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ABSTRACT  

A study has been made of the electrical resistivity and 

deviations from Matthiessen's rule in some silver based alloys with 

non-magnetic solutes, over the temperature range 1.5K. to 30K. 

To properly study the temperature dependence of the 

resistivity in the absence of magnetic scattering, each sample was 

given a controlled oxidising heat treatment at low pressure. This 

treatment reduced the effective concentration of transition metal 

impurities to less than one part in 109, and the appearance of a 

resistance minimum was avoided. 

The temperature dependent part of the resistivity, p(T) - po  

(where po  is the residual resistivity), was, for a particular alloy 

system, found to increase slowly with po  over about three decades in 

po, and tended to become linear in po  for po.e. 10nOcm. At a given po  

and, temperature T, p po  was found to depend on the solute in silver. 

For pure silver extrapolations of the (p pc)) isotherms 

to zero po were made. In this way the ideal resistivity, pideal(T)' 

of silver was established and the temperature dependence was found 

to be closely T
4 
over the entire temperature range. Subtracting 

Pideal from p pc)  for the alloys yielded the deviation A from 

Matthiessen's rule which was found also to vary essentially like T
4, 

and which was often a number of times larger than o ‘ideal(T).  

Data analyses were performed in terms of existing theoretical 

models for the breakdown of Matthiessen's rule. Deviations arising 

in the most dilute alloys could be interpreted as arising from the 

effects of inelastic electron-impurity scattering. However, the 

deviations arising in the majority of the alloys could not be 

interpreted on existing models, and, in particular, it was discovered 

that the effects of anisotropic scattering in silver were minimal. 
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INTRODUCTION 

Following measurements of the electrical resistivities of 

some metal alloys between 0°C and 100°C, Matthiessen and Vogt (I.1) 

concluded that the temperature derivative of the ideal resistivity 

was close to that of the alloy resistivities. Thus 

,j  ciPideal 
dT 	dT 

The assumption that equation I.1 holds at all temperatures leads, 

after integration, to what has become known as Matthiessen's rule. 

I.e., 

P(c'T) Pideal(T) Po(c) 
	

(1.2) 

where po(c) is that resistivity produced by the impurities alone at 

OK. Matthiessen's rule is not generally valid, because the electron 

scattering from impurities and lattice vibrations are not independent. 

Thus, the alloy resistivity is written in the general form 

p(c,T) Pideal(T) Po(c) A(c,T). 
	(1.3) 

The quantity A(c,T) is termed the deviation from Matthiessen's rule, 

and may be a function of the temperature, the impurity concentration, 

and may depend on the particular impurity in a given host metal. 

The existence of the deviation term is well established 

in many alloy systems, and its form and magnitude are often well 

.known over. extensive ranges of temperatures. In noble metal based 

alloys its accurate determination at low temperatures has frequently 

been hindered by the existence of resistance minima, arising from the 

presence of an additional electron scattering mechanism. 

Furthermore, an explanation of the form and magnitude of 

A(c,T) at low temperatures has not been unequivocally established in 

terms of existing theoretical models for the scattering in noble 

metal based alloys. 
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In the present work an attempt has been made to evaluate 

accurately the deviations from Matthiessen's rule in a low temperature 

interval in some noble metal based alloys. This was only possible 

with high resolution measurements on specimens whose magnetic impurity 

concentration had been effectively eliminated by the application of a 

controlled oxidation technique. The dependences of A(c,T) on the 

impurity concentration, c, the temperature, T, and the particular 

impurity have been investigated. Furthermore, the ideal resistivities 

of silver and copper have been established and discussed. 

The scope of the thesis is clear from the contents. 

Chapter 1 outlines the theory of electron transport, leading to the 

Bloch equation for the ideal resistivity. Models for the sources of 

deviations from Matthiessen's rule are then discussed, and finally 

their predictions summarised in table 1.3.1. Chapter 2 is a critical 

review of the most important work on silver, gold, copper, and 

aluminium alloys in which a close look is taken at the interpretations 

of experimental data. 

Chapter 3 describes the alloy preparation. The oxidation 

technique, employed to eliminate the effects of magnetic scattering 

in the specimens, is discussed at some length from both theoretical 

and experimental standpoints. The application of this, technique 

enabled an unambiguous evaluation of the deviations from Matthiessen's 

rule down to the lowest temperatures. Chapter 4 is a description of 

the experimental apparatus and procedure. 

In chapter 5 the experimental results are presented. Their 

discussion is in terms of the theoretical models for A(c,T) presented 

in chapter 1. 	 .ea 	s's • i 
past,. liscussul ace, 01.4-tiS 6)1 1426 	S,1ra, c,„,a 

Finally, Appendices 1 and 2 present and discuss some data 
• 

on copper and gold alloys. 
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CHAPTER 1 

ELECTRON TRANSPORT AND DEVIATIONS FROM MATTHIESSEN'S RULE  

1.1 	Introduction  

Our aim here is to study the effects on the electrical 

resistivity of simple, non-magnetic impurities in the pure metal 

lattice. This is accomplished by first considering the resistivity 

arising from electron-phonon interactions, and then seeing how this is 

modified when electron-impurity interactions are included. The 

deviations from Matthiessen's rule are established by subtracting from 

the total alloy resistivity the contributions from electron-phonon and 

electron-impurity interactions. 

The starting point is the Boltzmann transport equation which 

describes the steady state electronic distribution. Making use of the 

relaxation time concept, we follow Ziman (1.1) to derive the Bloch-

Grilneisen law for the ideal resistivity. Then use is made of a 

general form, including a contribution for electron-impurity inter-

actions, for the rate of change of the electronic distribution 

function due to the scattering processes. It is outlined 

how application of the variational principle to this scattering 

function leads to an expression for the alloy resistivity, and hence 

to the deviation from Matthiessen's rule. 

Deviations from Matthiessen's rule arising from anisotropic 

scattering from two independent bands of electrons, and from changes 

in the phonon spectrum due to alloying are discussed at length. Other 

models for.the low temperature deviations are outlined critically, and, 

finally, the predictions of all the models are tabulated. 
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1.2 	Formal Transport Theory  

1.2.1 	The Boltzmann transport equation  

Consider quasi-free electrons in a metal satisfying Fermi 

statistics, so that there exists a distribution function, f, defined 

so that 

13 
 f(k, r, t)ok . Or 

47c 
  (1.2.1) 

is the number of electrons which lie in an element Or of real space, 

and in 5k of k -space at time t. In the equilibrium state this function 

becomes the Fermi-Dirac distributibn function f°; 

fo - 1 (1.2.2) 
1 + exp (c, - cr)/kBT 

where ck  is the energy of an electron of wave-vector k, CF, is the 

Fermi energy, and kB  is Boltzmann's constant. 

Now consider the three ways in which f can change with time. 

