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ABSTRACT

A high resolution positron annihilétion angular distribution

study has been made of a sequence of d—phase alloys, of copper gallium
‘and copper germanium up to electron per atom ratios]of about n = 1.25.
~While the primary study has concerned the variation of the radius of
the neck features of the Fermi surface with electron concentration,
data has also been obtained for the <110> Fermi cut-off for all élloys
and in addition a <100> cut-off has been obtained for the highest con-
. centration copper gallium alloy.

The two concentrated alloy systems show different behavior which
is in agreement with low concentration studies aone on CuGa and CuGe by
Coleridge and Templeton. Tﬁe CuGa neck radius if found to incréase at
a more rapid rate than predicted by rigid band theory, particularly at
the highest concentration studied, whereas the CuGe behavior is below
the rigid band predictions. General consistency is obtained between the
neck variation and the <110> cut-off change. For the most concentraéed
CuGa alloy the results allow us to sketch a tentative Fermi surface and
also provide convincing proof thatlthe.Fermi surface is most unlikely to
contact the (200) Brillouin zone boundary even at the limit of the
a—phase; This refutes the explanation given by Hume-Rothery and Roaf to
account for the occurrence of the Hume-Rothery rules. |

The present results ére compared with the othér existing experimen-
tal data foé'these alloys, in particular the optical absorption data of
Montgomery and Pells, and it is concluded that, while it is not possible

to make any definitive theoretical statements from the present data, the

two different measurements provide complémentary details of the alloy band



i
structure which would serve as an excellent test of any theory. The
recent calculations of Das and Joshi usiﬁg the coherent poteﬁtial
mbdel has had reasonable success in explaining the optical data for the
‘ a-phase of the copper zinc system and it'is hoped that the present work
will sfimulate the application of such theory to the CuGa and CuGe

'systems.



To my mother and father.



-\

TABLE OF CONTENTS

List of Tables

List of Figures

CHAPTER I:

CHAPTER II:

A.

B.

E.

INTRODUCTION

ELECTRONS IN METALS
Nearly Free Electron Theory
Orthogonalized Plane Wave Theory

Augmented Plane Wave Theory

CHAPTER ITII: ELECTRONS IN ALLOYS

fo I

I

|
*

e,

Introduction
Rigid Band Model
Tight Binding Method
Treatment of Alloy Pétentials
.(i) Average Potential
(EE) T Matrix
(iii) Coherent Potenﬁial
Other Methods Applicable to Disordered Alloys
(i) Electronic Specific Heat
-(ii) ‘Optical Measurements

(iii) 1Inelastic Neutron Scattering

Page

viii

ix

11

13

19
19
20
23
25
25
25
26
29
29
30

32



CHAPTER IV:

A.

1w

e

= 1

I

CHAPTER V:
A,

B. -

o

i

= I

I

'

THE POSITRON ANNIHILATION EXPERIMENT
Introduction
Angular Distribution of Gamma Radiation
Détector Geometries

(é) Wide Slit Geometry

(ii) Poiﬁt Geometry
(iéi) Crossed Slit Geometry

(iv) Present Geometry
Thermalization of the Positron
Enhancement

Previous Studies

POSITRON>ANNIHILAT16N FACILITIES
Introduction

Samples Studied

Detector Arrangement

Electronics

(1) Pre~Amp Discriminator

. (ii) Coincidence Box

Resolution Effects and Detectdr Considerations
[N

Chance Coincidence

Neutron Damage

Page

33
33
33
35
35
39
41
41
42
42
43

- 49

49
49
52
54
54
57
58
60
60



CHAPTER VI:

= 1>

o

D.

~vii-

EXPERIMENTAL ANALYSIS
Theoretical Resolution
Copper Analysis
Copper Alloy Analysis
(i) Smooth Curve Behavior
(gi) Difference Curve Behavior

Core Effects

CHAPTER VII: INTERPRETATION AND CONCLUSIOXNS

[ A

=

Appendix

Introduction

Rigid Band Theory
Alloy Fermi Surface
Discussion

Optical Studies

Electronic Specific Heat Studies

Hume-Rothery Rules

Summary

Bibliography

Page

62
66
72
72
73
73

92

96
96
26
105
106
112
114
115

116

118
120



Table

Table

Table

Table

Table

Table

-viii-

LIST OF TABLES

Electron per Atom Ratio for Several Alloys
Previous Measurements of Copper Alloy Neck Radii

Neck Radius Results —~ Difference Curve and

Direct Analysis
Density of States in Copper for Various Energies

Rigid Band Energies for Different Electron per

Atom Ratios

Rigid Band Prediction and Experimental Data

Page
21

48

90

98 .

98

98



Figure

8'A'
lBl
9‘A'
'B'

10'A"

-
n
12
13
14
15

16

LIST OF FIGURES

Energy Gaps in k Space

quper Fermi Surface

Muffin Tin Potential

Copper Band Structure

Density of States Versus n (Rigid Band Theory)
Optical Transitions in Copper

Momentum Conservation in Positron Annihilation

Wide Slit Geometry

Sampling Region for Wide Slit Geometry

Point Geometry

Sampling Region for Point Geometry

Enhancement Effect on Electron Density -

Eiectron—Electron Effects on Electron Density

Block Diagram of Apparatus

Arrangemenf of One Set of Detectors

Pre~-Amp and Shaper Circuit

Coincidence Circuit

Resolution Function Folded into Copper Fermi Surface

Resolution Function Folded into Copper Fermi Surface

- Core Included

Page

100
10
14
18
21
31
34

37 -

37

38

38

44
44

50
53
55
56

64

65



cemXe

Figure | ‘ Page
~ i7'A','B','C' Copper Angular Distribution Data | 69
18 Fol&ed Copper Data and Neck Radius - >_70'

19 Copper <liO> Cut—-0ff - 71
20—25\ leck Radius Data for Alloys 4 - 74-79
26—31. <110> Cut-0ff Data for Alloys ' " 80-85

32 CuGa (12.7) <1C0> Cut-Off 'A 86

33 ﬁeck Radius Results - 87
34 <110> Cut-Off Results : | 88
35'A'  Difference Curves forfque ' : SR . 89
'B' Difference Curves for CuGa o 89
36 Previous Copper.Aluminum Data with Present Trends
for CuGa, Cuée | ' ' 94
37 Previous Copper Zinc Daté with Present Trends
f&r CuGa, CuGe j : ' 95
38 Energy Band Diagram for Neck Radius and <110> th—Off 99
\39 ) -Néck Radius Results énd'Rigid Band Theory ’100

46 '§110> Cut-Off Results and Rigid Band Theory 10.1‘

41 ‘ Eﬁergy B;nd Diagram fo::<106> Cut—OffI 102

42 CuGa Fermi Surface Contours ‘ ' - 107

43 CuGe Fermi Surface Contours : 108

44 Optical Transitions in Copper ' . 111 -

45 Experimental Rescolution Function » 119



CHAPTER I

INTRODUCTION

The positron annihilation ekperiment has become an important tooi
in the study of the momentum distribution of electrons in solids. The
momentum distribution of the conduction electrons can be related td the -
Fermi surface and thus is of considerable importance in the study of
metal physics. In particular, the technique of positron annihilation
has been successfully applied to concentrated alloy systems which aré
inaccessible to experimental methods requiring that the electronic states
be sufficiently long lived before collisions with impurity atoms occur.
To a great extent previous positron annihilation experiments have been
carried out on known Fermi surfaces to substantiate the reliability éf
the method. From these experiments, the limitations and abilities of
the technique have been evaluated, leading to a further degree of so-
phistication in the application. The ability to ascertain specific
features of the Fermi surface of metals, such as the contact with
Brillouin zone boundaries, has been enhanced through the use of differ—
ent detector geometries. These geometries, which greatly détermine the
resolution of the system, refer to the apertures preceding the detectors
which count the gamma radiation resulting frém an electron-positron
annihilation.

N

By applying thg conservation of momentum law to the annihilation
it can readily be shown that the transverse moméntum of the electroh—
positron pair is related to the deviation of the gamma pair from 180°.
If the angular deviation is denoted by 6 and the transverse momentum by

Pt then Pt = mcB. If one set of detectors is moved so that the angle ¢



is varied, thén“aé ;ﬁgular distribution can be plotted for Pt' FUrfher,
if the positron momentum- is assumed small compared to the electron
momentum, the angular distribution will directly reflect the behaviour
of the transverse momentum of the conduction electrons. Thus.the posi-
tron annihilation technique'is able to ascertain the momenfum distribu-
tion of the conduction electrons in k space and information regarding
the Fermi surface of the material can be garnered.

Generally speaking, most positron annihilation experiments make
use of radio-active sources such as sodium-22 for the positron. In
this case additional apparatus in the form of a magnet and stagle power
supply are needed to focus the positrons onto the éémple. This type
of experiment places a great dependence on the surface of the sample to
be studied since the penetration depth ofrthe positron is small..

A copper alloy can be studied in a different and more effective
manner. If the abundant isotope of copper, atomic wgight 63, is placed

in a neutron flux then a reaction takes place which produces a radio-

active isotope of copper with atomic weight 64. This isotope poésesses
a half life of 12.7 hours and undergoes radio-active decay with the
emission 6f a positron. The resultant annihilation of the ?ositron
with an electron depends on the volume rather than the surface of the
samﬁle since positrons are produced throughout the sample. The source
of neutrons in the ‘present experiment is the Atomic Energy reactér at
Chalk Rivef, Ontario. The samples are irradiated for a period of three
days and .subsequeﬁtly possess about 600 milli-curies of positroﬁ

activity.



The essence of the present experiment is the application of.oﬁe
particular geometry tolthé study of copper gallium and copper germanium
alloy systems. ‘This experiment was motivated by previous study of
copper zinc (Williams, 1968) since gallium and germanium follow zinc in
the periodic table with the addition of one and two 4p electrons
respectively. Alloys of 3.3, 6.0 and 8.2 atomic percent germanium and
4.9, 8.7 and 12.7 atomic percentvgallium were studiéd. The Fermi sur-
face of copper has been previously determined (Pippard, 1958) and is
found to consist of neck regions in the <111> qrystallographic directions
where the Fermi surfacg has made contact with the‘Brillouin zone boundary.
In the present experiment the neck was used as a monitor in the study of
.the different copper alloys to ascertain the effects of adding a differ-
ent number of conduction electrons to the intrinsic copper. The region
corresponding to tée location of the Fermi surface boundary in the <110>
direction was also studied in order to plot Fermi surface contours for
the allofs and observe the contribution of core electron states to the

-annihilation process. A single run to determine the <100> cut-off for
the highest electron per atom ratio alloy was also undertaken.

As a background for the present experiment the nearly free electron
theory; orthogonalized plane wave theory, and the augmented plane wave
theory are discussed under the general heading of electrons in metals.

<
In particular, the treatment of the augmented plane wave theory will lead
to calculatioﬁs for the'baﬁd structure of copper. This chapter is also
used to derive or explain such fundamental concepts as momentum space,
Fermi surface, and Brillouin zone bounda;y so that the later.reference

may be made to them.



The transition from the study of pure metals to éhe behaviour of
concentrated, disordered, alloys is exceedingly difficult. As well as
the inapplicability of the usual high poweréd experimental techniques
to concentrated alloys, the loss of the inherent periodicity'of the
metal severely complicates the theoretical calculations. A simpie
approach in this study is to assume that the band structure of the host
is not altered in the alloying pfocess and that the introduction of
impurity eleétfons(éan be éccounted‘féf Ey siﬁply séaling ﬁﬁe Fermi‘
energy according to the electron per atom ratio. This rigidrband model
would be expected to possess some validity for dilute alloys, however
Stern (1969) hés indicated that the rigid band model may be applicable
to concentrated noble metal alloys. This applicability is due to the
large separation between the conduction bands for the noble metals and
is related to the shielding effect of conduction electrons about solute
atoms.

The only detailed theoretical model which has had success in
.accounting for the properties of disordered alloys is the coherent
potential method of Soven (1966). The complexity of the problem is
evident from the nature of the potential which is energy dependent and
further, has an imaginary part to account for the damped wave functiomns
characteristic of disordered systems. The coherent potential ﬁodel has
been épplied to th; copper zinc system by Soven (1966) and Das and
Joshi (1972) with marked success in describing optical daté for thét

alloy. It is hoped that the present measurements will stimulate a

similar analysis of the copper gallium and copper germanium‘systems.



