely but would be 10-9 s or longer.) Hence in this case only the 

onset of localisation is being observed. 

6.2.6 205 The search for the Tl resonance The :rirst 

search for the 205T1 nuclear resonance was made in Te
60

T1
40 

using the 

pulse s.pectrometer, but no signal was observed. Several other alloys 

were tried but in none of them was arw signal seen. This was surprising 

and disappointing since it had been hoped that information extending 

that derived from th~ l25Te resonance would have been obtained. The 

a05Tl . b t· . 1 125 resonance 1S a ou Sl.X tl.mes arger than the Te resonance In 

Te60T14~ and even if the relaxation rate was as low as 100 s-l it 

should have been visible. The response time of the spectrometer sets an 

upper limit on relaxation rates that can be detected of around 

Rl = 50,000 s -1. It is concluded that 

_':5 -1 
50 x 10"'"s 

To check this conclusion the Te
60

T1
40 
~oy was investigated using 

a Varian VF 16 wide-line CW spectrometer. Again no resonance was seen, 

and again there is an upper limit to the linewidth (Which is proportional 

to the relaxation rate) that can be detected. This arises in the first 

instance from the maximum modulation that can be us~d, in this particular 

case 1 mT. Secondly if the line is wide, and of small intensity it will 

be obscured by the noise. The combination of these factors implies that 

~ (205Tl ) > 100 x lc}s -1. To ensure that the spectrometer was perform

ing satisfactor:i;ly the 125Te nuclear resonance was observed, but due to 

poor signal. to noise the linewidth could not be measured. 
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Finally a search was made in solid Te Tl aOO here th 205Tl 
. 60 40 e 

resonance was observed. The resonance shift varied fr.Oln 0.27% at room 

temperature to 0.41 .:t 0.03% at a ffm kelvins below the melting point 

(540 K), indicating that the density of states is well below the free-

electron value. The Korringa relationship predicts (11.) = 
_~ 1 s 

(12 .:t 3)x 1G's- at 520 K. The resonance line. which is Lorentzian in 

shaPe, at 520 K had a measured width of not much greater than the 

modulation width but applying a correction (Smith, 1964) the true line

width is estimated to be (3.0..:!; 0.3)x 10-4 T. This corresponds to a 

spin-spin relaxation rate of R2 = (4-0.:t ~)x 103s -1 which suggests 

that some other process, probably self-dirfusion of the nuclei is causing 

~he additional spin dephasing rate. 

Dif'f"icu1ty in observing the 205Tl nuclear resonance arises due to 

its large ~ value a'nd hence rapid 'K01'Tinga' rel~ation. The resonance n 

has been reported in pure liquid Tl (Moulson, 1966) and has a resonance 

shift of 1.56% which corres.ponds to a relaxation rate (Rl)s = 200 x 103s-l • 

Hence it' the resonance shift in Te60T1
40 

ix:creases by a. factor of 3 or 

more on going to the liquid state and if the Korringa relation continues 

to hold the spin-lattice relaxation rate will be too large for the 

resonance to be observable on this spectrometer. This increase in 

resonance shift could arise from a change in the wave function character 

at the Tl nucleus on melting and. if it is the case it is likely to occur 

in other Te-containing alloys. An investigation of the Cu resonance in 

CuSOTe
SO

' for example, should show the same behavio~. The alternative 

possibility that partial localisation is increasing (Rl)s at this 

composition is discounted in view of the results for 125Te. 

These observations are borne out by a recent report (Warren, 1972) 

that Rl = 200.x lcYs -1 for 20STl in Te
33

T1
67 

at 700 K. It was also 

reported that the resonance was unobservable for Tl concent~ations below 

66 at. % due to R1 increasing to beyond the limit of resolution of the 
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s-pectrOJIlot er. 

The Cu-'re system 

. The solid phas-.e diagram for this system shows considerable 

similarity to that for Te-T1 (H-9.nsen, 1958) except that, since Cu melts 

at a much higher temperature than Tl the liquidus is lifted considerably 

in temperature. Both have a eutectic at aroULnd 70 at. % Te, a eutectic 

at around 30 at. % Te and both have a region of solid immiscibility from 

about 4 at. % To up to 30 at. % Te. 