(i) As'a result of their ordinary spatial velocities, 	, 

electrons from neighbouring regions enter Sr, whilst others leave. If. 

f varies from point to point, there will be a tendency for it to vary 

with time as a consequence of this diffusion. The rate will be 

diff = 7.1"k 	Vrf" 
	 (1.2.3) 

(ii) External fields E and H change the k vector of each electron, 

(charge -fie(), at the rate 

1 
k 	 (E + v x H) (1.2.4) 

(27LX is Planck's constant and c is the velocity of light). This may 

be considered as the electron velocity in k-space, so that f changes 

due to the fields at the rate 

el 	1 
ifield "4-c- Vkf 	QE Z-3( IL)*vkf  (1.2.5) 

(iii) 	Scattering of electrons from state k into state k', and the 

inverse process from IC,  into k may be described in terms of the trans- 
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ition probabilities and the occupancies of the states k and k'. Thus, 

due to scattering, f changes with time in a complicated way, denoted by 

1 scatt' 
	 (1.2.6) 

The total rate of change of the distribution function is 

thus 

diff + field  + kscatt 
	 (1.2.7) 

which, in the steady state, must vanish. Hence, from equations 1.2.3, 

1.2.5, 1.2.6, and 1.2.7, we obtain the Boltzmann transport equation in 

its general form. 

e 	1 -v
k 
 . of + 

l)1l 
 (E + — v x H). vk  f —iscatt r 	— c —k  — — 

(1.2.8) 

Assume now that the steady state distribution does not 

depart very far from equilibrium, and define 

g(k, r, t) = f(k,r,t) 	f°(k). 	(1.2.9) 

In the presence of temperature gradients (1.2), vT, 

6f
o  

vv  —k rf  —k aT 

Hence, in the absence of temperature gradients and magnetic fields, 

Boltzmann's equation, (1.2.8), becomes 

lel 	o 	e 
X E E . k 	— f + 	. k 

g
scatt.  M —  

By dropping (E . v, g) which is of order E
2
, the equation becomes 

L- 

linearised. 

6,fo 
lel E . be —lc v, = -1  — 	scatt (1.2.10) 

In terms of the transition probability Q(k, k') which measures the 

rate of transition from the .state k to the state k', equation 1.2.10 

becomes 

lelE 	ae a_rk  = -ji[f(k') - f(k)]Q(k, ki)dk' 

	

= f[g((10) - g(k)]Q(k, k')dk' 	11) 

_  jEg(1:-. 1) 	g(k)3 
	

(1.2.11)  
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1.2.2 	The relaxation time  

Figure 1.2.1 shows the steady state displacement from 

equilibrium of a "hard" Fermi surface and the Fermi distribution in an 

electric field E = (E
x, 0, 0). 

The displacement of the Fermi surface. and distribution 
in an electric field E = (E

x, 0, 0). 

The simplification is made that, provided collisions are 

elastic, it is justifiable to introduce a relaxation time, T. We say 

that a relaxation time exists if, after removing the external fields, 

f relaxes exponentially to f°  because of the collision processes alone. 
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Thus 

f 
T 
f
o 

—k
scatt 	_ 2T 

	 (1.2.12) 

A relaxation time is a useful concept because equation 1.2.12 describes 

the relaxation well at both high temperatures and when the impurity 

resistivity is dominant (po  > 'ideal). Hence the concept may be 

applied at very low temperatures in ordinary metals where 0 
'ideal-"' 

and at all temperatures in impure metals where 
Po > 'ideal' 

Substituting equation 1.2.12 into 1.2.10 gives 

° g 	 6f v T lel E . — - 6e k 
(1.2.13) 

The linearised Boltzmann equation (1.2.11) has an exact 

analytic solution under the following simplifying assumptions. 

(i) 	The energy surfaces in k-space should be spherical so that 

both v and k are in the same direction. Then the left hand side of 

1.2.11 is proportional to cos X, where X is the. angle between y..1(  and 

The scattering probability should depend only as the angle 

0 between k and k', so that for elastic scattering we write 

Q(k, k')dk' = el(e - e') Qe(k, B) dp' 

where do' is a differential solid angle defining the direction of k' 

after scattering. This assumption leads to the appearance of a factor 

- cos 0) which arises from the average of the change in the compo-

nent of the scattered electron wave-vector along k. 

The exact solution (1.2) of 1.2.11 becomes 

f° r g = 	. lel 7,7E j(1 — cos e)cle(k, Ocip 

We here identify the relaxation time, T, 

1 -= f(1 - cos 0) Q (k, 0)dO. 

(1.2.14) 

(1.2.15) 

We now write the mean free path,.A., in terms of the differential 

2 
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scattering cross-section of a density N of scattering centres. 

1. 	N . 2n f (1 - cos 0) ;(8) sin 0 de 
	

(1.2.16) 

To calculate the electrical conductivity we first establish 

the current density, J. 

J = 	47t3 f(-1e1)vk  . dk 

= f 	g(-lel)v . dk -k - 
1 

4n3   

since 

47(3 
fc) (-1e1 )v 	dk . 0. 

--k 

Then, using 1.2.13, 

„Fo 

4n 	fob 
f 

13  T lel E • °.:1 	(-lel) . v . dk 

r 	

o 
j 

4n
3 	

6e f 1 	

f 
= 	T lel E . 	v

k 
 (-lel) 	v 	dS 	de 

--. 	- k 
	. livk 

f
o 

In a metal 	Be is essentially a delta function at the Fermi level, 

so that the current density becomes an integral over the Fermi surface. 

2 v v dSF  J 1 Tel v F  
J  . 

4n
3 • ki J 	vk 	

E 
 

Thus the conductivity (which is a tensor) is 

1 2 v dSF 

4 	
r —k —k F  

4 7L
3 	1,1 J 	vk 

(1.2.17) 

For crystals having cubic symmetry, a reduces to a scalar, and the 

resulting resistivity is 

4n
3
1,1  

-P - 
e2T v dSF 

(1.2.18) 

1.2.3 	Matthiessenls rule  

For a free electron gas, the ideal resistivity becomes, 
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from equation 1.2.18, 

47E
3
X 	4N

3
X 	m 	1 

Pideal
(T) - 

e
2
T 	

e2T (11.4713n  ) 	e2 n  TI:43  
pp  f Mk  dS mF 	PP m 

(1.2.19) 

where m is the electron mass, n is the number of conduction electrons 
p 

per unit volume in the pure metal, and where we have written T 
PP 

which is to be evaluated at the Fermi energy, for the isotropic 

relaxation time for the scattering by phonons in the pure metal. We 

now assume that separate and independent relaxation times exist for 

the scattering by phonons and impurities in the alloy. These are 

denoted by Tpa and Toa 
respectively, and, for the alloy, equation 

1.2.19 becomes 

p(c, T) - 2m 	+ 
e n

a 
Tpa- T

1  

oa 
(1.2.20) 

Here the relaxation times are to be evaluated at the Fermi energy of 

the alloy, and na  is the number of conduction electrons per unit 

volume in the alloy. 