Various conclusions can be drawn from tﬁe present data. For
example the ﬁeésurements of the alloy neck radii and Férmi surface
cut-offs can be related to changes in the pure copper band structure
with alloying. It should be stressed however, that the application
of present measurements to band structure considerations is severely
limited by such effects as the strong d band-conduction band inter-
action in copper. The experimental data cén, hoﬁever, be used to plot
Fermi surface contours for the alloys which Wiil be extremely useful
in subsequent band calculations as applied to concentrated alloys. As
well;the present work is relevant to the Hume-Rothery rules and leads
to a definitive statement concerning the o-B phase transition in the
copper g%llium system. A comparison of‘the experimental work with
other methods applicable to noble metal alloys serves as a useful

summary of the current knowledge of the copper allby system,



CHAPTER II

ELECTRONS IN METALS

‘éf Nearly Free Electron Theory

The present chapter includes a study of some of the common
methods for studying the band structure of pure metals. A survey of
the various methods will help to elucidate the band structure of copper
and serve as an introduction to the sfudy of copper'alloy éystems.

The simplest approach to study the behavior of conduction elec-
trons in metals is to assume that the electrons‘are a gas of non-
interacting particles moving in a constant potential. If the wave
funqtion of the conduction eléctrons is denbted by ¢ the Schrodinger

Equation is written

. ,
R R 2-1

A

The solution to this equation for the wavefunction ¥ and energy e
can easily be found by imposing the boundary conditions that the elec-

trons occupy a cube of side L. The solutions are;

2 %

. R |
Yo =5 ¢ °F '
& Ve 2-2

‘ Y 3 ' ‘e ‘ ‘
£p: BA : 2-3

' The electron wave functions are plane waves with index k, the wave

number. The energies £fill hp k space such that at zero degrees Kelvin
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all states below g, = €

X g are occupied. The energy €g is known as the

Fermi energy and the region enclosed by the boundary comprises occupied
k space. |

The free electron theory explains many generél features of the
electronic behavior in solids quite well but often fails to explain
specific features such as tﬁe dgviation of the Fermi surface from spher-—
icity for many metals. The reason for this is that the assumptions
underlying the theory do not correspond with the realistic situation.
-In reality the electron will move in aApotential due to the ioms and.the
other electrons in the crystal. -This potential.V(E) will be periodic in
' pature because of the regularity of the crystal lattiée structure and

consequently may be expanded in terms of reciprocal lattice vectors G

Gr

’ V(r)‘-ZGVGf-."-’ - | | 2-4

If the wave functions of the system are labelled by Y, (r) then
, : k= :

AALE e | Uptn) | : 2-5

where the periodic function Uk(g) is invariant under a lattice tramslation

J

4s(t;) : U,‘_‘(\."* T)‘

S ’ 2-6

The electron wave functions, which are plane'waves in the free electron
theory are modified by the periodic function UR(E) and are termed Bloch

waves. Provided that V(r) is weak the free electron energy eo(k) given '

by equation 2-3 is modified by perturbation theory so that the nearly
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is given by

free electron energy €k

| <RVt R \"
Eg (5' "'{S"

E(n): i,lg) +LRIWmIRY + Zk

KEX

The first order term {E]V]ky simply represents a shift in the energy

2-7

levels of the electrons as can be verified by making the substitution

for V(x) as given in 2-4. To consider the second order term in more

~detail

~iR- 's'g,-_r-
CRIVEOLRDY - fd_rg ”-’-’w;) e

The matrix element becomes, on using equation 2-4 for V(r)

RV K'Y - io'vg 4y -2 2Dy

The integral is a deita function which is non-~zero only if

r

yeons

2-9

2-10

Thus the only contribution to the second order energy term is derived

from the mixing of unperturbed states which differ by a reciprocal

lattice vector. 1In the case where EO(E) = EO(E~—‘§) then,

LY S T
im -

.
im

from which

2-11
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Equation 2-12 defines the Brillouin zone boundary, the point at which
Bragg reflection of electrons by the lattice atoms occur. The Bragg
reflection gives rise to energy gaps in k space as shown in two dimen-.
" sions in figure 1. The effect of the lattice on the electron wave
functions is to introduce higher momentum components into the wave

functiong

((RtG) ¢ A
‘Tig F icz a’ée' | 2-13

where the a, are given by

&

Re: (ARIVE) k+G?

Ei o 2-14
R~ "keG

It should be mentioned for completeness that higher momentum componenté
can also. contribute to the positron wave function due to the exclusion
of the positron from the core regions of the solid.

The band structure of the»noble metals hés béen found to consist
of 5 narrow d bands located several electron volts below the Fermi
energy whiqh hybridize with the conduction bands. This interaction
resulté in an extremely distorted Fermi surfacé (as compared with a
free electron Sphere) such that the‘surface is in éontact with the §111>

zone boundary. Thus one may speak of the "necks" of copper which are
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. - B .

Figure 1: Energy Gaps in k Space

Figure 2: Copper Fermi Surface
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the regions of contact as shown in figure 2, The neck feature of
the copper Fermi surface is used‘as a monitor invthe study on the
effects of alloying.

The nearly free electron model must be modified when applied to’
the noble metal alloys due to the presence of the dfbands; Pseudo-
potential theory has been found to be applicable to the study of some
di~ and tri-valent metals by Heine and Weaire (1966) and is mentioned
at several points in this chapter. The following sections, which
. discuss the 0.P.W, and A.P.W. theory, will lead to the band structure

of copper.

" B. Orthogonalized Plane Wave Theory

In the orthogonal plane wave (0.P.W.) treatment the conduction
electron states are made orthogonal to thé core electron states. The
conduction electron behavior is represented by plane waves in the
inter-ionic regions of the crystal aﬁd the core elec£rqns are restricted
to individual ions.

-Utilizing tﬁe notation and method of Harrison (1966) an ofthogonF
alized plane wave Xk is related to a core electron state wa by
iRy

d7r 2-15

Xy * et ZDC Y ) f‘i&(r‘* e

. where d1' is a volume element. The expression can be conveniently

written in ket notation

Ry
Xy - VRY - L 1o “"_‘ 2-16
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which satisfies the orthogonality requirement since <xk|a> =0, If
the projection operator P = Z|a><al (the operator which projects
a . :

functions onto the core states) is introduced then

XE: (1-2)1R> 2_17.

The conduction band states wk can be expanded in terms of recip-

rocal lattice vectors as a linear combination of 0.P.W.s

: (-p) [Re6Y
Yh g Qgmst -t 2-18

If the expanded wk of equation 2-~18 are inserted into the
Schrodinger equation and all terms involving the projection operator

are installed in the left hand side of the equation one can obtain

- : 2-19

where; pseudofunction 4;‘3 : 2@ Qe(R 1 &+ G ?

w: V) *g (Fg- Eg) (o¢or | = Var) 4 (fé-/,),-,

pseudopotential

and the relation between the true and pseudo wave function is

o

“f’g : (l'P) ¢{< T . .\'2_20

The net result of this analysis is the introduction of a local

pseudo-potential operator given by (Ek - H)P which has the effect of
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counteracting the strong attractive potential V .due to the ioms.

()
:In essence the conduction electron plane waves are only slightly modi-
fied in the vicinity of the ions. The application of the 0.P.W. theory
to the fransition metals is somewhat ambiguous since a separation of
the S,P and 3d electrdns into conduction and core states respectively,
is not always possible. The pseudo functions however have been used
with marked success by Stroud and Ehrenreich (1968) to describe the'
positron annihilation angular distribution spéctrums of simpler metals
such as aluminum and silicon.. A third method has been found to be

especially useful in leading to the band structure of copper and this

method is now discussed.

C. Augmented Plane Wave

.A necessary requirement for any method to yieid tractable solu-
tions for the conduction electrons in a periodic potentiai is that the
rapid convergence be obtained when the wave function is expanded in
terms of the basis vectors.

The augmented plane wave method (A.P.W.) does not separate core
and conduction electron states as in the 0.P.W. technique but instead
matches exact solutions of the Schrodinger equation qu the distinct
regions of k space. The potential in the A.P.W. method has two compo-
nents; namely in the region about each ion core the potential is
spherically symmetric (termed muffin tin) and in the region outside the
core the potential is constant, figure 3. The Schrodinger equation can
be solved exaétly inside the muffin tin region by spﬂerieal harmonics -
and outside by plane waves. A brief description of the A.P.W3 method

as discussed by Ziman (1969) is now given.
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<

Figure 3: Muffin Tin Potential

K
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The solution of the Schrodinger eqdation for the muffin tin

region is given by

d: 2 G, Ry €)Y (80)
@ 2o 2 R 01
where: G;Jn.expansion coefficientg

RQ solution of radial equation in muffin tin region

‘é,m spherical hamopic-

The solution outside the muffin tin region is simply an expansion

of plane waves
- ' 2-22

It can be shown that the conditions imposed on the expansion coefficients
sz by matching the solutions at the radius of the muffin tin potential

are

Cgm-(zi?n)a. {jQR R} in(e‘P) 2-23
E.Q(rf) ‘

If the Clm are placed in the expression for ¢(r) the resultant solution

is termed an augmented plane wave ¢k(£) where

AN

Qh(f)'e{?g4é(f' ).‘ . ' ‘é_z4

The ¢ denotes the centre of the muffln tln sphere The wave function

describing the conductlon electrons wk(r) is a composite of the augmented
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plane waves
Yew : ff Lh-7 #’f_‘z-;‘?’ 2-25

where the o expansion coefficients can be found from variational
procedures,

The definitive work on the band structure of copper has been done
by Burdick (1963)"u$ing the A.P,W, treatment, and Segall (1962) using a
Green's fuﬁctionnapproach. The band structure is shown in figure 4,
The bands arising from the 1ls, 2s, 2p, 3s, and 3p levels of the atom
lie well bélow the conduction band and are consequently fully occupied.
The 3d band is also full and since the 3d states‘are,localized,~the
band itself is quite narrow with a consequent high density of states.
It has been found (Segall 1962) that the électrons in the <111> neck
regions of the copper Fermi surface exhibit p-like behavior (elect;on
density:greater in the inter-ionic regions) whereas the electrons in
the <100> belly regions are s-like in character (density greater at the
ion sites). The two distinct characters would be expected to affect
the introduction-of impurity electrons into the copper system in.
different ways and this is discussed further in the following chapter.

The band structure calculations are completely consistent with
‘the experimental dgka garnered by .Halse (1969), Shoenberg (1962) and
Joseph et all (1966). The most significant featyre of figure 2 is that
the Fermi surface has made contact with the Brillouin zone boundary in '
the <111> crystallographic direction resulting in the neck regions of>

copper, It is this pafticular feature of the Fermi surface which will
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be used as a monitor in the study of the effects of alloying copper
with different impurities.

The present chapter has attempted to provide, in a cursory
manner, a theoretical basis for the behavior of the conduction elec-
trons in copper. As well, a foundation for the study of copper alloys
in the followinz chapter, has been laid. Some of the concepts intro-
ducéd in this chapter, such as Brillouin zones, will also be réﬁerred

to in succeeding chapters.
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Figure 4:

Copper Band Structure
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CHAPTER III

"ELECTRONS IN ALLOYS

A. Introduction

The eigenfunctions of the conduction electrons in pure metals are
Bloch functions arising from the translational invariance of the lat-
tice. The Bloch states have well defined energies given by

. .hzhz
EJ*.- 2 m 3-1

and fill up the Fermi surface in k space. If impurity atoms are now
randomly inserted into the pure metal, the concept of Bloch states
becomes somewhat tenuous since the periodicity of the lattice is de-
stroyed. The following questions pertaining to the.spudy of ;hese dis-
ordered alloys now arise; |

1. The validity, in a quantitative sense, of the application of the
éﬁeory of pure metals to disordered alioys.
II. if such validity does exist, the dependence of the alloy band
| structure on the concentration and nature of the impurity»atoms.
I1I. The modification of pure metal theories to conform to reality in
the study of disordefed alloys.
IV. The experimental approach to justify the relevant theories per-
taining td disordered alloys. .
The following discussion will attempt to answer the aforementioned

questions and also to relate the role of positron annihilation to the

study of disordered alloys.
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B. Rigid Band Model

A simplistic approach in this study is to assume the only effects
of alloying a solute impurity with a valence greater than that of the
solvent host is to scale the Fermi energy in accord with the number of
conduction electrons., This assumption is the basis of the rigid ban&
model which also holds that the constant energy surfaces and the den-
sity of states curve remain unchanged in the disordered alloy.

Quantitative support for the rigid band model is shown in table 1
where the electron per atom ratio n at the aipha phase boundary is
given for several alloys including the two studied in the present exper-
iment., The result thé£ the different alloys péssess siﬁilar electron
per atom ratios lends credence to the rigid band model as shown in
figure 5 where the density of states N(e) is plotted versus n using
"rigid band theory (Ziman 1960). The maximum in N(g) occufs near n = 1.36
which-is the point at which a free electron spﬁeré has expanded suffi-
‘ciently to encounter the Brillouin zone bbundary. The expected behavior

in the density of states and also the electronic specific heat Ce vhere
f T RENGE) T |
Ceo* 3 3-1

is to decrease Oncs the zone boundary has been reached.