The conductivity (Dancy, 1965) has a singularity at around CU,.Te, 
~ 

and has a positive temperature coefricient there. Although the tempera-

ture d~pendence of the conductivity does become negative on the Te rich 

s:ide of' Cu
2
Te it becomes positive again by 42 at. % Te and remains so 

right through to 100 at. % Te. The magnitudes of the conductivities a.re 

rather larger than f'or Te-T1, for example ~t 970 K in CUSOTeSO' 

_ ~ -1 -1 .} -1-1 = 200 x 10' m, whereas in TeSOT1SO' = 70 x 1 m. 

The thermopower (Dancy, 1965) has a rounded maximum of about 100 pV. 

(kelvins)-l which peaks at 8. f'ew % on the Te rich side of Cu2Te. The 

large posUi ve thermopower if' interpreted on conventional semiconductor 

theory indicates that the charge carriers are holes. Th.3 Hall coeffioient 

has been measured in Cu
50

Te
SO 

(Er.derby and Simmons, 1969) and is negative 

which, i'romoonventional theory, indicates electro~c conduction~ 

If' there is arw correlation between the properties of a liquid and 

the existence of compounds, in the solid state which explains the behaviour 

in Te-Tl then the properties described above indicate that the same 

behaviour should be observed in the Cu-'re system • . 
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Discussion of the magnetic resonance measurement~ 

The purpose of the investigation was to observe the bepaviour of the 

N1m of the Cu nuclei on melting. Alloys with Te content less than 

50 at. % were ruled out since their melting points were too high for the 

spectrometer furnace. CU50Te50 is available at 99.99% purl ty (Koch Light 

Laboratories) and melts at 895 K, so it was chosen. The temperatures 
. 125 

were too high to allow the Te resonance to be observed satisfactorily 

63 65 but the l·esonance of both Cu and Cu were measured thus enabling 

isotopic sep~ration of relaxation contributions to be carried out. 

The 63cu and 65eu nuclei both have spin I = 3/2 and hence can be 

relaxed both via the nuclear magnetic dipole and electric quadrupole 

interactior~ with the lattice. It has been shown in section 5.3 that 

the parts of the observed relaxation :..'ate due to each of these mechanisms 

may be resolved when relaxation rates of two isotopes can be measured. 

The ratio o~ the magnetic rates of the two nuclei is given by. the ratio 
, 

of the squares of the gyromagnetic ratios, and the ratio of the quac.ru-

polar relaxation rates by the ratio of the squares of their quadrupole 

moments. Providing these two ratios are not the same it is simple to 

deduce an expression for each rate in terms of the observed rates and of 

these ratios. 

The results of resor~nce shift and spin-lattice relaxation rate 

measur~ent;s on 63cu and 65Cu in CU5aTe50 are displayed in table 4.14· 

The results of the isotopic separations are displayed in t~ble 6.6 and 

some are shown in figure 6.8. The uncertainties are large due to the 

fact that the observed relaxation rates in the two isotopes are similar 

in magnitude. 

~nese results, which show a general trend of magnetic relaxation 

increasing with.temperature, and quadl~polar relaxation decreasing with 

increasing temperature as would be expected, will now be discussed 

individually • 
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Table 6.6 

:tIagnetic and quadrupolar contributions to the relaxation rate 

ir.. CuTe 

Nucleus; T (Rl)M (Rl)Q 

(kelvins) (3 -1) (s-l) 

63cu 700 150 .:t 750 1050 .± 750 

I 850 40 .± 300 1000 .± 300 

950 680 .± 400 220 ..± 400 

1~0 1090.± ,350 (0 + 170) 

1120 400 .± 400 500 .± 400 

65 
Cu 700 180 .± 800 900 .± 800 

850 40 .± 350 860.± 350 

950 780.± 190 .± 440 

104.0 1250 .± 400 (0 + 240) 