Matthiessen's rule follows only if 

(i) n
a 

n , 

(ii) T
pa 

evaluated at the alloy Fermi energy equals T
PP 

 evaluated 

at the pure metal Fermi energy, and 

(iii) T.  is independent of temperature. 

Thus, provided an allowance is made for the effects of thermal 

expansion, deviations from Matthiessents rule can only arise, in this 

approximation, from changes in such properties of the host metal upon 

alloying. 

Both n and T are expected to change because of changes in 

the average atomic volume upon alloying. The changes should be very 

small for dilute alloys with solutes which do not appreciably alter the 

lattice parameter, but should increase with temperature because of the 

effects of thermal expansion. Also Tpa  will differ from T
PP 

 because 
. 
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of changes in the phonon spectrum upon alloying. 

1.2.4 	Bloch equation for the ideal resistivity  

We assume that the conduction electrons in the metal are in-

elastically diffracted by the lattice vibrations in just the same way 

as are x-rays and neutrons. Hence part of the theory of x-ray or 

neutron diffraction is applicable, in which Ziman (1.1) finds that the 

matrix element for the transition from the state k to the state k' is 

nok = i Va  (Ak) (Ak.0 ) — — -2. 

where pk = k' - k, U is the vector amplitude of the single lattice 

vibration of wave-vector q, and Va  (Ak) is the potential field of an 

individual atom. 

Using perturbation theory, an average effective differential 

scattering cross-section, 6, for each atom in the lattice can be 

calculated from Ktk l
2
. 

(Ak)- 	(Ak) N lAk . UPI 
2 	

(1.2.21) 

Where 
free (Als) is the differential scattering cross-section for an 

isolated atom for scattering through Lk, and N is the number of atoms 

per unit volume. This formulation suggests that each atom scatters 

electrons independently, and that the amount of scattering depends 

strongly on the lattice vibration amplitude. 

Now equation 1.2.16 becomes 

N . 27t $ (1 - cose)afree (0)NlAk . U Isinode 
0 

(1.2.22) 

if the differential scattering cross-section depends only on the angle 

0 between k and 10. 

Ziman (1.1) shows that, using Bose-Einstein statistics for 

the occupancy of the phonon levels, the structure factor in equation 

1.2.22 is 
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_  4  k BT J / k 
B
T 

N kk U..2IC Mc2 ex)(14W ik
BT 

 
- 1)3  

s 

(1.2.23) 

where M is the atomic mass, cs  is the velocity of sound in the metal, 

and co is the frequency of the phonon mode of wave-vector q. Hence 

the scattering probability falls off rapidly when phonons of high 

frequency are involved, so that scattering is practically excluded when 

kict) ).kBT. If we consider N-processes only on a spherical Fermi 

surface we see that the angle 8 through which the electron is scattered 

is given by 

sin --3-0
I  • 1-F  

(1.2.24) 

where k_ is the Fermi wave-vector. On the Debye model then the 

scattering is practically excluded for angles 8 such that 

sin 28 	2k F  • op 
	 (1.2.25) 

(6D  is the Debye characteristic temperature, and 	the magnitude of 

the Debye maximum phonon wave-vector. 

Substituting equation 1.2.23 into 1.2.22 gives 

2 4 0 /T 4 
- Nor 	

qDT T 	D 4z dz  
-free 

( 	) 
- 	• e

z 
- 1 Mk

B
D o 

where we have changed the variable to 

kiCt)q 	OD z  _ 
k
B
T q

D 
 . T 

(1.2.26) 

(1.2.27) 

and where we have assumed that rrfree (0) is not a strongly varying -  

function of 0. By writing 1-= T 
PP 

 /V
F 
 in equation 1.2.26 we obtain the 

ideal resistivity immediately from equation 1.2.19. At high 

temperatures where 0D/T is small, the integral in equation 1.2.26 

4 . 
tends to (0p/T). implying a resitivity proportional to T. At low 
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temperatures the integral tends to a constant yielding, a resistivity 

which varies as T
5
. 

An extra factor ( 	2 -z
) is introduced to the integrand of 

1 - e 
equation 1.2.26 from considerations of the occupancy of the final 

electron state and the emptiness of the initial state. Thus the final 

expression for the ideal resistivity, originally due to Bloch is as 

follows. 

5 	,D/T  5
d  

Pideal(T)  = 4(-15--) P(8D)  J 	
z z 	(1. 2.28 ) 

Do 	(e2  - 1)(1 - e-2) 

Gntineisen treated BD  as an adjustable parameter to fit the 

resistivity data of many nominally pure metals to equation 1.2.28, and 

found good general agreement. The success of the Bloch equation is 

surprising considering the initial simplifying assumptions, i.e. a 

Debye phonon spectrum, and a spherical Fermi surface for a monovalent 

metal. 

The most serious.error in the above derivation is the 

complete neglect of U-processes, which should be present down to all 

but the lowest temperatures, especially in metals with detailed Fermi 
LAeLe. Feces surto-c/a coAtact tiNo. 	0 YI zone. bounao.424 
Eurfacec. There is no simple formula.for the contribution of U-

processes to the resistivity, but it is expected that the contribution 

should fall rapidly to zero at low temperatures. 

1.2.5 	Resistivity from a general form for fscatt 

To obtain the deviation, A(c, T), from Matthiessenls rule it 

is necessary to determine the alloy resistivity and then to separate 

out the contributions from phonon scattering and impurity scattering. 

We shall here outline only the formal procedure used in determining 

p(T), starting from a general form for fscatt to be used in the 

Boltzmann equation. 

We use 
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1 R(k) - II(k')]W (k, 10)dk,  
scatt kB

T 	o  - - 

+ k1T ifq(k) +I(E
) H5(k')]W

P 
 (k, EL; k')dk' . 

DI(k) 	- l(k'))141 (k, g;  k' )dk' . 	(1.2.29) 
k
B
T 

where the first term on the right hand side represents the scattering  

by impurities, and the second and third terms represent scattering  

involving  phonon emission and absorption respectively. Wo(k, k') and 

W
P 
 (k, EL;  k9 are the equilibrium transition rates between the states k 

and k' due to scattering  by impurities and phonons of wave-vector a  

respectively. i(k) andl(a) represent the deviations from thermo-

dynamic equilibrium of the distribution functions for electrons (k) 

	

and phonons (a). 	(k) is defined by 

	

f  - f° 	
ae 
	 (1.2.30) 

Expressing  the current density in terms of 1(k), and 

assuming  thermodynamic equilibrium for the phonon distribution 

[1(E) = 0], gives eventually the resistivity 

kT  $114(k) -1(0)]2 
 W(k, k' )dk . dk' . dg 

P - 	 2 
 eve 	a  gam) . 21-f-e  c-1 dk 

(1.2.31) 

In practice the determination of (k) with a suitable overall 

transition probability W(k, k') is difficult, so use is made of the 

variational principle. This states that, for any given W, the 

resistivity expressed by equation 1.2.31 becomes a minimum when 

calculated with the correctI(k). 4i (k) is usually chosen with 

adjustable parameters to yield an upper bound for p(T). If, then, 

suitable forms can be found forPideal 	- (T) and po(c), the method yields 

an upper bound for A(c, T) which may be quite close to the correct 

A(c, T). 
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• Ziman(1.2) shows that application of the variational 

principle in the absence of scattering by impurities leads again to 

' the Bloch equation, (1.2.28). 