With regard to the latter prediction concerning the behavior‘df
the density of states the rigid band model confiicts ﬁith the band struc-
ture reéults_for copper discussed in the previous chapter, It has been

found that the pure copper Fermi surface, that is n = 1, is sufficiently

distorted that contact has already been made with the zone boundary.
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. ALLOY n (« phase boundary)
CuZn 1.384
CuAl 1.408
CuGa 1.406
CuGe | ©1.360
CuSi ' 1.420 o
buSn 1.270

Table 1: Electron per Atom ratios (n) for several alloys

Dénsity of States

Figure 5: Density of States versus n ( Rigid Band theory )
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Furthermore, much experimental evidence has‘éccumulated to show that
for the noble metal alloys the electronic specific heat, hence the
density of states, actually increases with n which.contradicts thg
rigid band theory. Other experimental evidence (Stern 1970) also indi-
cates failures in the rigid band theory as applied to concentrated
alloy systems. Rather than totally discard the rigid band model it is
worthwhile to consider some modifications of the model.

In the modified theory the eigenstate.¢£ of tHe rigid band model
trgnsforms to a state in the alloy system which is not an eigenstatg
due to the lack of periodicity in the alloy lattice. Similarly an

energy transformation takes place

Fup= Eiy + i (4 r() L

where the real part of the gnergf E' (k) corresponds to the true eigen-
sﬁate qf the alloy system and the imaginary part I'(k) denotes the life-
time of the. state. Thé eigenstate for the alloy system will be smeared
out iﬁ k space Qhere the width of the peak at half maximum is given by
I'. The width depends directly on the impurity concentration. The
smegring of the eigenstate at the Fermi surface can, in theory, be deter—>
mined by the positron annihilation method since the'momenfum distribution
‘of the conduction ;lectrons in k space is measured. In this event, the

’ reéion of k space corresponding to k > kf would éndicate the sharpnéss

of the Fermi cut-off and any smearing of the k'stateé would be evident.

In general howéver, the positron annihilation technique is unable

to measure the smearing of the k states except for the simplest dilute
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alloys such as lithium-magnesium (Stewart 1964). The reason for this
is that the momentum distribution of the gamma radiation is affected
by higher momentum components and also for the transition_metal alloys
the core states contribute an unknown amount. Both effects contribute
to the smearing in k space so that any definitive conclusions are

difficult to draw.

C. Tight Binding Method

Another approach has been developed by Stern (1969) for the noble
‘metal alloys. This approach requires that the conduction bands be ener-
getically well separated from the uﬁfilled bands, a requirement which is
met by the copper alloys studied in the present experiment. |

In this mephod the wave functions of the alloys are Wannier func-
-tions derived from a tight binding approximation. If.the.wave function
of the pure metal is denoted by wk(g) and the atomic wave function for

the hosg copper is denoted by ¢l(£f§a) then

i k'Ra » | .
Yy 0 SRR ACK Y 3-3

where the R, denote the location of the host atoms in the lattice. For

the host atom copper, the conduction band.will'be only half filled since

[N . )
‘the band is capable of holding two electrons per atcm corresponding to

the two spin states of the electron. .

If an impurity atom with two valence electrons is added at a

lattice site s then the wave function for the alloy Qﬁ(z) can be written
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Nenlt) * 2 Bl G (- R .

where ¢n.= ¢l fér n¢#s

¢n = ¢2'for n=s

An(m) = expansion coefficients

If the two conduction electroﬁs belonging to the impurity atom
remain isolated about the atom then the impurity state ¢2 can beAsaid
to be fully occupied and additional electrons-adaed fo the system °
would be effectively scattered from the impurity sife. The net result
is that the amplitude of an additional electron state would be de-
creased in the vicinity of the impurity contrary to the free electron
behavior which would tend to deposit additional éharge.at the impurity
for shielding purposes. If the iﬁpurity state is not fully occupied
then the scattering of conduction electrons will bé s-type in nature,
that is spherically s&mmetric. On the other hand, p-type scatfering
of the conduction electrons will occur if the.impurity states are fully
occupied. Evidence that the conduction electrons in the <100> cfystal—
lographic directions exhibit s-—type scattering and the electrons in the
<111> crystallographic neck directions display p-type behavior has been
obtained (Segall 1962).

Support for the localigation of charge theory has been obtained
from resistivity m;asﬁrements on noble metals (Leonard 19§7). These
) meésurements indicate that the resistance of thé,noblé metals is loﬁer

than predicted by theory (Born approximation) for scattering centres

which are characterized by potentials that are localized and weak. The
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explanation in terms of charge localization is that the impurity atom
states are filled and hence are not effective scattering centres for

the conduction electrons,

D. Treatment of Alloy Potentials

Three methods pertaining to the study of the effective potengials
seen by the conduction electrons have been applied to disordered alloy
systems. These methods are now discussed briefly with no attémpt to: -
indicate their validity in terms of experimental data. It should be
mentioned however, that_only the most sophisticated method of the three,
that is the coherent potential technique, is expected to adequately
relate to concentrated alloys.

(i) Average PotentialA

In this treétment (Sommers 1966) the alloy potential is simply tﬁe

average of the potentials of the two constituents weighted by their con-—

centrations. The average potential at each lattice site is thus

'V‘. C‘\/‘ + Cl \/2

This method has been found to be of use only for extremely dilute alloys
with similar constituents and thus has very limited applicability.,
(ii) -T Matrix b .

This method (Beeby 1964) is slightly more sophisticated than the
average potential method. Here an average scattering matrix, the T

matrix, is used where the two distinct scattered waves corresponding to

interactions with the two constituents of the alloy are averaged. Thus
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rather than an average potential one considers the average 6f the
scattering properties of the two atoms. The atomip potentials chosen
are usually muffin tin in nature (see A.P.W; theory in Chapter 2).

The determination of the crystal potential for either ponstituent
is often difficult and is even more uncertain in the case of an alloy
since the environment of lattice sites can vary. As well Soveﬁ (1967)
concludes that the method is totélly inadequate for transition metals
since it introduces spurious band gaps in tﬁe energ? épectrum and fails
to reproduce the electronic behavior near band edges. Thus for alloys
and non-simple metals this method has been superceded by a third |
approach,

(iii) Coherent Potential

Tﬁe coherent potenfial model has been described by Soven (1966,
1967). It is defined as an effective potential which when placed upon
'ﬁhe lattice sites of an alloy will reproduce the propertieé of that
alloy. - Such a potential must be energy dependent since no single
potential would be expected to account for the alloy properties over a
wide range of energies and in addition must be cbmplex to provide for
the.damped wave functions which are characteristic of.disordered alloy
systems, Thﬁs the model simulates the conduction electron behavior in
an alloy by introducing a medium in which a éoherent potential is placed

<
on_inéividual-lattice sites and modifies the dynamical properties of the
particle. . . ' o IR |

The cohefent potential method is based on a Green's function for-
malism and for simplicity is discussed for a One—dimenéional syétem. It

should be noted however that the model is expected to be perfectly

adequate in describing the three dimensional system (1967).
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The Green's function G(x,x') is defined for a one-dimensional-

alloy (Soven 1967)

(4, - F) Gooy = f0x-x") s

where Hx is the Hamiltonian of the system
6 is the Dirac delta function.
The free electron Green's function will satisfy the initial

equation with the potential set to zero

(L91-€) Go (x %) =+ (%)

‘and the G(xx') can be expanded in terms of the Go(xx') in an infinite

series

G (xx') GO* GoVGe * GoV G VG & ---- s

where

GV G = | Gotxn) Vy Galyn) &y

If the crystal potential is labelled Vi(x) where 1 refexs to the
[N ’ _ . )
constituent and the g to the lattice site then the total crystal poten-

tial is .

Ve L Vig () - 3-10 -
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Thus

G:Cat £, CVic Cot B GV tbtpulinm )

- The physical basis of the preceding equation is that the electrons
move through the empty space of the crystal and are scattered by the
atomic potentials., The scattering processes can be accounted for by the
T-matrix approach discussed previously. The average scattering is given
by

. C t, +6¢C
T totoh 3-12

where tl and t, describe the scattering for a given site and the c1 and
c, are the concentrations of the alloy constituents, The scattering

matrix is related to the crystal potential V by

T: () : Vgl ¢ Vi (L) o Vited) 4 eeee

3-13
and if equations 3-11 and 3-13 are combined then
G- Go" Z Gotc‘ec (**)co +_i“et§p N t-‘& co fji/a Got eneee 314

‘The Green's function is now described in terms of repeated
scattering interactions where the electron is scattered at a specific

site then moves on to another site, This expression for G is only

approximate but can be readily summed. In general the model has been
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found to predict the position and shape of energy band edges for concen-
trated disordered alloys. Specifically the coherent potential model has
been applied to a-brass by Soven (1966) and Das and Joshi (1972) and is

discussed further in a later section of the thesis,

E. Other Methods Applicable to Disordered Alloys

(i) Electronic Specific Heat

Since knowledge of the electronic specific heat relates directly
to the density of states through equation 3-1 then a measurement of the
coefficient vy versus the impurity concentration can be used to infer the
behavior of the density gf states, Much experimental evidence has been
accumulated by Mizutani (1972) to show that the electronic specific heat
of noble metal alloys increases with an increasing electron per atom
ratio in contradiction of the theory underlying the rigid band model,
If is noteworthy that this experimental evidence includes the alloy
systemg_discussed in the present experiment,

Attempts have been made to expléin these results on the enhance-
~ment of the electron~phonon interaction as the impurity concentration
incrgases. In particular the lead alloy system (alloys of PbBi and
Png) has been studied by Clune (1970) where the electron—phonoh factor
is well-known. The experimenters find that if the effects of the
electron-phonon inzeraction are accounted for there isbquantitative
agreement between the increase of the specific Heat coefficient y énd
theory. ‘A definitive check on the relevance of the electrpn-phonon

interaction as applied to noble metal alloy systems may be garnered
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from a study of a superconducting transition in these alloys. Such a

transition would be expected if the interaction is a rapidly increasing

function of the electron per atom ratio, however copper alloys have

been found to remain non-superconducting down to 0.05°K (élune 1970).
The electron-phonon interaction is an alternativeito Stern's

localization hypothesis and much experimental data is needed in order

to clarify the relevance of the two contributions.

(ii) IOpticai Measurements

Figure 6 indicates a simple picture of the band structure of
copper. A narrow, filled d-band is overlapped by a wide s-band contain-
ing one electron. Two optical band transitions are shown; that from the
d-band to the Fermi level and that from the Fermi level to a higher,
unoccupied conduction band. A study of such transitions with a change
iq impurity concentrations wquld be e#pected to &ield-information on the
bénd structure of the alloy. For example the rigid band model.would
hold that the only effects of alloying would be a shift in'sf to the
right hence the transition from the d_band to the Fermi (labelled as 1
in figure 6) level would-be éxpected to shift to lowér waveleﬁgths and
the transition from the Fermi level to the conduption band (labelled as
2 in figure 6) to shift to higher wavelengths, Such simple behavior has
not been sﬁbstantiated.

fhe prime difficulty arises-since non-direct transitions are also
possible whereby k is not conserved. Unless the-‘experimenter is able
to resolvé the direct and non-direct transitions then definitive conclu~-
sions are difficult, 0§tical spectra have been obtained for CuGa and CuGe

by Biondi et al (1959) and Pells et alv(1§70) which relate to the changes

in the copper band structure with alloying and thus are relevant to the

present work.



N(E)-Density of States

-31-

d band

Figure 6:

Optical Transitions in Copper
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(iii) TInelastic Neutron Scattering

In this method the dispersion curves for phonons evinces kinks
for wave numbers q corresponding tovtwice the Fermi surfage wave vector
gf. These so-called Kohn anomalies occur because Lhe sgreening effect
of the conduction electrons changes for the spegific value of q., The
screening refers to the ability of the conduction electrops to screeﬁ
the periodic electric field of the lattice ioné. Observation of the
anomalies of q = 2kf thus yields.information on the shape of the Fermi
surface.

Neutron diffraction studies have been done on lead by Brockhouse
et al (1962) and aluminum by Stedman and Nilsson (1965). The method is
predicted to be of énly limited use by Shoenberg (1969) due to'the weak
nature of the kinks and the difficulties inherent in the method,

- The Kohn anomaly éan also be studied-by x—réy diffuse scattering

experiments. Such a technique has been applied to concentrated copper

aluminum alloys by Scattergood et al. (1970).
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CHAPTER IV

THE POSITRON ANNIHILATICN EXPERIMENT

A. Introduction

In this chapter several facets of positron annihiiation in solids
are discussed. The theoretical angular‘distribution of the gamma radiaﬁ
tion, in conjunction with the different geometries, is covered in detail
to provide a sufficient background for the experimental technique used
in the present experiment. Other concepts such as the thermalization .
énd lifetime of the positron and the possible enhancement of electrons

in the vicinity of the positron are also included.