1120 470 .± 440 420.± 440 

a) l.~8ignetic relaxation. The behaviour of each isotope 

is simi1al' and 63Cu will be considered in detail since it is the stronger 

resonance, and more resonar£e shift measurements were made on it. Direct 

comparison of the observed shifts, (of' order 0.C4%) with those in pure 

liquid Cu~ (0.26.± 0.003 );& (Warren anc. Cla.rk, 1970) suggests that the 

density of states at the Fermi energy is reduced by a factor of aroUlld 

six from the free-electron value. However if the eu nuclei experience a 

chemical shiI"'t 

nuclei, of Sli.y 

comparable to that which exists in Te
50

T1
50 

at the Te 

- 0.1% then K (63Cu ) = 0.14% and the reduction in the 
s 

defl..sity 02 states would only be by a factor of two. This neglects ar~ 

possille change 'in the conduction electron wave function character. 

Unfortunately the conductivity data are insufficient to enable the chemical 

1 
shift to be found. from a is 2' vs S analJsis. 
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In ta.ble 6.7 the magnetic reln::ction rates are compared "ith 

those calculated. from the observed resonance shifts by the I-::orringa 
_lI' 

relationship, and also with a rate (R' 1 ul .L d on the 11M ca.c ave assumption 

that there is a chemical shift of - 0.1% present. 

Table 6.7 

63 . Cu magnet1c relaxation rates in CuTe 

Temp (Rl)M observed. (Rl )·! K . 
1;, orr1nga 

(R )* 
1 M Korringa 

(kelvins ) (5-1 ) (5-1 ) ( -1) ,s 

700 150 ..± 750 29 370 

850 40..± 300 34- lt40 

950 680 ..:t Lf-50 39 500 

104-0 1090..± 350 56 610 

1120 400 .± 400 90 730 

If there is no chemical shift these measurements show that the 

density has fallen by a factor of six, and that the magnetic relaxation 

rate is enhanced: in the liql'id, by factor of between four and tEm. Both 

these values point to onset of electron localisation; however the 

conductivity is well above the level set by Mott for the start of lo~al-

isation. Thus a more satisfactor,y explanation of these measurements is 

that a chemical shift of around - 0.1% exists. More extensivEl measurements 

of conductivity ar.d of resona.nce shii't as a function of temperature are 

required to prove its existence. 

b) guadl~polar relaxation. The three points in the liquid 

do not show a clear trend. All that can be said is that there is some 

quadrupo1ar relaxation of magnitude 200 to 400 s -1 roughly. In pure 

liquid CU the r~te has been estimated as (Rl)Q ~ 60 s-l (Warren and 

Clark, 1970) a~~ so the behaviour observed iL liquid metal alloys is also 

seen here where the quadrupolar relaxation is considerably enhanced by 

alloying. 
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In conclusion it must be pointed out that no marked change in 

either resonance shift, or in relaxation rate was observed on melting 

and 205 . 
so the behaviour ot: the T1 resonance goes unexplained. 

The Bi-Te system The solid equilibrium phase 

diagram (Ha.nsen, 1958) is rather d1t:t:erent, and much simpler than those 

t:or the two previous systems; the liquidus line being one broa.d hump 

aoross most ot: the range. There is no miscibility gap, and. only one 

solid compound is t:ouhd to exist, Bi
2

Te
3

• 

The cohductivi~y at 860 K shows a steady increase :Crom 

220 x 103 Oh;lm-1 at Te to 720 x 103 ohm-1m -1 at Bi (Enderby snd i'la1s?l, 

1966), but some structure is detected in the conductivity isotherms with 

a minimum in the cohductivity at 65 at. % Te and another near 50 at. % Te 

(Glazov, Chizevsk~a and G1agoleva, 1969). The Hall coefficient is 

t:ound to be small and negative, varying smoothly across the concentration 

range, and similar behaviour is observed in the thermopower (Enderby and 

Walsh, 1966); allot: which indicates metallic rather than semiconducting 

behaviour. 

The temperature coe:f'i'icient ot: conductivity is positive down to 

40 at. % Te and then becomes steadily more negative as the Te content is 

reduced (Glazov et al., 1969). It s.eems that although the Bi2Te3 liquid 

alloy has a positive temperature coefficient of conductivity none of the 

other properties characteristic ot: the materials described earlier exist 

here, and. hence an investigation ot: thA m.m. properties could prove 

interesting, particularly since In...Te and Ga Te are known to show liquid 
~ 3 2 3 . 

semiconductor behRviour. 