1.3 	Models For The Low Temperature Deviations From Matthiessen's 

Rule 

1.3.1 	Anisotropic scattering . 

AnisotropLesin the electron-phonon and electron-impurity 

scattering probably constitute the most important source of deviations 

from Matthiessen's rule at low temperatures. They may arise, e.g. as 

a result of anisotropies within the electron distribution and phonon 

spectrum, and from Umklapp processes. 

It must be emphasised that to understand the transport 

properties in even the simplest metals from a consideration, for 

example, of the effects of anistropy arising from deviations of the 

Fermi surface from sphericity, is a problem of extreme complexity. 

.Ziman (1.3) attempted to solve the problem by considering two extreme 

groups of electrons on the Fermi surface. The first are the "belly" 

electrons, whose states )k> lie on the more or less spherical parts of 

the Fermi surface and whose character is s-like. The second are the 

"neck" electrons which are associated with those regions of the Fermi 

surface which are in contact with, or close to, the (1113 Brillouin 

zone boundaries; these have mainly p-character so that they move 

.preferentially between the ions. 

We follow Ziman (1.3) by first assuming the existence of a 

relaxation time of the form of equation 1.2.15 for each state 1 k> on 

the Fermi surface. Thus 

j (1 
	

>,
A2 

Vi

dS
F _ 

T 	 % - cos 	kg (1.3.1) 

where < k, k' >:is the matrix element for elastic scattering from- 
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lk >tolk' >in the region dSF  of the Fermi surface, where the 

electron velocity is vF. 

On the nearly free electron model each electron wavefunction 

is described by a mixture of just two plane waves: 

l k 	= ak  exp(ik.r) + pk  exp[i(k - .2).r] 	(1.3.2) 

where 2.  is a basis vector of the reciprocal lattice. For the noble 

metals 2 is taken to be in the < 111 > directions, i.e. the directions 

of the _eight necks of the Fermi surface. 

In the Born approximation, the scattering matrix element 

connecting the two states ik > and 1k' >is 

• 
<k, k' > = ak  ak, U(k' - k) + PkPkt  U(k' - 	- k + 

+ k  pk , U(k' - 	- k) + Pk k , U(k' - k + .2) — 	— 	— — 
(1.3.3) 

where U(k' - k) is the matrix element for scattering of a single plane 

wave between ik > and 1k' >, and an asterisk denotes the complex 

conjugate. 

For impurity scattering, use is made of the fact that 

U(k' - k) is only a slOwly varying function of the angle 0 between k 

2 	2 and k'. Together with the normalisation condition ak Pk  = 1, 

equation 1.3.3 is then substituted into the equation (1.3.1) for the 

relaxation time. This is then evaluated numerically using a phase 

shift analysis, in which only the phase shifts fors waves, 60, and 

for p waves, 61, are assumed to be important. (The electrons at the 

concave belly regions, around the directions < 110 >, have s and d 

character; the phase shifts, 62, for such d waves are ignored here.) 

As a measure of the anisotropy, Ziman finds the ratio of the relaxation 

times on the neck and belly regions to be 

TN ,J 
 1 - 76

1
/6
0 

63(6
1o  /6.) 

2 

(1.3.4) TB 	84(51o)
2 
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We notice from this equation that, when 51  << 50, which may 

be the case when the impurity has the same valency as the host and does 

not significantly change the lattice parameter, the relaxation time on 

the neck is very much greater than on the belly. This is to be 

expected qualitatively; e.g., in the case of Ag in Au, the effect of 

alloying'will produce only minor modifications of the effective ion 

potential. Scattering from such a potential should then be essentially 

s-like. On the other hand, if the lattice parameter in the host is 

changed significantly upon alloying with an impurity of the same 

valency, substantial phase shifts may arise from the p wave. 

To describe the electron-phonon interaction, Ziman starts 

from the Bardeen formula (1.4), and uses 

Sin(Ak.r
s
) - (Ak..r

s
) Cos(Lk.rs) 

(Ak.r
s)
3 

where only the phonon polarization component, e , parallel to Lk is 

chosen. Hence, proper account is not taken of certain types of 

electron-phonon Umklapp processes, where the scattering is mainly by 

low frequency transverse modes. (rs  is the atomic radius.) • However, 

Ziman uses an approximate procedure to include electron-phonon U- 

. processes. He chooses Lk to be a continuous function of 0, varying 

in a fashion appropriate to normal scattering (Lk =-JT2 qp  Sin 30) for 

small 0, but as 0 approaches n, use is made of the. fact that the phonon 

wave-vector reaches a minimum value, corresponding to a transition 

from k to the nearest. point on the Fermi surface in the repeated zone. 

For phonon scattering, then, Ziman finds the anisotropy 
TN  
(--) to diminish from 1.1 at T = 0D to 0.45 at T = 0.2 0 • as the TB 	 D' 

temperature is further reduced the anistropy becomes nearly temperature 

independent. This behaviour is to be expected from qualitative 

arguments. At high temperatures, where there is an abundance of 

U(Ak) oc Lk.e - - (1.3.5) 



- 25 - 

phonons with large wave-vector, we may expect the scattering to be 

more or less isotropic with TN/TB  ^J 1. As the temperature is lowered, 

TN will not vary strongly because quite small phonons can cause 

appreciable changes in electron velocity. However, TB  will increase 

somewhat. 

The main drawbacks of Ziman's treatment lie in the approxi-

mation used for the scattering matrix element, which are necessary if 

the equation (1.3.1) for the relaxation time is to be solved. Taylor 

(1.5), on the same problem, assumed the function U(Ak) to be of square 

well form; that.is 

U(Ak) = 0 
	

(*Pict > p), 
(1.3.6) 

U(Ak) = constant 	(lAki < p). 

For impurity scattering the cut-off parameter p was chosen 

to be temperature independent, and fixed so that the scattering was 

consistent with the Friedel sum rule, and with experimental values 

for the electrical resistivity of the given impurity in the given host. 

The depth of the well was also chosen to be temperature independent. 

For all impurities in the noble metals, Taylor found the scattering to 

be 'nearly isotropic. This is incomplete disagreement with Ziman. 

For scattering by phonons, both p and the depth of the well 

were taken to be proportional to T. A Debye spectrum was used, and 

the scattering was assumed elastic with no account taken of Umklapp 

'scattering. Taylor's results for scattering by phonons were in agree-

ment with Ziman's. At low temperatures, (T".." .1 OD) TB  was several 

times larger than TN  and as the Debye temperature was approached, the 

variation of T over the Fermi surface was no more than 10%. 