2; Angular Distribution of Gamma Radiation

The_methods by which the momentum distribution of conductién
electrons in metals and‘alloys has been studied by positron annihilation
relate to the particular geometry of the apertures placed in ffont éf
tﬁe detéctors. As will be shown, the geometry directly affects the
measufement of the angular distfibution of the gamma rédiatiqn hence |
deﬁermines the resolution of the experiment. It should be noted that
the neck of pure copber subtends.an angle of about 20 degrees at the
origin of k space thus the geometry used in the experiment should sub-
tend an angle somewhat less than this.

To analyze the different ge;metries it is necessary to apply the
_conservation of momentum to the annihilation of ; positron with an elec-

tron. From figure 7 one has for the transverse momentum of the gamma

pair;



-3

a=6/2+ 8
6 + B = 90°
a +

8/2 = 90°
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Figure 7: Momentum Conservation in Positron Annihilation
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Pt tim e S;ﬂ.(g) ‘ ' 4-1

Pt: mc6=m°( ) : 4~

p-irid

The momenta of the annihilation gamma pair is equal to the sum of the
momentum of the electron and posi;ron. As will be shown subsequently
in this chapter, the‘positron is thermalized at room temperature henée
Pt can be defined as the momentum of the e;ectron in the transverse

direction.

C. Detector Geometries

(1) Wide Slit Geometry

The wide slit geometry refers to an aperture préceding the detec-
tion system which is placed in the x~z plane suéh‘that Ex defines the
1eng;h of the slit and lz the width of the slit (figure 8'A'). A
specific crystallographic direction points along the y axis and this is
referred to as the axis of the system. If one of the détecting systems
is translated in the z dirgction then specific electrons with Pt = PZ
given by equétion 4-2 will be counted. If p(P) is defined as the den-
sity of electron states in momentum space the coincidence counting rate

N(PZ) will be given by the expression

»N(Pz)-“:_& _J; g0y dped oy e
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-The integration in the x direction is to infinity since the width of

the slits is made much greater than the width corresponding to the
Fermi-surface radius. The integration in the y direction is also to
infinity since the detectors are unable to detect the Doppler shift in
energy of the annihilation radiation. If the density of electrﬁn states

is assumed isotropic (Kahana 1967) and the Fermi surface spherical then

¢+

N(P) < §(P) E

o

& .
f d?xd,Pv‘ ' o L 4=4

-

Since the mapping area.is a disc in momentum space, figure 8'B', the

_integration can be carried out over the area of the disc using

b3
Ple 4 P*}"’f; = P by | . 4-5

In terms of the radius of the disc (in momentum units) the integral

becomes’

[+
N (Py) < 2X9P) fo P. 4 Pr
watp® [ P AP
’ 2

oL P; "F: ;;r fa 5’?
N : O for f27Pf

Thus for nearly spherical surfaces such as encountered in simple metals
such as sodium one would expect a parabolic distribution for the number

of gamma paifs with a specific z component of momentum., If the -Fermi
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Lead Block Sample s ?/

coincidence

unit

Figure 8A Wide Slit Geometry

Figure 8B Sampling Region for Wide Slit Geometry
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Figure 9 "A": Point Geometry
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FPigure 9 "B": Sampling region for Point Geometry
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surface ‘is not spherical but possesses features such as the necks
previously discussed in connection with copper then the parabolic shape
would be modified. In the case of copper, a discontinuity in the slope
of the parabola would occur in the neck region.

It is also interesting to examine the region corrésponding to the
location of the Fermi surface cut-off. According to theory, no annihil—
ation pairs should be detected past this point but experimental.data
includes substantial background counts. The reason for the background:
counts beyond the Fermi cut-off is two-fold; positrons can annihilate
Qith the core electrons of copper and also higher momentum components
can contribute to the background. At best a discontinuity in the slope
of tbe parabola would indicate the cut-off point. |

The major difficulty encountered with the wide slit geometry is
that a sample in the form of a disc is taken in k space and this may not
yield sufficient resolution to show the neck features of copper. It is
for this reason that other methods have been developed in order to

improve the resolution of the system.

(ii) Point Geometry

To provide finer resolution in k spacé it is necessary to reduce
the limits of integration in the x direction. This is accomplished in
the point'geometry method, figure 9'A', which consists of circular aper-
tures preceding th; detectors; thus the mapping of the Fermi surface is
done by cylinders as shown in figure'g'B'. If the diameter of the\

cylinder is made sufficiently small the integration in the x direction

can be avoided. 1In this case the coincidence counting rate is given by
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e
N(P) o o) L d Py .

60
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o
and using the relations

LopeRt 48
P‘lp; Pl"{Pr . ) 4_9

the integral in equation 4-7 becomes;

o
N (P e 5"”& P—%—rf |

| - .Lg(P)f "l.-ﬁ:—ei—) |
B (P P‘J‘ 410

< (Pf" P;')=~ for p1 PF

A discontinuity in this distribution will occur when the cylinder
passes through the coppér neck region. Since.thg volume element iﬁ k
space, which is mapped by the cylinder has been substantially reduced
from that of the wide slit technique, the resolutidn will be correspond-
ingly improved. The loss of counts encou@tered with this method can in

part be alleviated by using stronger sources.
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The point geometry was used in earlier work iﬁ this laboratory
where the diameter of the cylindrical aperture defined a resolution of
about 1 milli-radian at the source. It was found that the resolution

was barely adequate to clearly define the necks of CuZn alloys.

(iii) Croséed Si1it Geometry

Another method has been developed and used to a considerable
extent by Fujiwara et al (1966, 1967, 1968). In this technique.é pair
of crossed slits define the resolution function where the experimental
resolution in the x direction (see figure 8'A') has been considerably
improved over that employed in the wide slit geometry. For a given
detector position the ﬁumber of gamma pairs with specifié transverse
momentum Pt'(equation 4~2) will be greatly attenuated thus statistical

considerations place a limit on the width of the slits. .

(iv) Present Geometry

In the present experiment the previous point geometry was altered

in order to improve the experimental resoiution. This alteration in-
cluded the placement of a pair of slits in frdnt of the collimating

holes (see figuré 9'A') such that the'resolufion in the direction of
detector movement was narrowed by a factor of about 1.5. As is discussed
subéequently the fiﬁal resolution is among the sharpest in use at this
time. As for the grossed slit geometry statistical conside;ations place
a limit on;the slit dimensions and financial co§§iderations (eadh irrad-
iatibn and delivery costs in the neighborhood of six huhdred dollgrs)

limits the number of samples studied,
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D. Thermalization of the Positron

The determination of the positron life-time in copper has been
made (Kohonen 1967) and the result indicates a value of 2710“lO seconds.
If this time is compared with the thermalization time of the positrbn,
about 3-10—12 seconds at room temperature, then the conclusion can be
made that the thermalization of the positron is complete at the time of
annihilation. The conduction electrons will possess energies.of the
order of seven electron volts thus the thermal energy of the positron,
about 0.02 electron volts, will be negligible in comparison.

Several experiments have been carried out to determine the temper-—
ature effects of positron annihilation. In particular, Shand (1967)
has studied the annihilation iﬁ sodium from 77°Kelvih to 600° Kelvin.
The results of the Shand experiment show conclusively that the width of
the angular distribuﬁion curve increases wifh increasing temferature.
This smearing effect is analogous to increasing the resolution of the
measuring apparatus (see following chapter) and indeed many experimen-
ters include tﬁe effects of positron motion in terms of an increase in’
their resolution. The Shand data also‘indicatés the.positron effective

mass to be almost twice the free electron mass.

E. Enhancement
“

It would be expected that when a positron enters a metal there
would be an increase in the';onduction eléctron density.abouf the posi-
tron due to Coulomb effects. This concept is. termed enhancement gnd
theoretical calculations (Kahana 1960) indicate the electron density to

be an order of magnitude greater at the positron than elsewhere in the
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metal. The predicted Kahana enhancement has been found to be in
excellent agreement with the measured angular distribution of sodium
(Donaéhy 1967). A plot of the theoretical electron density in momen-
tum space versus k using the Kahana theory is shown in figure 1d'A'.
The electrons near the Fermi surface are most affected sinée scattering
states are readily available to them.

_ A sketch of the electron density versus k in the absence of posi-
frons and including the effects of electron-electron interactions is
shown in figure 10'B' and indicates that the density of electrons
decreases at the Fermi surface. This is due td some of the electrons
accruing sufficient enérgies in order to occupy upper unfilled levels,
The two effects tend to balance one another, indeed experimental evi-
dence (Kahana 1967) points to little influence of the enhancemenf on the

angular distribution of gamma radiation.

F. Previous Studies

The first real evidence that positr&n annihilation could furnish
details of the copper Fermi surface was provided by the early crossed-
slit angqlar‘correlation results of Fujiwéra (1965). Subsequent work
by Fujiwara and his collabdrators with improved resolution have produced
much of the existing data on the copper and copper alloy systems.

An alternati%e geometry, the point geometry, was first usea by the
University of British Celumbia group (Williams et al 1965, 1968) tg
study.the copper Fermi surface as a function of crystal orientation and
concurrently Sueoka (1967) used the Cr°$é?d;§;§tf$¥§§§Tjt° perférm_tﬁe

same type of study (thev"rotating speciméﬁ" method). This latter method
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has‘begékwidé}y‘used by the Japanese workers, It should alsoAbe noted
tﬁaéxf;jiyafa and his associates pioneered the use of néutron irradia-
tion to create positron active copper 64. |

Measurements of the neck radius and <100> cut-off,have been made
on a sequence of copper aluminum alloys consisting of 2.6, 5.7, 10.6
and 15.1 atomic percent aluminum by Fujiwara et al (1968). Their'
‘results indicate an oscillatory behavior in the neck radius dimension
as it initially increases with the 2,6% alloy, decreases for the 5.7%
alloy and subsequently increasesvto about twice the pure copper neck
radius for the two most concentrated systems. 'The most distinct neck
features occur for the 2,6% aﬁd 10.6% concentrations and are included
here. The other two alloys show little evidence for a neck. The neck
radius for the 2.67 aluminum sample was determined to be 1,25 milli-
radians and the neck radius for the 10.6% sample was foﬁnd to be 2.0
m.,r., The latter alloy was found to have a <100> cut-off of 6.2 m.r.A
vhich can be compared with the present measufements.

In this lab Becker et al (1971) have determined the neck radius
and <110> cut-off for Cu 2n,. and Becker (1970) has measured the same

85 15

dimensions for a Cu90 Allo alloy. In the former study the respective

neck and <110> radii for Cu,_Zn were found to be 1.6 m.r. and 5.3 m.r.

85

and in the latter study the corresponding values for Cu90 Al10 were

1.95 m.r. and 5.9 m.r. It should-be mentioned that the point geometry

~

used for these measurements employed an experimegtal resolution in the
<110> direction which was almost twice the resolution of the present

work.
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The long slit geometry has been used by Murray (1970) to measure
the neck radii in the copper alloys with impurity concentrations of
2,5 and 5 atomic percent aluminum. The cor?esponding electron per atoﬁ
ratios are 1.05 and 1.10 respectively,. The measured neck radius for
the lower impurity concentration is 1.45 m.r. and for the higher one
the neck radius was determined to be 1.60 m.r. The authors also :eport;'
ed that the angular correlation data for a Cu78 Zn22‘sample, electron
per atom ratio of 1.22, did not indicate any distinct neck features,
presumabl& reflecting the type of geometry employed.

Trifthauser (1969) has also studied a Cu78 Zn22 sample and.found
a neck radius of 1.50 m.r. representing a 50% increase over the pure
copper value. This group also employed a long slit geometry to deter-
mine the momentum distribution.

Five copper-aluminum alloys have been studied by Thompson (1971).
The concentrations of aluminum are about 2.5, 1.1, 7.5, 10, and 15 atomic
percent. The respective neck radii are 1.2, 1.3, 1.5, 1.4, and 1.7 m,.r.
and all quoted values are approximate as taken from a graph. The plot of
neck radius versus the electron per atom ratios for these alloys indicafes
a relatively smooth curve and is feproduced at a latef.point in this
thesis,

Recent positron work has been done on the copper-zinc alloys and of
particular relevance to the present experiment, the copper-germanium
system. The former alloy study (Morinaga i972).indicétes a decrease in

the neck radius for a 4.17 zinc concentration, a slight increase of about

10% in the neck radius for zinc concentrations up to 10% and then an
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abrupt increase of about 40% in the neck radius in the region of

20 - 30% zinc. The two alloys studied which are closest in impurity
conceﬁtration to the CuZn systems mentioned above are those of 18.7%
zinc and 23.6% zinc. The respective neck radii for these two alloys
are about 1.15 m.r. and 1.3 m.r. The overall data for the study of
seven alloys does not indicate that the néck radius is a monotonically
increasing function of the electron-atom ratio.