Discussion of the magnetic resonance measurements 

a.) The measurements were carried out at a single 
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tempera.ture 6 about 25 kelvins above the melting temperature (878 K) and 

gives a resonance shif't 6 see table 11-.1S, whicb is in k.eeping with the 

large density of states at the Fermi energy predicted by the conductiv~ty 

measurements. The Korringa relationship gives the spin-lattice relaxation 

rate (Rl)s = S.l x 103s-
l 

which compares well with the observed rate 

(Rl)Observed = (S.O ~ 2.S)x 1038-
1

• Since there can be no quadrupolar 

relaxation in this case it is clear there is no appreciable deviation 

from the Korringa relationship. 

b) Z09Bi The resonance shift observed is about two-thirds . 

of that observed in pure liquid Bi, which agrees with the conclusion 

that this a.lloy is metallic in character. The Korringa relationship 

here predicts. (Rl ) s = 8.4 :x: 103 s -1, but this is much lower than the 

observed rate (R1 ) b .:t = (40 + lS)x lo3s -1. However since the nuclear 
o serve~ -

spin is 9/2 it is probable that the additional rate is due to quadrupolar 

relaxation. The solid equilibrium phase diagram for Sb-Te is very 

similar to that for Bi-Te and it is f'ound that Sb
2

Te
3 

also behaves in a 

metallic f'ashion (Warren, 1971). The mm. measurements, which are 

discussed in section 6.S.2, show that the electric quadrupo~ar rel~~ation 

rate in Sb
2
Te

3 
comprises about 8S% of' the observed rate. 

From all points of' view, with the exception of' the temperature 

dependence of'the conductivity, and even that is explicable in terms of' 

the partial structure f'actors, this alloy is metallic ir.. character. 

6.S other mm. measurements 

l2S . 
Resonance shift measurements of' 1'e ~n 

liquid Te have been reported (Cabana and Froidevaux, 1969) in the 

tempera.ture rane:e 743 K to 923 K. These showed a linear increase from 

0.38% to 0.48% which is. in complete agreement with the results reported 

here. The spin-lattice relaxation rate was also measured near the 
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melting point, 740 K, Rl = (S .± 1.3)x la3s -1 and this is also in good 

agreement with this work. 

I~Te2' Ga.2Te?: and Sb Te 
:!.. ,J 2 2. 

a) (Warren, 1971). The 11SIn resonance shift is 

near zero in the solid but begins to increase with temperature from about 

lSO kelvins below the melting point. '.There is only a small change on 

melting, and the shift continues to increase, appearing to reach a 

constant value at some SOO kelvins above the melting point; the l2STe 

res,ooonce shows similar behavioUr l3olthough rather smaller in magnitude. 

This is interpreted as showing a stea~ increase in the density of states 

at the Fermi energy as the temperature increases and tendil18 to a limit

ing value, due bo a gradual disappearance of the ordered structure without 

azv marked change in the short range order on melting. 

The l1SIn nuclear spin-lattice relaxation rate is ver,y large near 

the melting point, being about two orders of magnitude greater than the 

rate calculated from the Korringa relationship, but decreases as the 

temperature is raised and approaches the Korringa value at the highest 

temperature of observation. These measurements are interpreted, as 

outlined in section 6.2.S, as being direct evidence of the onset of 

localisation of the conduction electrons, since the electron-nucleus 

correlation time must increase as the temperature is decJ,'eased to cause 

the increasing enhancement of the relaxation rate. This interpretation 

is open to quer,y, firs.tly since quadrupolar relaxation could be a large 

contribut.or, but since the observed rate is more than an order of 

magnitude larger than the rate for l1SIn in In2Sb3 it is unlikely to be 

wholly quadrupolar in origin. It is also possible that the relaxation 

rate derived troll the Korringa relationship codd be too small if' some 

negative chemical shif't" exists, this does not app~ar to have been consid

ered by Warren. Using conductivity data (Glazov et al., 1969) a plot of 
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1 

~ "2 VB resonance shift has been tmed, b t th •• u e scatter was too large 

to be able to draw a satisfactory line through the data. By considel~ing 

the observ~tions at high temperatures it can be seen that a chemical 

shtft of more than - 0.2.% would give a Korringa relaxation rate larger 

than the observed rate and thus sets, the possible upper limit. If' this 

value is used it increases the Korringa rate by a factor of about three 

and ·so the enhancement of the relaxation would be reduced to about thirty. 