An indication of the effects on the resistivity of these 

anisotropies of'T may be obtained for both impurity scattering and 

phonon scattering by assuming a simple two-b and model. Here, the 
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two bands should be the belly and neck electrons. We follow the 

procedure of Sondheimer and Wilson (1.6) in which account is not 

taken of electron scattering from one band to the other. 

The resistivity due to each band should obey Matthiessen's 

rule, so that 

N 
P  = Pph Pimp 

and B 	B . 	• ph + pimp 

Since the electrons in the two bands are assumed independent, the 

conductivities of the two bends add, yielding the resistivity 

P 
(p

N 	
p. ) (p 	pimp ) 

B 
+ p. ph imp ph p)  (1.3.7 ) 

Pph Pimp Pph Pimp 

The ideal resistivity is defined.by equation 1.3.7 when p
N 	B 
= p = 0, 
o o 

and the impurity resistivity when pph = pph = 0. I.e., 

N B 
• Pph Pph  

Pideal 	B 
Pph Pph 

Po 

N B 
P. pimp  imp 

P. 	.Pimp imp 

and 

(1.3.8) 

(1.3.9) 

The deviation, A, from Matthiessen's rule then follows from equations 

1.3.7, 1.3.8, and 1.3.9; 

Defining 

A  = P Pideal  Po' 

B , N 
a = P /P ph ph 

(1.3.10) 

(1.3.11) 

and 

.13  = 
B 
 p/P1\1,  p, (1.3.12) 

equation 1.3.10 becomes 



A(c,T) - 
a(14)2p0(c) pe1-fa,Y2  .(T) Pideal 

p.I 	(T) p (c) (13-a)
2 

deal 	o (1.3.13) 
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a and p here, are proportional to the anistropies of T for 

phonon and impurity scattering respectively. [The constant of 

proportionality invollies only the areas of the neck and belly regions 

of the Fermi surface, and the velocities of the electrons in the two 

1 	1 regions; it is numerically between -6- and for the noble metals (1.7).] 

Using also the definitions 1.3.11 and 1.3.12, we see that a is the same 

for all impurities in a given host, and independent of concentration, 
ttx%1Sok•CoQ 

c. Like the ani3troprfor phonon scattering, a decreases slowly with 

temperature, falling to perhaps less than- 1 of its value at T 0D 3 

at the lowest temperatures. Its magnitude is always small since the 

necks have a relatively small area, and the electrons there have 

smaller velocities than on the bellies. The parameter p is fixed for 

a given impurity in a given host, and is independent of concentration; 

its dependence on T should be very small. From the anistropy for 

impurity scattering, p should be somewhat larger than a. 

Let us consider the behaviour of A, as given by equation 

1.3.13, in two limits. 

(i) If 

then 

i.e. 

m(l+13)2p0(c) << p(1+m)2pideal (T) 

pideal (T) p (c) (12-a)
2 	p (c) p2 

A 13 
13(1±m)2  

ideal 

. (1.3.14) 

A 	p po(c), 	 (1.3.15) 

so that, while L varies from solute to solute, it should be linear 

in po(c) for a given solute. However, the condition 1.3.14 only 

holds, approximately, when 

2 
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PP. 	(T) 
Po(c) «

Ideal  
ideal a(l+p)2 	P 	(T) 

Hence, at low temperatures, the result 1.3.15 is only applicable in 

the extreme dilute limit. 

(ii) The inverse condition, 

m(1+02P0(c) >> P(1+m)2Pideal(T) 
	

(1.3.16) 

should nearly always apply for alloys at low temperatures. In this 

limit equation 1.3.13 predicts 

pi 	(T) po(c) (P-a)
2 

deal 	,J ideal  P2 

a(1-1-02  po(c) 	a(14-13)
2 (1.3.17) 

In other words, A quickly becomes independent of concentration (after 

the initial linear dependence on c), and varies with temperature like 

the ideal resistivity reduced only slightly by the small temperature 

dependence of a. 

.The magnitude of A(c,T) may be estimated using the values for 

the anisotropies derived by Ziman (1.3) and Taylor (1.5). The 

discrepancies between the two values obtained are almost entirely 

due to the differences in the values for the anisotropy in impurity 

scattering. It has been pointed out by Bass (1.8) that the derived 

values are generally well below the experimentally observed values 

for A. it is clear, therefore, that better account needs to be taken 

of the induced effects on the anistropy of both the electron distri-

bution and the phonon spectrum, when impurities are added to the metal. 

Also necessary is a proper treatment of the electron-phonon Umklapp 

scattering process. Kagan and Zhernov (1.9) attributed the under-

estimates for A to inadequate treatment of anisotropy in the electron 

distribution function arising from the presence of thermal Umklapp 

scattering and an anisotropic phonon spectrum. Each of the distribution 
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functions 	(k), 	(k), and I (k) contained an isotropic component 

	

x — Y 	z — 

appropriate to a free electron gas, and a term representing the 

departure from isotropy. Equation 1.2.31 for the pure metal 

resistivity was then solved. This was shown to be somewhat smaller 

than the value obtained in the absence of anisotropy, being particu-

larly important at intermediate temperatures. They considered that, 

due to purely elastic scattering, the introduction of impurities 

sharply reduced the effects of the anisotropy. The alloy resistivity 

was then determined from equation 1.2.31 and the deviation from 

Matthiessen's rule obtained immediately. This contained a term 

appropriate for an isotropic distribution function, and a supplementary 

term, most important at intermediate temperatures, arising from the 

anisotropy. 

1.3.2 	Inelastic electron-impurity scattering, 

Inelastic impurity scattering may arise from the fact that 

the impurity potential is modulated by the time-varying strain field 

of a lattice wave. Qualitatively, then, we would expect this 

additional scattering to be temperature dependent, and proportional 

to the impurity concentration. 

Consider the perturbation Hamiltonian H1(k°, k) of the 

static impurity potential, V(r), linking the electron states 1k > 

and 1k' >. 

'Ht(k,, k) = W(0) V(r)/r(k) dr 	(1.3.18) 

We now assume that the impurity potential is changed by a lattice 

wave, in the manner described by Damon, Mathur, and 'Clemens (1.10). 

The change is considered to be proportional to the local strain, e, 

so that 

6 V(r) 	= 	A e V(r). 	 (1.3.19) 

A 
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4 ST  C dT o v 
< e2 > - (1.3.21) 
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Provided the electron wavefunctions are coherent over a large period 

of time compared with the period of-the lattice wave, the corresponding 

perturbation Hamiltonian is 

H" (k', k) = A e H' (k', k). 

This indicates that the resistivity arising from each inelastic 

scattering process (H") should be simply proportional to the resistivity 

due to each elastic scattering process involving the static impurity 

potential, (H'). The former is the appropriate deviation from 

Matthiessen's rule, and is, therefore, 

A = A2 < e2 > p
o 	

(1.3.20) 

where < e
2 > is the mean square thermal strain. 

where j
T 
C 
v
dT is the thermal energy per atom, M is the atomic mass, o  

and v the velocity of sound for the transverse modes. 