A study of the two copper germanium alloys with about 3% and 9%
germanium has been reported in-a short note by Hasewaga (1572). His
values for the neck radiusAof the respective ailoys are 1,6 m.r. and
2.0 m.r., No other inférmation regarding the experiment is available.

One further experiment should be mentioned although'it is not
concerned with concentfated alloys. Colefidge, Chollet and Templeton
(1968, 1971) have étudied dilute impurities (less fhaﬁ 0.1% concent%a—
tion) in copper using the de Haas Van Alphen method and found the cross— -
sectioq_of the <111> neck increases at approximately 6 times the rate of
change of the electron per atom ratio. Generally they observe that the
copper gallium system seems to exhibit rigid band behavior whereas the
copper germanium reéulgs differ markedly from the rigid band predictions.
Thevauthors note that Stern's hypothesis concerning the screening effect
of the conduction electrons on the dilute impurities is supported by
their data. )

As well as the above work, several studies.of copper-nickel ailoys
have been feported. These ;esuits are not included since the primary
éoncern in the present work is the addition of extra conduction electrons

to the pure copper. Table 2 summarizes the previously discussed data.



Group
Fujiwara
Murray
Thompson
Thompson
Murray_
Thompson
Thompson

" Becker
Fujiwara
Morinaga
Morinaga
Morinaga
Morinaga
Becker

Morinaga

Trifthauser

Morinaga
Morinaga
Hasegawa

Hasegawa

Alloy
CuAl-é.
CuAl-2.
CuAl-2,
CuAl-5.
CuAl-5.
CuAl-7.
CuAl-10
CuAl-10
CuAl-10.6
CuZn-4.1
CuZn-5.4
CuZn-8.4
CuZn-10
CuZn-15
CuZn-18.7
CuZn-22
CuZn-23.6
CuZn-24.6
CuGe-3.0
CuGe-9.0

T O O »nn U &
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n

1.05 .

1.05
1.05
1.10
1.10
1.15
1.20
1.20
1.21
1.04
1.05
1.08
1.10
1.15
1.19
1.22
1.24
1.25
1.09
1.27

Neck Radius (mr)

1.25
1.45

1.20

1.30

1.60
1.5
1.4

.95

Table 2: Previous Measurements of Copper Alloy Neck Radii



CHAPTER V

" "'POSITRON ANNIHILATION FACILITIES

A. Introduction

The .copper alloy to be studied is placed mid—ﬁay between two
systems of detectors which are separated by 16 metefs (figure 11).
Each'system is composed-of seven detectors which aré aligned in pairs
through the sample. The gamma detectors are preceeded by a 10 cm
thick block of lead into which are drilled 6 ﬁm diaméter holes, In
essence this means that the space of the sample is mapped by seven
different cylinders each one slightly inciined to another-(by <0.2°).
One syétem of detectors can be varied in a sidéways direction corres-
ponding'to a translation in the <110> direction.

Pulses from the aligned pairs of detecfofs are fed into a pre—amp
diéériminator and then to a coincidence box which yiélds an output if
the incoming pulses are separated by less than 25 nano-seconds. An -
output pulse frbm the coincidence box indicates a legitimate positroﬁ
annihilation event and a plot of the coincidence output versus detector

position serves as the basis for the experimental results.

B. Samples Studied

. % '
The seven samples studied were either purchased from Materials
' *k - '
Research Corporation (Cu, CuGa 4.9%, CuGa 8.7%, CuGa 12.7%, CuGe 6.0%)

.

* .
All compositions refer to atomic percent concentration of impurity in
copper.

%% ’
Materials Research Corporation, Orangeburg, New York.
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or grown in the metallurgy department at the University of British
Columbia (CuGe 3.3%, CuGe 8.2%). The alloys were all grown by the
Bridgman method and all samples were indepeﬁdently analysed to deter- .
mine the impurity concentration.

In all cases the bulk single crystal is cut with a spark cutter
in the form of a cylinder with the axis along a <111> crystallographic
direction. Since we desired to éweep the moveable set of detectors in
a <110> direction (to effect the ﬁost distinct neck—gelly boundary
possible) it was necessary to define this direction on the sample.
This was accomplished by squaring the sides corresponding to a <110>
direction with a spark cutter; thus the sample‘would‘sit in the holder
' such that a <111> axis would point in the direction of the detectors
and a <110> axis would point in the direction of detector movement.

The factors influencing the sample size include the geometry .of
fhe apparatus and the radio-activity desired. Since slits .of dimen-
sions 3.5 mm by 6 mm in the z and x directions were installed in front
of the 6 mm holes for all runs the correéponding sample dimensions, on
the average, were made 2.8 mm x 4,5 mm, The length of the sample was
6 mm to insure adequate statistics for a given run. After spark cutting
the samples were chemically polished to remove surface residue and
re-x-rayed to insure single crystal structﬁre.

AN

The prepared copper alloys are sent to Atomic Energy of Canada
" and subsequently placed in the NRU reactor (neuﬁron flux of 1.8'1014n/
cm2/sec) for a period of three days. The radiation of the normal copper

63 with neutrons yields the positron active copper 64 isotope with a

half life of 12.7 hours. The radioactive sample, usually consisting of
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600 milli-curies of positron activity, is seﬁt via Air Canada and

placed in the holder. As the experiment progresses corrections must
be applied for the radio~active decay. These corrections were mini-
mized by counting at each detector position for either four or eight
minutes and re-cycling the detectors back and forth about the centre
axis to allow fér folding of the results. The useful counting time

for a sample is about one day.

C. Detector Arrangement

A schematic of one pair of the detecting apparatus is shoﬁn in
figure 12, All butvtwo of the gamma radiation detectors consist of
sodium iodide crystals coupled to RCA 6342-A photo-multiplier tubes,

The other two sodium iodide scintillators were coupled to RCA 6810
photomultiplier tubes. The detectors are encased in lead sheets to
minimize the background radiation. |

As previously mentioned, one éystem of seven detectors is variable
in a direction parallel to a <110> crystallographic axis of the sample.
This was accomplished by sending a start pulse from the master timer to
a motor. This pulse would activate the motor_which would turn a threaded
axlg connected to the detectors. The stop pulse occurs when a micro-.
switch riding the rim of a disc connected to the axle reaches a groove
cut in the disc. Each movement of the detectors between the start and
stop pﬁlsés corresponds to an angle of about O.Z‘milli—radians at the

sample,
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During the course of the experiment betterlresolufién was obtain-
ed by cutting another groove in the disc opposite to the initial groove.
The enhanced resolution has the drawback of poorer statistics and
requires highly radioactive samples.

-Sincé'thé seven sets of detectors cannot occupy the same position
in real space the <111> axis of the system was located such that four
sets of detectors were to one side of the axis and the other thrée sets
to the opposite side. The maximum angle between the extreme sets of
detectors and the <111> aﬁis of the system is 1.8°. The correspondence
in k space is that each mapping cylinder is slightly inclined to each
other however this will have little béaring on the results since the
neck of copper interéepts the origin of k space at an angle of_20°.

This point is discussed further in the section on resolution.

D. Electronics

(i) Pre-amp Discriminator

The function of this circuit, figure 13, is to prodpce a well de-
fined positive pulse of 1.5 volts amplitude capable of being driven
through 8 meters of cable to a coincidence box. The negaﬁive pulses
from the photo—multiflier tube are first inverted by the 2N964 transis-
tor and then amplified and re-inverted by the 2N706 A transistor. The
purpose of the delay line is to produce a bipolar pulse, the negative

portion triggering a change in state of the bistable multivibrator. The

positive portion of the bipolar pulse resets the pair to their original
state, The outpﬁt from the multivibrator triggers the tunnel diode which

produces a positive pulse of 0.5 volts amplitude and 25 nano-seconds
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width. The final stage of the circuit is an emitter foiiower to match
tﬁe cable impedance. The second output was used as a monitor to observé
the output pulses.

The circuit acts as an energy discriminator in th§t gamma radia-
tion with energyv below 150 kev will not produce an output, ' The discrim-
ination is necessary to insure that rando@ noise pulses from the ﬁhoto-

multiplier tube will not trigger the circuit.

(ii) Coincidence Box

The coincidence circuit is shown in figure 14. Initially the
tunnel diode and transistors are biased off. A change in the quiescent
state of these components occurs if two pulses from the'discfiminators
of.the matched detectors overlap to produce an inpﬁt pulse of three
volts. When the tunnei diode is triggered on, the voltage at the base
of the 2N797 increases turning fhe transistor on. The output pulse is
stretched by the 200 pf capacitor and is about 5 volts amplitude., This
pﬁlse is fed into a scaler which is controlled by a master timer.

The nominal resolving time of the éoincidence box can be adjusted
by varying the bias on the tunnel diode through theblo k pot. The
measurement of the resolving time can be obtained from the fandom source
method; two uncorrelated sources are placed near the two sets of defec—

tors and the random coincidence rate Nc measured. From the relation

ﬁJC_= 29 M N2 R ?5_1

where Ni and Nz are the single rates, the resolving time T can be found.

The resolving times of the seven coincidence boxes employed in the

experiment ranged from 18 nano-seconds to 25 nano-seconds.
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E. Resolution Effects and Detector Considerations

The resolution of thevpoint geometry system was determined by
dividing the sample and the collimating holes into very small elements
and then summing over éll these elements with a computer., If all
possible combinations of these elements are taken into comsideration
and the resultant angles noted one can plot the resolution function
directly. This resolution funcfion is described in greater detail in
the following chapter.

The important consideration is the angle the resolution function
subtends at the origin of k space. Designating this angle by ¢ we can
proceed as folloﬁs; take the ratio of the transverse momentum Pt and
_the momentum defined By a vector drawn from the origin of'k spacg.to
the Fermi surface.Pf.>’This ratio is equal to the sine qf one—half.the
resolution angle ¢: The transverse momenfum had already been defined'

(Chapter IV) and is equal to m.c6®, The Fermi momentum is given by

0

(2mosf)-~1/2 where €s is the Fermi energy so

. ég - My CO ' ) :
$|ﬂ(l) (2Mo£;)7- 5~2

Using €. = 7 e.v. and 8 = 1 milli-radian the angle ¢ is equal to 13°.
Since the angle subtended at the origin of k space by the necks of
: .
copper is 20° then the neck features should be defined by the apparatus.
Prior to commencing the preseﬁt experimenp‘an improvement to the
resolution was made since it was known we would be déaling with impurity
concentrations of Sufficie;t magnitude (electron atom ratios of 1.25)

such that the neck region might not be as'distinct as for intrinsic



-59-

copper. The improvement was made by placing'lead slits preceding the

6 nm  holes so that the width along the difection of detector movement
became 3.5 mm. In terms of the angular reSoluﬁioh at the origin of k-
space the angle ¢ is now about 7°. The resolution function is no
longer cylindrical in nature but becomes a rectangular pipe mapping k
space., The resolution was found to be adequate up to the highest
impurity concentration studied in the present experiment.

As previously mentioned a <111> axis of the sample defines-the
axis of the system however sinc¢ seven sets of detectors at either end
are used it is impossible to position them‘all along the axis., Figure
12 indicates one set of detector positions; four sets of detectors
(defining two vertical planes) were positioned to one side of the axis
and three sets of detectors (all in the éame vertical plane) were locatea
on the other side. The Aistance from the <111> axis to the extreme set
of detectors is 25 cms and this corresponds to an angle of 1.8°. In.

essence this means that the mapping surfaces are inclined to one another

by {4° in the case of the extreme sets of detectors and the third set
lies somewhat in-between.

It must be noged that the contribution of the positron motion~has
not been considered up to this point. Since the expefiments are done at
room temperature the posiﬁrons are thermalized and will be characterized
by a momentum distribution given by Maxwell-Boltzmann statisties.
Donaghy (1964) has found that the positron motion can be thought of as a
contribution to the resolution function of an adﬁitional 0.05 milli-

radians. This contribution does not appreciably alter the calculated

resolution function.



-60-

F. Chance Coincidence

The contribution of chance coincidence to the correlation data
can be estimated using equation 5-1. 1If oné uses an average value for
the resolving time of 21 nano-seconds and average singles values of
1800 counts per second (as determined at the start of each run) then
the calculated chance coincidence rate is about 8 counts per minute.

An average value of coincidence counts for that period of time is ~ 200
so the chance coincidénce'contributes about 47%. Thé cut-off data gen-
erally has about 80 counts per minute at the start, however since the
cut-offs are not measured until the neck widths have been determined

the singles rates are much lower, of the order of 1600 counts per

second. In this case the chance coincidence constitutes about 3%. The
correctioﬁs for this time varying contribution to the angular correlation

were easily carried out.