This is still too large to be explained in arw terms other than of an 

increase in the degree of localisation of the conduction electrons. 

The quantity g is estimated by comparing the l15In resonance shift 

in In2 Te
3 

with its value iIi. the pressure stabilised metallic phase 

InTeII (Brog, Jones ar.d Milford, 1966). 

g = S (115In in In
2
Te

3
) 

S (115In in InTeII) 

.A plot of g against log (relaxation rate enhancement faotor) with 

temperatUl~e as the implicit variable shows a change of slope at around 

g = 0.18, with enhancement increasing more rapidly as g falls below 

this value. When. g is plotted against conductivity a similar change is 

observed at about the same g value, the conductivity is seen to decrease 

more rapidly as g falls below 0.18. Warren suggests that this mary,.s the 

transition from conduction by extended states to conduction in we~ 

localised states when g > 0.18 .± 0.03. 

b) Ga
2

Te.3. (Warren, 1971). The solid state structure and 

binary luloy phase diagram are similar to those of :i:~Te3; the NMR 

behaviour is also similar. Two Ga isotopes were observed and the 

magnetic and quadrupolar contributions to the relaxation rate were 

resolved. This confirmed that the major part of the enhanced relaxation 

rate w::ts. magnetic in origin. Again Warren has not considered the exist

ence of a chemical shift but in this cas,e an attempt to correlate 
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oonductivity and resonance shift data indicate that the chemical shift 

for Ga in Ga2Te3 is zero. There are no suita.ble Go. re,sonance shift data 

available in comparable but metallic mater:i.al 30 values of: g were 

estimated by comparing the 71Ga resonance shifts in Ga
2

Te
3 

with a shift 

value caloulated using a wave function density obtained fro~ an optical 

hyperfine splitting and the free electron value for the density of states. 

This' yields very similar behaviour to I T sh' n2 63' oWl.ng a transition in the 

region of g = 0.18 ~ 0.03. 

c) The binar,y phase diagram for 

Sb-Te has no liquid imrnis.cibility gap and so differs from the two previous 

systems. The conductivity of 3b
2

Te
3 

is around 190 x l030hm -1m -1 at a few 

kelvins above the melting point and hence is almost two orders· of tmgni.-

tude greater than for the two alloys :.n a) and b). 

!l.'he Mlffi. behaviour is also very different. The l2lSb and l23Sb 

resonance shifts are large and metallic in the solid, and do. not change 

appreciably on melting. The nuclear spin relaxation rate is an order of 

magnitude slnaller than the l15In relaxation rate in In
2

Te7. although it 
. :> 

does decrease as the temperature is increased. From isotopic separation 

it is shown that the main contribution to the relaxation rate is 

quadrupolar, which explains the temperature dependence of the relaxation. 

The magnetic part of the relaxation rate fits the Korringa rate to within 

the experimental erl·or, hence it is concluded that in tcis material 

there is no significant localisation of the conduction elec'trons. 

6.6 Summar,v 

The Te-Tl system has been inves.tigated in some detail. Comr:arison 

of the suceptibility and conductivity with the resonance shift shows 

that there is little change in the co~uction electron fmvef'unction as 

the composition is altered; rsther the decrease in suceptibility, 

resonance shift and conductivity in going from pure Te towards TeTl arises 
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from a decrease in the density of states at the Fermi energy. A model 

for the electron behaviour in Te-Tl which ~as been pos~ulated by Cutler 

to explain the variation of the density of states describes the cor.duction 

in terms of p-electrons; this is borne out to some extent by these 

measurements in that the s electron component is shown to be a few 

percent of the conduction electron wavefunction. 