At low temperatures < e2  > pc T
4
, and so, therefore, is A, 

which, from equation 1.3.20, also exhibits a linear dependence on pc,. 

As mentioned in the derivation, equation 1.3.20 is only valid if, 

essentially, the phase coherence of an electron is preserved throughout 

the time necessary to traverse one complete wavelength of the lattice 

wave. Hence, we require 

.C.01-15  > 1 	 (1.3.22) 

where wis.the angular frequency of the lattice wave, and T is 

comparable to the relaxation time associated with the ideal thermal 

resistance, and is therefore smaller than the relaxation time associated 

with the ideal electrical resistance by a factor of order (T/6
D
)2. 

Equation 1.3.22 puts an upper temperature limit on the validity of 

equation 1.3.20, at temperatures well above 20K. for the noble metals. 

1 
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If the electronic wave functions are modulated plane waves, 

% (k, r) x 950c, r)eik.r  — — , 

Damon, Mathur, and Klemens showed that an extra contribution to A, 

varying as T2 resulted. Interference between the two scattering 

mechanisms led to a term proportional to T3. 

1.3.3 	The Phonon Spectrum  

It is expected that the introduction of impurities to a 

crystal lattice changes the phonon spectrum. In the special case of 

a Debye spectrum, this change may be represented by a corresponding 

change in the Debye characteristic temperature, OD. It is suggested 

that the phonon resistivity is altered as a consequence, and that 

this alteration can be crudely represented by a change in the 

GrUneisen characteristic temperature, 0R. 

Starting from the Bloch-Grilneisen result for the ideal 

resistivity, this suggestion leads directly, as shown by Berry (1.11), 

to an expression for L(c,T). At low temperatures this expression 

reduces to 

• AOR 
A(c,T) 	-

6 OR Pideal(T) 	 (1.3.23) 

which would not normally be expected to be large if AOR -̂4 1A8Di. 

Unfortunately this derivation contains all the approximations and 

assumptions used in the derivation of the Bloch equation itself 

(equation 1.2.28), and does not give a quantitative estimate of the 

magnitude of-kier  

A more rigorous procedure was followed by Kagan and Zhernov 

(1.12) who solved equation 1.2.31 for the resistivity. For the 

scattering arising from the deformed phonon spectrum they obtained 

a resistivity at low temperatures varying like Pideal(T)' which, 

within their approximations, behaved as T5. The concentration 

dependence was linear, and the magnitude was given by 
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' - 
Ap(c,T) = 

2(

M 
 M M) n (T) (1.3.24) 

where M, M' are the masses of the host and impurity atoms respectively. 

1.3.4 	Interference between impurity and phonon scattering  

Let us consider, finally, a model which hac bccn shown t TAZgrit 

give rise to large deviations from Matthiessen's rule. 

Caplin, Napoli, and Sherrington (1.13) analysed the condition 

for the independence of impurity and phonon scattering. They pointed 

out that at low temperatures, the uncertainty in the electron momentum 

to be considered, is that transverse to the mean electron k vector. 

This is so because the phonons responsible for the electron scattering 

have wavevectors nearly perpendicular to the electron wavevectors. 

Thus, in alloys, the uncertainty in momentum of any electron 

state 1k > is often so great that the electron can be scattered 

through large angles by a phonon of any wavevector. In the relaxation 

time approximation, this consideration eliminates the small angle 

scattering factor from the equation for the resistivity. Considering 

also the nonconservation of energy for the electron-phonon scattering 

because of the interference with electron-impurity scattering in 

sufficiently concentrated alloys, Campbell, Caplin, and Rizzuto (1.14) 

arrived at the alloy resistivity. This yields the deviation from 

Matthiessen's rule 

4.8 sis.)  
A(T) - 

	

	 (1.3.25) 2 dT Tcte
D
T3 -. Pideal(T) 

o2  

where 
pideal

(T) is given by the Bloch equation (1.2.28). According 

to the result 1.3.25, L(T) dominates the ideal resistivity at low 

temperatures, and exhibits an approximate T3 temperature dependence. 

The equation, not applicable at very low concentrations, does not 

include a concentration dependence. 

The result is subject to all the simplifying assumptions of 
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the relaxation time approximation. However, in view of the probability 

of large angle scattering arising from normal electron-phonon colli-

sions in the alloy at low temperatures, it clearly indicates that A 

should have a temperature dependence a factor of T2 less than that of 

the ideal resistivity. This in itself implies the dominance of A 

over oideal  at sufficiently low temperatures, provided Caplin, Napoli, '  

and Sherrington's condition for interference between the two scatter-

ing mechanisms holds. 

1.3.5 	Summary  

Table 1.3.1 summarises the predictions of the models 

discussed in this section for the deviations from Matthiessen's rule 

at low temperatures. For each model the expression for A(c,T) and 

the conditions under which it holds are tabulated. Also listed are 

the temperature dependence, the concentration dependence, and the 

dependence of A on the type of impurity. For the two band model, the 

parameters a and p have been evaluated for the noble metals. 



Table 1.3.1  

Model Magnitude of A(c,T) 
. 	, 

Conditions T dependence c dependence Dependence 
on type of 
impurity 

References 

model 

. 	. 

Two band  
Pea (T) po(c) 	(P-m)2 idl  A - 

•-' p o  '..".> pideal  

. 

. 

Slightly less 

than that of 

pideal(T) 

because of 

small T dep- 

endence of m 

Linear in 

extreme dil- 

ute limit 

only (p0 4 

Pideal)' 
and inde- 

pendent of 

c for 

P o > 
r j 	ideal 

Like 

((3-m)2 
1.3, 

1.5 
m(1+P)2po(c) + pc1+a)2pideal(T)  

Pideal(T) 	(p--'
)2 

(1-143)2 

(See 

column 2) 
--> 	where 

a(1+P)2 	 • 

m c:-.' .08 (Ziman) at T = .2 OD  and 

decreases slowly as T decreases. 

pf.2 .2(Ziman) for phase shifts 

50 = 1051  (equa.1.3.4) and p».1 • 

for 5
o

->>105./.. Pc! .2(Taylor) for 

all impurities. 

Inelas- 

tic 

electron 

impurity 

scatter-

ing 

A = A2. 4(.. ST_dT o v 
For 

• 4kBT 	T 	2- 
.T(---):›1 

T4 

.. 

Linear Lies in 

the fac-

for A2 

1.10 

2 	Po. ' My 

Magnitude unlimited by the 

factor A2. 

X 	0D 
 

(low tempera-

tures), where 

T = relaxation 

time for ideal 

resistivity. 



befor- 

med 

phonon 

spectrum 

Berry: 	Ao
R C' 

 T <4 0D Like 

Pideal(T)  

• 

• 

' 	Linear Like 

(M1  - m
) 

1.11, 

1.12 
-6 

OR Pideal(T). 