G. Neutron Damage -

The use of neutron radia;ion to create the source of positrons has
one major drawback in that possible damage wmay be done to the sample,
The extent of such damage is largely unknown and most experimenters
simply follow the convention of re-x-raying their sample after the
neutron bombardment. No alteration in the x~ray pattern as compared
with the pre—neutr;n bombardment pattern -is considered sufficient evi-
dence that no major aamége has occurred to the sample. This method is

obviously of only limited accuracy. Recent work howevery by Senicky

(1973), has compared the angular correlation obtained from a neutron



-61-

irradiated copper sample with that using a sodium 22 source for the
positrons. No difference between the curves is observed for angles

iess than 7 m.r. however the two graphs differ for values of . above

8 m.xr. In this expefiment the largest angle studied was 6 m.r. so

this recent data coupled with the x-ray analysis is considered verifi-
cation that the effect of neutron bombardment on the angular distribu~-
tion is small., In any event no sample in this experiment was irradiated

twice - if a second run was desired then a second sample was cut.
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CHAPTER VI

EXPERIMENTAL ANALYSIS

A. Theoretical Resolution

The effects of the experimental resolution on the detefmination
of the pure copper Fermi surface has been calculated by Petijevich
(appendix I) for both the point geometry and £heAnew higher resolution
geometry. This computer determined resolution is found by dividing the
collimating slits and the sample into small elements and calculating
the number of coincidences possible between these elements as a function
of angle. The resultant resolution function is closely represented by a
Gaussian with a full width~half maximum (F.W.H.M.) in the z direction of
1.13 m.r. for the point geometry and a F.W.H.M. of 0.735 m.r. for the
high resolution (the F.W.H.M. in the x direction for the high resolution
is 1.12 m.r.). The resolution also includes an enhancement factor
(Kahana 1967), however it ignores tﬁe complicated effects associated
with the contribution of higher momentum components to the electron and
positron wavefunctions. In addition, it should be noted that the posit-
ron mass is chosen to be eqqal to the free electron mass (experimental
“evidence indicates a positron mass in the neighborhood of twice this
yalue), hoﬁever this over-estimation in broadening is partly compensated
for in that the slit width adapted’ for the experiment is slightly wider
than used in the theoretical calculations. *

The effect of folding the ;esolution function info the copper Fermi
surface described by Roaf (1962), along with the angular distribution

data for copper, are shown in figure 15. 1t is obvious from the figure
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that relatively poor agreement is achieved and the contribution of core
annihilation, principally from the d band, to the angular distribution
must bé considered. An indication of the difficulty involved in account-
ing for the core effects is apparent from the work of Senicky (1973)..
The Senicky calculation, using a plane wa&e expansion in terms of recip-
rocal lattice vectors (or by an alternate method using a Wigner-Seitz
wavefunction) for the positron wavefunction and free atomic wave‘func—
tions for the core electrons, indicate a core to conduction electron
counting rate of not more than 0.1 at 8 = 0 m.r. This result, which
pertains to the identical orientation used in the present work, is well

below the counting rate for 6 > 8_ encountered in the copper angular

f
distribution in figure 15 and at odds with experimental data from other
'poéitron work on copper. For the sake of comparison, we have aséumed

that the higher of the Senicky calculated core contributions will bé
uﬁaffected by the present resolution function (since the core effects

are relatively constant for 6 < 6 m.r) and have arbitrarily adjusted the
core to conduction ratio at 6 m.r. to be 0,25 relative to the theoretical
conduction electron distribution discussed earlier. The results are

shown in figure 16 and slightly better overall agreemeﬁt is achieved. It
is possible the inclusion of the electron higher momentum components

would further improve the agreement, however the use of Kahana's enhance-
ment factor is questionable in view of the results of Fujiwara (1966, 1968)
that an abnormally large enhancement occurs in the neck regiqn. A con-
sistént corroboration of this has been found in the results of Morinaga

(1972). On the other hand evidenée for "megative enhancement" of the

higher momentum components has been found by Fujiwara et al (1971). Yet
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another complication may arise froﬁ the diffraction of the gamma rays
(Hyodo et al 1971, Hyodo 1973) which éan.have significant effects upon
the shape of the angular distribution curves. We can only echo the
conclusion of Morinaga (1972) who states that the eListencé of the
enhancement effect combined with the unknown core contrifution greatly

. complicates the study of the Fermi surface and it may therefore be
difficult to determine quantitatively an unknown Fermi surface. Accord-
ingly we have adopted the empirical approach of relating distinct devia-
tions from a smooth angular distribution curve to the neck radius and
Fermi surface cut¥offs.

Since the pure copper neck radius and <110> cut-off have been
measured accurately (Halse 1969) then a compariéon of the known values
with thekpresent data should enable us to determine the effects of our
measuring apparatus on the true value. Distinct deviations from smooth
behavior are chaéacteristic of not only the pure copper data but also of
the alloy results as well. The following section includes an analysfs
based on drawing a smooth cufve fhrough the angular distribution data
and attributing the difference between the meésured neck radius and <110>
resolution. This method is supplemented in a later section where the

pure copper data is subtracted from the alloy results.

B. Copper Analysis

The analysis of the pure copper sample will be described in detail
since a common analytic procedure was used for all the alloy samples.
The neck'région of copper intersects the Brillouin zone boundary at right

angles (Segall 1962), thus a sharp discontinuity in the angular correlation

-
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graph should be evident when the moveable detector system passes through
the neck region. The finife resolution of the apparatus and thermal
motion of the positron will introduce a smearing effect on the results.
_Accordingly, the location of the neck region on aﬁ angular distribution
curve should be manifested in a reasonably distinct droﬁ from a central
piateau region to a smooth shoulder described by a parabolic curve. The
sample is oriented such that a <11l>direction is aligned along the axis
of the system (towards the detectors) and a <100> direction is parallel
to the detector motion. |

Figure 17'A' is the initial sweep of the moveable detector assem-
bly from the nominal centre position of & = 0 milli-radians to 6 = 3
milli-radians. Figure 17'B' also includes the combined results.of
sweeps 2 and 3 where swveep 2 is from 6 = 3 milli—radians‘(right hand
side of <111> axis of the system) to 8 = =3 milli-radians (left hand
side of axis) and sweep 3 is the return pass. All results have been
corrected for the radioactive decay of fhe sample. Both curves indicate
the neck region of copper. For the right hand side of the 6 = 0° posi—b
tion, sweep 1 indicates a drop off in the vicinity of 1.0 m.r. and this’
is verified by sweeps 2 and 3. With regard to the left hand side of the
6 = 0 position, sweeps 2 and 3 indicate a discontinuity in the region
about 1 m.r. indicating that the true centre of the correlation coincides
with the nominal centre. 1In the study of the alloys all but two of the
angular correlations were symmetrical about the nominal centre, Thé two
exceptions indicated a shift of 0.1 m.r. was necessary to align the true
and nominal centre; the,shift preéumably reflecting the placément of the

sample.
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The total number of counts for both sides of the 8 = 0° axié'is
shown in figure 17'C'., The data is based on an even number of sweeps
for each side (that is the number of sweeps from 0 fo +3 milli-radians
is the same as the number of sweeps in the opposite direction) to counter
the effects of possible drift in the eleétronics.

The results of figure 17'C' indicate clearly that tﬁe true centre
of the angular distribution coincides with thé nominal centre. The lo-
cation of the true centre enables folding of the daté whereby the number
‘of counts in channels symmetric about the true centre are added.

The folded data are shown in figure 18. The neck radius of copper
is determined to be 1.20 m.r. with an uncertainty of 0.10 m.r. This
result can be compared with previous determinations of the neck radius
(Halse 1969 and Lee 1969) which yielded a value of 0.99 m.r. The differ-
ence between the two numbers is attyibuted to the effects of the experi-
mental resolution adding about 0.20 m.r. to the present measuremént.

The data for the <110> copper cut-off is shown>in figure 19. The
discontinuity in the angular distribution occurs at 5.15 *# 0.10 m.r, and
_ is indicated by an arrow in figure 19. The accepted value for this cut-
off from the work of both Halse and Lee is 4.98 m.r., thus the cut—off
data provides strong confirmation that the effect of the experimental
resolution is to add about 0.2 m.r. to the measured cut-off. This
correction is applied to all neck radiﬁs, <110> cut-offs, and to the
'single <100> cut-off measurements for the copperiallo?s.

It should be noted_thgt the <110> Brillouin zone boundary occurs.

at 7.1 m.r., thus the Fermi surface of pure copper falls well short of
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this boundary in contrast to the <111> direction where contact has been
made. The significant contribution of core electron states to the

angular distribution is obvious in the region of k > k_ for figure 19.

£

C. Copper Alloy Analysis

(i) Smooth Curve Behavior
The analysis‘of the copper élloy sampleé follows the same format

as for the pure copper sample, that is first defining the true centre of
the angular distribution graph then folding the results about that

centre, The apparatus is constantly cycled at ﬁeriods of four orveight
minutes to reduce any déift effects of the electronics. A similar correc-
tion of 0.20 m.r. is applied to the alloy data for the effécts of the
experimental resolution.

The following'copper alloy samples have been studied: 4.9, 8:7, and

12.7% gallium and 3.3, 6.0, and 8.2% germanium; All impurity concentra-
tions'a:é éxpressed in atomic percent, Each composition has been analyzed
twiée and is correct to within 0.17. Three graphs have been compiled for
each sample, the determination of the neck radius from the folded angulér
distribution, the neck width compared with the pure copper neck width, and
the <110> alloy cut-off with the corresponding pure copper value. All
quoted errors are based on one standard deviation statistical errors so a
point representing 10,000 counts is correct to *+ 1%Z. In the graphs fér
 the <110> cut-offs the error bars fof'the pure copper data have beeﬁ re-
duced in order to facilitate the interpretation of the alloy behavior.
. The arrows on thevgraphs indicate the uncorrected neck radius or cut-off
feature, The neck radius has 12 peak statistics for all samples,stﬁdied
with the exception of the intermediate CuGe sample which has 1.25% stat-

istics.
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The resul&s of the direct analysis of tﬁe alioy data, corrécted
for the effecﬁs of experimental resolution, are shown in figures 20 to
25 for the neck radius data and in figures 26 to 31 for the <110> cut-
offs. A single determination of the <100> cut-off for the CuGa 12.7%
sample is shown in figure 32. |

The corrected neck radii and <110> cut-offs are shown in figure 33
and 34 respectively. It is readily apparent from both figures that the
CuGa Fermi surface in the neck and <liO$ regions is éxpanding more
rapidly than the CuGe Fermi surface. Thé neck radius for the highest
CuGa concentration studied is over twice that of pure copper whereas
the <110> cut-off ié 117 higher in the alloy thaﬁ in copper.b The corres-
ponding values for CuGe relative to copper are 87% and 10% respectively.
Two neck radius measurements by Hasegawa (1972) are also included ié

figure 33,

(ii) Difference Curve Behavior

" One of the disadvantages of the method used for determining the
néck radius in the,alloys is tﬁat the results tend to be highly dependent
upon one or two points in the angular distribution curve, which are of
course subject to statistical fluctuations. Another approach ié to sub-
tract a smooth copper curve from all the alloy results aﬁd then to‘require
that the difference curves bear soﬁe resemblance to one another within the
. alloy{séfié§. This family of curves places somewhat léss emphasis upon
iiﬁdividual points although, as will be readily aépareﬁt from the daéa, it
is alsq a moot point but we.wpuld expect similar featurés to be related.

This procedure is applied to the CuGa data in figure 35'A' and the

CuGe data in figure 35'B'. Shown above the figures is the difference
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ALLOY Difference Curve (mr) Direct Analysis (m.r.f
CuGa 4.9 1.44 | 1.46 4

CuGa 8.7 1.73 1.62

CuGa 12.7 2,20 2,15

QuGe 3.3 1.30 1.30

CuGe 6.0 1.53 1.47

CuGe 8.2 _ 1.72 ' 1.86

 Table 3 Neck Radius Results - Difference Curve and Direct Analysis

.* corrected for resolution
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region sampled. The curves shown represent a fit to the data where all
points are equally weighted. As expected the results indicate a similar
‘differénce behavior in the alloys for 6 < 1 m.r. As the neck region is
approached in the respective alloys the curves_show a general rise and
the grouped results do indeed resemble that of a family of curves. The
error bars for the difference points are * iO on the scale used. It is
obvious that other curves could be drawn for the difference data, how-
ever the point where the peaks begin to fall, which are taken to répre-
sent the alloy neck radii and are denoted by arrows, are not especially
sensitive to weighipg an individual point more or less.