. The predictions which the two general models for liquid semiconductors 

make concerning the principal parameters measured must now be considered. 

The reaonance shift measures the magnitude of the average local field of 

the conduction electrons at the nucleus. On either model this field will 

change at ar.w particular nucleus maI\Y times in a single Larmor period, 

hence the measurements. cannot distinguish between the models. On the 

other hand the outstanding feature of the measurements reported here is 

the enhancement of the 125Te spin-lattice relaxation rates which has been 

observed in Te-Tl alloys Ilt1ar to the composition TeT1
2 

over the rates 

calculated from the resonance shifts u~ing the Korringa relationship. 

These measurements appear to provide a basis for some conclusion regarding 

the models. In considering the observed enhancement a poin'" concerning 

the calculated values of the relaxation rate must be made; namely that 

the calculated relaxation rate depends on the size and sign of the chemical 

shift contribution to the observed shift. Two calculations of the 

chemical shift one from the suceptibility measurements, +.he other from 

conductivity data give consistent; values which are in line with similar 

measurements in other materials.. In fact the values taken for the chemical 

shifts are the larger of these two sets of calculations, so that the 

enhancement may be even greater than the estimates given in this work. 

To explain the erulancement, all other sources of additional relaxation 

ha-ving been considered and discounted as being too ineffective it is 

necessar,y to postulate that the conduction electron-nucleus correlation 

time increas'es as the Te content decreases towards 33 at. %. 
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In the dilute metal model the conduction process is metallic, 

through a conventional conduction band, and there is no indication that 

the electron should spend any longer ir. allY' unit cell than in a normal 

metal. In the pseudogap mOdel the conduction is also in a conventional 

band until the density of states at the Fermi energy reduces, to some 

critical value, below which the electron states are localised. There is 

a s.pread of compositions in allY' liqUid alloy due to the thermal motions 

am hence it is expected that the appearance of' localisation will be a 

gradual process as the Te content decreases. This is just what is 

observed and, although it is difficult to say where localisation begins, 

there is scme evidence of it by the time the density of states has fallen 

to about 30% of the free electron value. This behaviour is similar to 

that described by the pseudogap model and must therefore be taken as 

evidence in its f'avour. Further, Mott has shown that localisation is 

only likely to occur with electrons in p or higher states; the deductions 

concerning the wavefunction character are consistent with this conclusione 

In CUTe where the conductivity is some three times larger than in 

TeTl the resonance shift is small and the relaxation rate shows no large 

enhancement. This behaviour is similar to that of TeTl, and had it been 

possible to extend the range of observation it is: likely that localisation 

would have been detected. 

In Bi
2

Te
3 

the conduutivity, resonance shif't and relaxation r.ates 

are all typically metallic; v.>hereas Warren reports that in I~Te3 and 

Ga Te there is evidence of localisation although there is none in 
23, 

Sb
2

Te
3

" An explanation f'or these two categories of behaviour may come 

f'rom the model proposed for Te-Tl. There it is suggested that molecular 

groups persist in the liquid, and this is supported by the cbservation 

of a chemical shift; the retention of some form of solid grouping in the 

liquid implies that the solid behaviour must be important. This is given 

weight by the f&ct that those alloy systems which show some evidence for 
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localisation have a region of liquid immiscibility and rather similar 

solid phase diagramsj those which are metallic have simpler phase diagrams. 

This offers a starting point fo!' f\4-..ther investigations of localised 

electron states in liquid semiconiu.ctors. 
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APPENDIX 

The extension of the Sholl theory of quadrupolar relaxation to the 

case ot binary alloys. 

The starling point of the theol'"',f is the quadrupolar relaxation 

ra.te expression, equation 5.8. The potential part of the quadrupolar 

Hamfltoman, equations 5.12 and. 5.13 expressed in terms of the screened. 

potential, e~~ation 5.11, is used. to calculate the spectral density, 

equation 5.:14. 