If AoR ,--1 I AO DI 	then 

'1<<Pideal(T).  

Kagan, Zhernov: 

M, - 
= 2( 

M 

A 	M
)cpideal(T) M 

Inter- 

ference 

between 

impurity 

and 

phonon 

scatter-

ing 

4.8(1E 	3 A Provided 

ql,()t)■.51470-1<e. 1. 

(concentrated 

alloy), where 

qT = effective 

phonon wave-

vector cut-off, 

)i= electron 

mean free path, 

?1/4F = electron 

de Broglie wave-

length  at Fermi 

surface 

Essentially 

T3 
 . 

. 	. 

• 

Unspeci- 

fied 

No 

dependence 

on type of 

impurity 

. 

1.14, 

1.13 
- p

ideal(T) dT)T t.". 	
T 

9D2 
	

0 D 
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CHAPTER 2 

EXPERIMENTAL REVIEW 

2.1 	Introduction  

In this thesis the primary interest lies in the deviations 

from Matthiessen's rule occuring in the noble metals and noble metal 

alloys at low temperatures. In this chapter, therefore, a rather 

close study will be made of the more recent results obtained in the 

noble metals and their alloys, and -e-t- the analyses used in their 

interpretations. The interpretations will normally be in terms of the 

models discussed in chapter 1, but some new ideas will be introduced 

where appropriate, particularly when describing behaviours at higher 

temperatures. 

Also in this chapter is a discussion of selected work on 

the low temperature behaviour of aluminium and its alloys. This 

solvent is included because it has been carefully investigated in 

detail at low temperatures, and because of its simplicity; aluminium, 

e.g., has an isotropic resistivity, and it undergoes no phase 

transformations. The low temperature behaviours of some other alloys 

944erntsz. 	 )42. molt 	 .0 .-41,42.1W lou 
will be mentioned in ppssing. 
&ss (2%13) 	oksmaZtvas imp" INAWItAvivistrAis rat. 
2.2 	Silver and Silver Alloys  

The data of Dugdale and Basinski (2.1) on silver, pa Au, 

and Ag Sn, and that of Seth and Woods (2.2) on silver, Aq Cd, ,A.2 Mg, 

A9. Al, and the complementary alloys, were most reliable at. temperatures 

above OD/20, (about 10K). In figures 2.2.1 - 2.2.5 we have reproduced 

the plots of the deviations from Matthiessents'rule, A(T), for the 

five alloy systems investigated by these authors. 

The main feature of Dugdale and Basinskivs results was the 

pronounced maximum in A/po at roughly OD/5. The size of the maximum 
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A 

Po 

50 100 150 200 250 

Temperature (K.) 

Figure 2.2.1.  Dugdale and Basinski's (2:1) 
data for Ag.  Au alloys. Uppermost 
curve: 0.1% Au. Then, respectively, 

0.25%, 0.5%, 1%. • 

50 100 150 200 250 300 

Temperature (K.) 

Figure 2.2.2.  Dugdale and Basinski's (2.1) , 
data for 112.  Sn alloys. Uppermost 

curve: .02%.Sn.' Then, respectively, 

.05%, 0.2%, 1%. 
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Figure 2.2.3.  Seth and Woods' (2.2) data for A.9. Cd alloys. 

.004 
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.002 
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50 	100 . 	150 	Temperature (K.) 
Figure 2.2.4.  Seth and Woods! (2.2) data for Aa Ng alloys. 

50 	100 	150 • Temperature (K.) 

Figure 2.2.5.  Seth and Woods' (2.2) data for 	Al alloys. 
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diminished with increasing concentration until at a high enough 

concentration the maximum tended to disappear. Meanwhile, the temp-

erature of the maximum increased with increasing concentration. Seth 

and Woods, on the other hand, observed no humps at all in Acs Al, and 

much less pronounced maxima than those of Dugdale and Basinski in 

g.  Cd and Aq Mg. Seth and Woods' data also appeared to increase 

approximately linearly with temperature above 	The The concentration 

dependence was -sernewlia-dette.t. uonsfu4t4, 

A rough comparison of these data, for alloys of the same 

residual resistivity, reveals that Al produces the largest A in Ag, 

followed by Au, and then Sn, Mg, and Cd with similar values. 

Dugdale and Basinski's values of A were determined after 

making important corrections to ideal 
due to thermal expansion, and 

to po  due to the change in atomic volume produced on alloying. Their 

data were well described in terms of the two band model only. All the 

qualitative features of their maxima in A/po  were explained by the 

temperature variation of the anisotropy parameter a. 

From low temperature isotherms of po/A vs. Po/Pideal, which 

were linear as expected for pa Au and Aq.  Sn, they were able to 

determine the low temperature values of the anisotropy parameters. 

(section 1.3.1) a and p. In order to determine the anisotropies of 

the relaxation times,174/-53, from these values of a and p, Dugdale 

and Basinski made some informed assumptions about the electron 

velocities at the neck and belly regions of the Fermi surface, and 

the areas of these regions. The anisotropies for phonon scattering 

at both 25K. and 300K. agreed well with the theoretical predictions 

of Ziman (2.3) and Taylor (2.4). For the scattering from Au impuri-

ties, the anisotropy was in good agreement with Ziman's prediction, 

but the result for Sn impurities was larger by a factor about two 

; 
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than the predictions of both Ziman and Taylor. 

Seth and Woods, whilst making no quantitative comparison 

with theory, considered that the following effects should produce 

the observed 45-4:11-the-et-1-1,nrs. Vottgos 	114  calio. 

(i) Inelastic electron scattering by the disturbed potential 

of the vibrating impurities; (see section 1.3.2). 

(ii) Different anisotropies over the Fermi surface for scattering 

by impurities and phonons; (see section 1.3.1). 

(iii)' 	Interference between scattering by the vibrating impurities 

and the host ions. 

Important at low temperatures were the contributions (i) 

and (ii), which have characteristics as outlined in section 1.3.5. 

The effect of (i) should become negligible at higher temperatures in 

the manner described by Damon, Mathur,•and Klemens (2.5), but then 

the interference contribution (iii) (2.6, 2.7) was expected to become 

• important. Bhatia and Gupta (2.7) have shown that this contribution 

varies linearly with temperature at high temperatures. In particular, 

it may be positive or negative, and interchange of the host and 

impurity metals should change its sign. It is interesting, therefore, 

to compare Seth and Woods' results on the silver alloys with their 

results for the complementary alloys. In figures 2.2.6 and 2.2.7 

dA i 
we show their results on Al Ag and Cd Ag, for which cTi is clearly 

negative at high temperatures. It should be pointed out, however, that 

Seth and Woods made no corrections to their data for the effects of 

thermal expansion or change in atomic volume upon alloying. Such 

corrections are not insignificant at high temperatures, but are 

probably not large enough to completely mask the observed behaviour. 