The results ofvthé analysis are tabulated (table 3) and also
inéludedféfé thé1ég;feﬁted neck radius values previously déterﬁined by
direct anaiysis; Reaéonable agreement is evident for most sampléé, how-
ever the unknown effects of the resolution make a rigorous comparisén
difficult, It wouid be expectea that the difference analysis pight yield
values somewhat in excess of the neck radii determined from the direct
analysis, and if so the highest CuGe neck radius as found from the direct
analysis may be too high. For this parficular sample the quoted neck
radius is taken to be an average of the direct analysis and the differ-
ence curve behavior which is found to be 1.79 m.r.

In summary, the present data has been considered from severél view-
points. Thg theoretical aspects of the resolution behavior on the
measured angular distribhution were given and found to be highly dépénden;
on the core annihilation. This analysis is further complicatea.bf
enhancement effects and the contribution of higher momentum coaponents;

All these factors make a theoretical appreach untenable. Another
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procedure, whereby a smooth curve was drawn through the data points,
indicated sharp discontinuities which could be related to the neck
radius and <110> cut-off. These discontinuities, when compared with
Athe pure copper neck and <110> cut-off, indicated 0.2 m.r.'should be
subtracted to account for the resolution. It is this anglysis, which is
dependent on distinct deviations from smooth behavior in the angular
distribution results that appear best suited to determine the alloy neck
and cut-off features. A reasonable confirmation of these results was
eyident when difference curves were plotted for the various élloys. This
analysis, whereby the pure copper data is subtracted from the élloy
results, includes an undetermined resolution effect and yiélds data
points with large error bars. |

The present results are compared with two other alloy systems, CuAl
" and CuZn in figures 36 and 37 respectively. No discussion of this com-
pafison is attempted; howevervit should be noted that the CuZn system is

mentioned in some detail in subsequent chapters.

D. Core Effects

It is interesting to note that an experiment of this nature might
be valuable in determining the core effects due to the coﬁper d band. 1If
an impurity is added which will not contribute to the core annihilation
(that is with a well localized d band) then the reduction in core»annihi—
lation for k < kf correlated with the amounf of ippurity édded would
serve as an indication of the copper core contribution. If the impurity

has a valence of three or four then the additional ionic charge would also

tend to reduce any positron - core annihilation. It would be necessary to
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correct for higher momentum effects which, although low in the <110>.
direction, are expected to vary rapidly for k > kf. To a certain
'extent.the impuriﬁies added in the present experiment would satisfy the
d band criteria although each probably accounts for a small core anni-
hilation. Indeed the two most concentrated alloy samples for the
systems studied indicate a 37 decrease in the counting rate at 6 = 6
m.r., however the statistics in this region'do not allow for any quanti~

tative analysis.,
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CHAPTER VII

"INTERPRETATION AND CONCLUSIONS

\

A. Introduction

The interpretation of the present results is made difficult due
to the inherent probléms in applying theory to coﬁcentrated, disordered
alloys. The periodicity of the pure metal is lost in the alloying pro-
cess and concepts such as Bloch states and Fermi surfaces cannof be |
rigorously applied to the alloy. As discussed previously, the initial
approach in the alloy sLudy, is the application bf the general theory
of pure metals to the concentrated alloy system. A fruitfﬁl starting
point in the analysis is to assume that the alloy péssesses the same
belectronic structure as the host, that-is the additional conduction
electrons occupy thHe k states of the pure metal. This behavior is'the
essence of the rigid band model and has been predicted (Stern 1969) to

be of some value in describing noble metal alloys. The present chapter

includes an analysis of the data in terms of rigid band predictions and

also considers other implications of the experimental data.

B. Rigid Band Theory

Constant energy surfaces have been computed for copper (Faulkner
1967) using the Kohn-Korringa-Rostoker (K.K.R.) methoa. The potential
used is essentially the same as used by Burdick yho derived the copper
band structure from an A.P.W. analysis. The integrated density of
states M(s)[M(;f) = n] has‘been calculated for various energies above

the copper Fermi level and thus is of use;in the analysis of the present
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alloys. A tabulation of M(e) versus energy (where M(sf) ; n=1
defines the copper Fermi level) is shown in table 4. From this table
it is possible to determine the constant enérgy surfaces for the
alloys studied in the present experiment. The Fermi energies for the
alloys can be corrected for the change in the copper. lattice constant
by using the results of Hume-Rothery (1936) who has studied both alloy.
systems. The corrected Fermi energies have been expressed in rydbergs
~in table 5. To evaluate the rigid band behévior of the neck ﬁnd <110>
cut~off it is necessary to refer to a band structure diagram for copper
as shown in figure 4. The energy band structure has been expanded in
the region of interest near the Fermi level in figure 38. Also shown
in this figure are the <110> band and the energy band corresponding to
the copper neck both of which are indicated by dashed iines above Ef
to denote non-occupancy. The rigid band Fermi levels fox n=1.,1, 1.18,
1.23, and 1.25 are drawn in increasing order above the copper Fermi
1evel.4_The predicted neck radius for these n values can be found by
measuring fhe distance from the <111> zone boundary to the corresponding
intercept of the Fermi level with the <l1l>band. Likewise the <110>
cut-offs caﬁ be found bj-measuring from T to the intercept of the <110>
band with the appropriate Fermi surface. In both cases the predicted
rigid band values are found by multiplying the measured distances by
the corresponding ;ure copper value. The rigid band calculations are
compared with thé experimental data in table 6 apd also in figures'39
and 40. | |

A similar rigid band»analysis can be applied to the <100> Fermi

surface using the copper band structure shown in figure 41, The pre-

dicted Fermi energy for the highest concentration CuGa alloy is shown
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E(Ry) M(E) E(Ry) M(E)

f 0.66168 0.97542 0.73782 1.24141

! 0.66675 0.99392 0.75475 1.29727
0.66845 1.00002 0.77167 1.35202
0.67014 1.00613 0.78859 1.40578
0.67860 1.03655 0.79705 1.43261
0.68806 1.06673 0.80551 1.45886
0.70398 1.12608 0.80720 1.46408
0.72090 1.18444 0.80889 1.46932

Table 4: Density of States in Copper for Various Energies

AE (Rydbergs)

-0.124

n E (Rydbergs)
1.0 ~0.192 o
1.10 -0.161 .031
1.18 -0.141 .051
1.23 -0.131 .061
1.25 - .068

Table 5: Rigid Band Energies for Different Electron per Atom Ratios

All Neck Radius Neck Radius  <110> cut-off <110> cut-off
oy R.B. Theory Experiment  R.B. Theory Experiment
CuGa4.9 1.34.06 mr | 1.46%.1 mr 5.23+.05 mr | 5.10%.1 mr
CuGa8.7 1.53+ " 1.62+ " 5.40£ " 5.41x "
CuGal2.7 1.70+ " 2.15¢ " 5.52¢ " 5.59+ "
CuGe3.3 1.34¢ " 1.30¢ " 5.23 " 5.10¢ "
CuGe6.0 1.53+ " 1.47+ . " 5.40& " 5.35¢ "
CuGe8.2 1.66 " 1.79¢ " 5.48¢ " 5.48t "

Table 6: Rigid Band Prediction and Experimental Data
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and corresponds to a <100> radius of 6.20 m.,r. The empirically deter-
mined <100> cut-off was found to be 5.92 m.r. after correction for the
resolution., Thus the expansion of the allo§ Fermi surface in this
direction is less than predicted by rigid band theory. This point is
discussed subsequently.

It shouid be mentioned that the pure copper k valﬁes used in tHe
rigid band analysis have been taken from Halse (1969) and Lee (1969) who
have calculated identical k values (correct to threé.figures). These
values for k<100>, k<110>, and kN are respecfively 1.44, 1.29, and
0.256 in units of A°—l; The corresponding k values in milli-radians
are 5.56, 4.98, and 0.99.

The two copper alioy systems have Been studied by Coleridge and
Templeton (1971) in the dilute region of impurity concentration of less
than 0.1 atomic percent. This group used the de Haas van Alphen method
to measﬁre the frequency of neck orbits in the alloys and, combined with
previous data on the cyclotron mass (Joseph et al 1966) and thermal mass
(Martin 1966), were able to calculate dA/de. Assuming cylindrical necks,
Coleridge finds that the predicted rigid behavior for the coppér alloys
is a neck radius versus n ratio of 3.1. Experimentally the measured
ratios for the dilute_CuGa‘and CuGe alloys were found to ge 3.0 and 1.7
respectively (the extrapolated dilute alloy rétios are shown as dashed
lines in figure 39;. On this basis Coleridge concludes that the dilute
CuGa system éxhibits rigid band-like behavior whereas. the CuGe alldys do
not.,

The present data indicates a CuGa neck radius per n ratio of 3.4

for n < 1.2, It thus appears that the addition of concentrated Ga
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impurities to pure copper has not appreciably altered the alloy neck
region behavior from that of the dilute system, No measurements were
made on the <lOC> cut-off by the Coleridge grbup due to the lack of
sensitivity of this Fermi surface to changes in electron copcentration.
The discrepancy between the highest concentration neck radius (for
n = 1.25) and rigid band theory is very marked and represents a true
departure from a rigid band-like beha&ior. This point is strongly
corroborated by the <100> measurement which was‘fouﬁd.to be 0.28 m.r.
1pwér than the rigid band prediction (if the Fermi surface has bulged
out in the neck reg;on then it must be compresséd in the belly region).

The present data aiso indicated a CuGe neck radius per n ratio of
about 2.7 for n < 1.2 which is somewhat greater than the dilute measure-
ment but still 1essAthan rigid band theory. The present data combined
with the dilute CuGe work casts considerable doubt on the findings of
Hasggawa (see figure 33) who quotes a neck radius of\1.6 m.r. for a
CuGe alloy of n = 1.1. The Hasegawa measurement indicates a neck radius
expansion well in excess of rigid band theory. His.bther result of a
2.0 m.r. neck radius for a CuGe alloy with n = 1.27 is consistent with
the present data. The <110> CuGe cut-off results are in agreement with
the neck radius data since the data points are depressed below the rigid
band/curve forn < 1,2, 1In additioﬁ, the highest concentration result
does show an upward\éhift as noted for thé neck radius behavior.

In summary, the CuCa neck radius and <110> cyt-off data exhibif
rigid band-like behavior for n < 1.2 and an upward departure from rigid

band predictions for n = 1.25. The neck radiﬁé data extends (and agrees
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with) the observations of Coleridge for thg dilute system. The neck.
radius departure from rigid band theory for n = 1.25 is supported by
-the <100> cut-off having a somewhat less than rigid band expansion.

The presenﬁ CuGe neck radius data extends the dilute alloy observa-
tions of Coleridge that the neck region expansion is less than predicted
by rigid band theory, although the concentrated alloys show a greater
expansion than that determined for the dilute alloys. The <110> cut-off
values are in substantial agreement with the neck radius data for both
alloy systems presumably reflecting the pulling out of the <110> Fermi

surface as the neck expands.

C. Alloy Fermi Surface-

The neck radius, <110> cut-off and the single <100> cut-off data
can be used to plot ‘the change in Fermi surface as impurity electrons
are added to the intrinsic copper. The copper crystal is a face centered

cubic structure and hence the reciprocal lattice is body-centred cubic.

The Brillouin zone is shown in figure 42 where the hexagonal faces of the
zone are perpendicular to the <111> directions and the square faces are
perpendicular to the f100> directions. The contours of the Fefmi surface
of pure copper can be drawn from known data on the width of the necks

- subtending the origin of k space and the dimensions of the <100> and
<110> cut-offs relative to the Brillouin zone boundaries in tﬁose direc~
tions., The inner boundayy in figure 42 represehts the pure copper Fermi
surface. The primary effect of adding additional electrons to the copper
solvent is to increase the width of the necks as found.in the present

experiment. The increase in the neck dimension pulls the <110> Fermi

surface outwards whereas the <100> Fermi surfacelexpands only slightly. -
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In figuré 42 the three boundaries beyond'the pure copper Fermi
surface correspond to the copper gallium alloys studied in the present
experiment, The <110> Fermi surface for the'alloys appear to increase
in a monotonic fashion with no evidence of bulging towards the zdne
boundary. The measureﬂ <100> cut-off for the highest. atomic percent
concentration copper gallium alloy indicates less bulging of the Fefmi
surface in the <100> direction as the alloy coﬁcentration increases.
This result is due to the proportionately greater inérease in neck
radius compared to the slow increase in the <100> cut-off.

The copper germanium results (figure 43) are quite similar to the
CuGa data although the neck expansion is not nearly as proﬁounced. No
<100> Fermi surface cut-off was obtained for the CuGe system, according-
ly no contours have been plotted in the belly region. On the basis of
the CuGa results it would be expected that the <100> CuGe Fermi surface
would tend to bulge out slightly from that of the CuGa Fermi surface.
This reasoning follows from the larger CuGa neck expansion relative to

CuGe as shown in figufe 39.