In al1 alloy the potential describing the interaction deper..ds on 

whether the atom pairs are AA or AB, so now 

= 

•••• 

the ensemble average of this is 

* 
+ f f u! (.to) U!, (!ol) P AAB (!:a' t. -'t i .!:1' t) d!:o ~1 

+ If u! (.to) u!: (.!:1) PABA (.!:o' t -'ti !ol' t) d~ ~l 
•••• 

Wh P ( t -t· r t) dr dr is the probab~lity of finding an 

(A.l) 

ere Ji.As!o' , -1' -0 ul . 
- nd • f type B in d.r at ion of type A ill dr a.t r at time t - .. a an loon 0 -1 

-0 -0 

r a.t time t ·given that there is one of type A at the origin. These 
-l 

probabilities are expressed 

PAM ~, t -1:; A:l' t) = gu(!:a) C p PA (!:o' t - 't; .!:1" t) 

+ f ill (!o' ~) PA (~" t - 1: ; .!:1' t) ~ 
•••• (A.3) 



PABB (~, t -1:; £1' t) = gAB(ro) (1 - C)p PB(£o' t -'t; £1' t) 

(~) •••• (A.4) 
+ J A~B <'~o' !2) PB(~' t -t; £1' t) ~ 

PMB (~, t - 't ; q, t) = f ~~ (1'0' !:2) PB(~' t -'t; £1' t) ~ (A.S) 

PABA (~, t -1' ; £1' t) = J ~~ (!o' ':2) P,A(£2' t -t; £1' t) d~ (A.6) 

where p is the atom number density, 

C is the fractional concentration of A t~~e atoms, 

gA,A is the AA radial distribution function, 

gAB is the AB radial distribution function, 

f.l(~(ro' E2) is the three particle correla.tion function: the 

probability of finding A ions a.t ~, and ~ given an 

,A. type ion at the origin. 

p.i~' t -r; £1' t) d.!:,o <1£1 is the probability of finding an ion 

of type A in dr at r at time t - "t and the same ion in <l:!:, 
-0 -0 • 

at £1 at time t. 

The three particle correlation function is expressed using the 

superposition approximation. 

AAA (::0' .!2) ::: e
2 p 2 gAA (ro ) gAA (r2 ) gAA (ro2) 

ABB<!:o' '£2) = (1 - c)2p2 gAB(ro ) gAB(r2) gBB(r02) 

. 
2 

. 
AAB<Eo' !2) = e(l - C) P gAA(r

O
) gAB(r2) gAB(ro2) 

ABA ('£0' '£2) = e(l - e) p 2 gAB(r 0) gA,A (r2 ) gAB(r 02) 

Following Oppenheim and Bloom (1961) 

and 

•••• (A.7) 

•••• (A.8) 

•••• (A.9) 

•••• (A.lO) 



DA is the sel~-di~fUsion cce~~icient o~ ion A. 

Substituting equliitiorJS A.3 and A,13 into equation A.2 gives 

+ (1 - C)2p 2 Dmml ('t ) 

+ e(l - e) p2 [EIJlIl' (1:) + Fmm' (~~ •••• (A.14) 

where A , (t) and B 1(1:) are integral expressions o~ U , the g(,.'), mm ram m 

and are de~ined by Sholl (1961). The terms e, D, E and F are similar :i.n 

:Corm but have chanses 0:C DB :Cor DA, gAB(r 02) :Cor SAA (r02) and so on. 

and 

The relaxation rate can l"'£)W be expressed 

1[P 

75 

Ltc I DA\ :s.(v~,~, 8AA, 8AA) 

x 

+ l e2 I DA 1 12( v~, v~, SJ.A' SM' SAA' SA!) 

+ {(l - e) I DB \ Il(v~, v~, gAB' gAB) 

+ {(l - e)2 I DB' 12( v~, v~, gAB' SAB' gAB' SBB) 

+ {eel - c) I DB1 12(v~, v~, S.A.A' gAB' gAB' gAB) 

gA~ 
•••• ·(A.15 

•••• (A.16 



00 00 +1 

= J v~(ro) g.AA(ro) r~ d.ro !G(r2) dr2 J 19BB(r02) - 1}P2(z) dz 

o ~-1 

where P 2(z) is def'ined in equation 5.16. 

If we now make the assumptions that gAA = gAB = ~B and 

also that vB = c(. vA then equation 5.19 appears. 

•••• (A.1t 
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