D. Discussion

There is no explicit theoretical calculation of the Fermi surface
for the alloy systems studied. The only quantitative statements that can
be made relaté to the rigid band model which, in an unmodified form, is
-unable to account-for electronic specific heat_me?surements. It has been
suggested by Stern (1969) however, that the noble metal alloys mAy for-

tuitously exhibit a rigid band-like behavior due in part to the large

energy gap between filled and unfilled conduction bands.
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The present CuGa neck radius data indicatesba slightly larger
dependence upon the electron per atom ratio than predicted by the rigid
band model for n < 1.2 and a progressively larger dependence at the
highest concentration studied (n = 1.25). The latter measurement is
confirmed by the iess than rigid band increase in the <100> Fermi sur-.
face cut-off for that alloy. The neck radius behavior for n < 1.2 is in
close agreement with the Coleridge and Templeton work (1971) on dilute
CuGa alloys.

The <100> Fermi surface measurement has special significance in
terms of the Hume-Rothery rules. It has been sﬁggested by Hume-Rothery
and Roaf (1961) that the reason for the a-B phase transition. in the
neighborhood of n = 1.40 for the noble metal alloys may be due to contact
of the <100> Fermi surface with the Brillouin zone boundary. 1f ﬁe
extrapolate the measurement for the n = 1.25 CuGa alloy, there is little
likelihood of such contact at n =Al.40. A recent communication from

Stern also indicates there is no contact with the boundary for gold

alloys up to n = 1.42,
The positron annihilation method is not sensitive to the variation

in

in the energy gap betwgen the lower filled conduction band (point LZ’

figure 44) and the upper unoccupied band (point L, in figure 44). It is

1
clear however that‘relative to the pure copper band structure, the energy
shifts resulting fer the addition of gallium, are such that the energies
of states in the <111> neck region are lowered with respect to those in
the <100> belly region.

The CuGe neck radius data has an initial rate of increase with n

which is somewhat less than rigid band and, although a subsequent rise
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appears to occur fdr n = 1.23, the data is consistently below the CuGa
results. Likewise the <110> cut-offs for CuGe are generally lower than
the corresponding CuGa cut-offs for a given n. The workvof Coleridge
'énd Templeton on dilute CuGe alloys also indicates lower than rigid band
beﬁavior for the neck radius increase with n. It would be expected that
the <100> Fermi surface radius for CuGe would be correspondingly larger
than the CuGa radius for é given n however this has not been measured.

The problems involved in the interpretation of the experimental
data are considerable., If the sytems studied were free electron like
then information oﬁ\the ;onduction band energy gaps could be;used to
defermine the chaﬁge in the [111] and [200] Fourier compoﬁents of a
local pseudo-potential. Unfortunately, for the case of coéper, the anal-
ysis is.greatly complicated by tﬁe interaction of the S,P conductiog band
_ with the d band. ‘I£ is this hybridization which gives rise to the dis-
torted pure coppef Fermi surface. Even the simplest model for thé situa~-
tién requires a non-local pseudopotential (Taylor 1969) and then no simple
relation exists between the energy gaps and the Fourier components.

Soven (1966) has applied a coherent potential model (see chapter
III) to the o phase'CuZn system., The theory indicates that at 407 zinc

(n = 1.40) the <111> energy gap (L2, + L, in figure 44) should be about

1

10% lower than the value in pure copper with both L
. ~

and especially L

2! 1

predicted to decrease in energy as the concentration of zinc increases.

Alsq. the point X, , is st111 well above the Fermi level at n = 1.4 so

4
that no contact with the zone boundary is predicted.

Another calculation using the coherent potential model has been 

applied by Das and Joshi (1972) to CuZn. This theory is applied to the
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+ L, transition

measurements of the variation in the enexrgy of the LZ' 1

as determined by Biondi and Rayne (1959). Reasonable agreement between
the théory and data is apparent up to the highest concentration studied
which was 30% zinc. It should be noted that the Soven calcplatidn pre-
dicts a much less L2' > L1 energy decrease than does the Das and Joshi
theory.
The application of the coherent potential theory of the CuZn

system to CﬁGa or CuGe would not be of any valﬁe since the nature of the
impurity would be expected to exert a large influence on the behavior of

the alloy. The present measurements can, in part, be related to the

results of other methods applied to concentrated copper alloys.

E. Optical Studies

The study of éptical transitions is complicated by'the'assignﬁent‘
of the observed transitions to the band structure involved. The distine~-
tion be;weén direct and non-direct transitions has also not been clearly
resolved and it is expected that the proportion of non-direct transitions
" will increase with impurity concentration (Seib.and Spicer 1969). As
mentioned previously,. a coheient potential calculation (Das .and Joshi
1972)vfor CuZn in the o phase shows rather good agféeﬁeht with the opti-

cal transitions in the absorption spectra observed by Biondi and Rayne

[N

(1959) .
More recently, Pells and Montgomery (1970) have studied the aﬁ—

sorption spectra of CuZn, CpGa, and CuGe in the a phase. They state that

fhe CuZn results ére in general agreement with those‘of Biondi and Rayne

(1959). The results for CuGa and CuGe seem to show a decrease in the
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+ L_ transition with alloying but in the Ge case the

energy of the L2, 1

structure is veryfbroad. However optical measurements by Nilsson (1970)
on CuGe indicates_a sharper L2, > L1 transition which moves to lower
1ehergies with allbying. Another feature in the spectra haé been assign-
ed to a d band to Fermi surface transition and the movemént of this
feature with concentration is consistent with a narrowing of the d band -
in all cases. The amount of narrowing is related to the atomic percent-
age of impurity rather than the electron per atom ratio since for a given

n the d + E_ transition energy has increased to a greater extent in CuZn

£
relative to CuGa or CuGe. The d bands of the solutes are in all cases
much more tigﬁtly bound than in copper and as Heine (1966) has suggested
a "Swiés cheese" model is appropriate for the copper d band, the holes
being the‘solute‘sites. We may note that although the data is sparse,
the core contribution to the annihilation rate of the highest concentra-
tion alloys studied presently is -rather less than for the pure copper,
ﬁresuma?ly reflecting the fact that the solute is contributing little to
the core‘annihilétion since its- d bands are tightly bound and little
overlap with the positron occurs.

In conclusion, .the combined optical and positron annihilation
results would indicate that the effect of alloying is to decrease the
<111> energy gapiwhile at the same time shifting the point L2, to lower
energies so that a net increase in the neck radius occurs. The two
effects are not entirely independent in that thebyresent data indicates
that the downward energy shift in L2,

g1 L1 shift to be lafger in CﬁGa com-

is larger in CuGa than in CuGe and
the optical data indicates the L

pared with CuGe. The energy variations with alloying depend in a
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complex manner on the conduction band~d band interaction and the change
in lattice potential. The fact that both the energy shifts seem to be
directly related to the impurity concentration rather than the electron

per atom ratio is probably significant.

F. Electronic Specific Heat Studies

For completeness the measurements of electronic specific heats in
copper alloys is discussed. As previously menfioned‘the-figid band
model predicts tﬁat the density of states for copper alloys should
decrease with increasing n since the copper Fermi surface has already
made contact with the Brillpuin zone boundary. ‘The measurement of the
electronic specific heat y can be related to the density of states N(g)
by equation 3—1.‘

The electronic specific heat has been measured for CuZh, CuGa, and
CuGe alloys (Mizﬁtani 1972) . The coefficient y is found to increase
- with impurity concentration in all three systems suggesting that N(e) is
an increasing function of n. Thus the simple rigid band model is at odds
with these measurements; One possible explanation of this behavior would
be an increase in the energy gaps for all three alloy systems, however
previous épticalldata and pésitron annihilation work on CuZn (Morinaga
1972) indicate tﬁe opposite change in the energy gap.

Another expl;;ation'has been offered by Stern (1970) and this is
" the charging éoncept discussed in chapter III. The density of states N(e)

is effectively increased due to the charging of conduction electrons about

impurity atoms. This shielding effect at impurity sites is related to the
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difference in valence between the host and impurity atom and mainly .
affects the statés near the Fermi energy. The result is an increase of
N(e) with n which is independent of the solvent band structure.

No contrary evidence to the charging concept has been presented,
however it still remains to be shown that the increase ip y-can be
_entirely accounted for on this basis. It has also been suggested that
an increase in the electron-phonon enhancement factor may partially

account for the behavior (Clune 1970).

G. Hume-Rothery Rules

As has beeﬁ discussed earlier, a model for khe Hume-Rothery rules
was advanced by Hume—Roghery and Roaf (1961) who postula£ed that the g
phase became unstable when the Fermi surface made contact with the <200>
Brillouin zone boundary. Any reasonable extrapolation of the present
results for CuGa is in disagreement with this prediction. On the other
hand since the CuGe results in the neck region are coﬁsistently lower
than théiCﬁGa data it ié possible that contact may occur for CuGe - a
measurement éf the <100> cut-off for a high germanium concentration
.would be very desirable. Civen the range of behavior observed in the
neck region for the alloys sfudied to date: CuZn, CuAl, CuGa; and CuGe
one would have to conclude that the detailed shape of the.Fermi surface
can only be a second order effect in determining the phase boundary.

Recently Sfiéud and Ashcroft (1971) have claimed that the Hume -
Rothery rules are a consequence of the rapid vari;tion of the wave-number

dependent di-electric screening function in the immediate neighborhood

of 2kf as a result of their pseudopotential calculations for CuZn and
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CuAl using the Lindhard dielectric function. This assumption is simi-
lar to the original theory of Hume-Rothery, however Stroud and Ashcroft
claim that the sﬂape of the Fermi surface is, in part, implicit in the
use of an energy dependent pseudopotential. Further measurements on
concentrated alloys should lead to accurate energy calculations which

can be related to the a - B phase transition.

H. Summary : - -

This thesis has presented data upén the Fermi surface features
associated with the o phase alloys copper gallium and copper germanium,
Conside;ing the proglems involved in the positron annihilation technique,
we feel the data.are among the most clear cut yet presented, reflectiﬁg
the very high resolution employed. The observed changes in the pure
copper Fermi surface upon the addition of concentrated impurities leads
to several conclusions.

It is possible to staté that on the basis of thé present work the
CuGa Fefgi sgrface will not make contact with the [200] Brillouin zone
boundary in the o phase region contrary to the predictions of the'Hume—i
Rothery and Roaf model. As well the results lend support to the conten-
ltion of Stern that any agreement with the rigid band model in this gener-
al class of alloys is fértuitous. The Stern hypothesis, which is
supported by electronic specific heat measurements, is related to the
shielding of conduction electrons about impurity atoms. In essence
Stern predicts that the effects of adding the impﬁrity.atoms will be

minimized by shielding so that if an impurity atom with valence greater

‘than one is added, then since one can have only two electrons in a given
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state, the other éonduction electrons will have less‘probability of
being in proximity to the impurity. THus the addition of large amount
of impurities to the noble metal host does not radically alter the band
. structure and accordingly concentrated alloys still possess distinct
Ferﬁi surface feafures (as noted presently) and lower than expected
resistance (as noted by Stern (1969)). Clearly it would be of conéidér—
able value to obtain the Fermi radii in other orientations in thé systems
studied to obtain a complete picture of the Fermi surface. 1In view of
the cubic symmetry, very few additional orientations would be necessary.

fhe agreement of the present concentrated alloy work with previous
measurements on the same dilute alloys is encoufaging and demonstrates
that the Fermi surface in highly concentrated systems can bé eifectively
sfudied by positron annihilation. To this end it should be noted that
more experimental and theoretical work is required in order to make the
positron method a more precise tool in this study. Such factors as en-
hancement, higher momentum components and core annihilation, which compli-
cate the analysis of these experiments, will have to be studied in
greater detail. Such a study,to célculate the core annihilation contribu-
tion, has been discussed in the thesis.

At present, no detailed theoretical prediction for the copper gal-
lium or thé copper germanium systems exists, however the application of

<

the coherent potential model to copper zinc (Das and Joshi 1972) is
| engouraging and should stimulate (as should the present data) similar

calculations for these systems.
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APPENDIX

The resolution funcfion which closely approximates that used in
the present workfhas been calculated by Pef&jevich (unpublished) and
is‘discussed'in chaptér VI. As mentioned in the text of the thesis,
the calculation involves a division of the collimating slits and sample
into émall eleme#ts and finding the number of coincidences between
these elements as a function of angle. |

The resolution function in the directioﬁ of détector movement
(z direction of figure 12) is éhown by the inner c#rve on figure 45.
The full width half maximum (F.W.H.M.) for tﬁis resolution is 0.735
milli-radians. Also shown (outer curve in figﬁre 45) is the resolution
function corresponding fo the x direction of figure 12 which has a
F.W.H.M. of l.lé m.r. The resolution function in the direction of

detector movement can be folded into the known copper Fermi surface

with the resulting effect shown in figures 15 and 16.
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