Kos (2.8) turned to the study of the temperature dependence 

of the resistivity of silver samples with different residual resis-

tivities at temperatures below 4.2K. The existence of a size effect 
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Figure 2.2.7. Seth and Woods' (2.2) data for Cd Ag alloys. 
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cannot.be ruled out in at least one of the three specimens which 

were uncontaminated by magnetic impurities. After fitting by the 

.method of least mean squares, the data from the three specimens were 

found to be best represented by an equation of the form 

(p - po)/T3  = A + BT2. 	 (2.2.1) 

However, whilst the coefficient A remained approximately the same 

for the three specimens, the coefficient B was observed to vary 

somewhat from specimen to specimen. Kos attributed, the departure 

from the T
5 
law to phonon drag (2.9) which was expected to exhibit a 

T3  behaviour. However this was not substantiated quantitatively. 

In a second study of pure silver Kos (2.10) corrected the 

measured resistivities for the effects of thermal expansion, and used 

equation 2.2.1 to establish the residual resistivity. Isotherms of 

(p - pc)) vs. po  were then plotted. Above 9K. a linear region could 

be established for samples with po  4+ 5.22.x 10 9acm.; the points 

at higher po
' 
 were consistently low. Kos suggested that these low 

values may have arisen as a result of defect clustering, but it is 

possible that they may simply be a feature of generally non-linear 

isotherms. Below 9K. the isotherms exhibited considerable scatter. 

However, it was possible to extrapolate the isotherms to 

zero po  in order to establish voideal at each temperature. Figure '  

2.2.8 showsPideal  as a function of temperature determined in this 

way. The deviations from Matthiessen's rule were obtained immediately 

from p(T) and Pideal(T). Kos attributed the occurence of a break 

between two linear regions in each of pideal (T) and t(T) to the 

breakdown of the condition (inequality 1.3.22) for inelastic electron-

defect scattering. However, we note that the onset of considerable 

scatter in the.(p - po) vs. po  isotherms occured at a temperature 

similar to that of the break, and therefore attach some uncertainty 

to the values of pideal 
determined at temperatures below 9K. 
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Figure 2.2.8.  pideal  (T) for silver as derived 

by Kos (2.10). The slope below 

the discontinuity at about 9K. 

is 4.56 ± .06, and above the 

discontinuity is 4.88 - .02. 
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For T 4.<0
D' the Bloch equation (1.2.28) reduces to 

Pideal(T) 	E(T/OD)5[1-0.008(OD/T)
5exp(-0D/T)]. 	(2.2.2) 

On fitting equation 2.2.2 to the experimental data, the power of 

(T/eD) was found to be 4.56 for 2K. T 9K. and 4.88 for 12K. T 

.4:23K. Kos concluded that his results were in good agreement with the 

Bloch equation in the higher temperature interval, and that the 

behaviour below 9K. could be attributed to the onset of an additional 

scattering process. 

.The temperature dependence of A(T) was found to be T4.15 

for 4K. T 10K. and T3.27 for 12K. T < 20K. Kos' investigation 

into the source of the deviations was thorough. The most likely 

mechanism was considered to be the inelastic electron-defect scattering 

described in section 1.3.2. Kos considered that this was able to 

explain the deviations only up to about 12K., at which temperature he 

suggested the condition for inelastic scattering broke down; however, 

it can be shown that the effects of inelastic scattering may be present 

to temperatures well above 20K. In order to describe the magnitude 

of A, the constant of proportionality, A2, relating A and po in equation 

1.3.20 was large, (A = 60), when compared with values obtained in 

alloys (2.5). Kos claimed that the effect of lattice waves on a 

dislocation potential was expected to be very different from their 

effect on an impurity potential. However, it is very likely that 

Damon, Mathur, and Klemens' (2.11) determination of A
2 
 in their gold 

alloys was performed incorrectly, so that no comparison can really be 

made. 

The predictions of the two band model were in direct contrast 

to the observations of the behaviour of A at low temperatures, where 

Po' ideal ^; 	I.e., A was found to vary somewhat more slowly with 

temperature than oideal;  and was certainly not independent of p . '  
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At temperatures above 40K. the predictions of the two band model were 

substantiated. 

Kos correctly discarded an explanation in terms of phonon 

drag (2.9); its predicted logarithmic dependence of ac,T) on po  and 

the T
3 
temperature dependence were not observed experimentally. The 

effects of changes in the phonon spectrum with defect concentration 

were considered to play only a minor role. 

In 1968 Ehrlich (2.11) attempted to establish the ideal 

resistivity of silver. From a technique for producing extremely high 

electrical purity, he obtained a specimen of residual resistivity 

1.6 x 10 113.acm. Ehrlich assumed the validity of Matthiessen's rule 

for this specimen; according to Kos' (2.10) results, the deviation 

from Matthiessen's rule for such a specimen would be only of order 

10 2 p
ideal' 

so'this would appear to be a good assumption. Ehrlich's 

data (from two experimental runs) are reproduced in figure 2.2.9, 

which shows the temperature dependent part of the resistivity to vary 

with temperature like T5.0  for 245K. .1i T‹.7 12K. This behaviour of 

the resistivity was explained by the Bloch equation (1.2.28), 

although no quantitative Comparison was made, and no consideration 

was taken of the assumptions made in the derivation of the Bloch 

equation. 

2.3 	Gold and Gold Alloys  

Damon and Klemens (2.12) measured the electrical resistivities 

of alloys of gold with Zn, Al, Cu, and Pt impurities at temperatures 

between 80K. and 500K. All but the last of these impurities were 

expected to exhibit localised modes with frequencies' and characteristic 

temperatures 00  in excess of those of the continuum of acoustic modes. 

If inelastic electron-impurity scattering made an appreciable 

contribution to the resistivity, then, Damon and Klemens suggested 

that any fluctuation in the temperature.dependence of the mean square 
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strain at the impurity site would reflect in the resistivity. It 

was assumed that, at temperatures close to 60, the local thermal 

strain was significantly modified in the presence of the local 

impurity mode. This was expected to manifest itself in the form of 

an increase in slope of p(T) near 00. 

Damon and Klemens found no such structure in any of the 

alloys studied, and concluded that, if the effect was present, it 

was being masked by other mechanisms, perhaps related to the zone 

structure of Au. Their sourct'of the deviations from Matthiessen's 

rule was not credited to the two band model because of the roughly 

linear dependence of A on T at temperatures where A would be expected 

to vary more slowly with temperature. 

It became clear to Damon, Mathur, and Klemens (2.5) that 

the reason no effects from local vibrational modes were apparent in 

the resistivity, was that at such high temperatures the condition 

1.3.22 for inelastic electron-impurity scattering was violated. 

Damon, Mathur, and Klemens (2.5) measured the resistivities 

of pure Au, Au Pt, Au Cu, and Au In at temperatures from 1.5K. to 

40K. Their best pure Au specimen had a residual resistence ratio 

of 2600, and the temperature dependent part of its resistivity, which 

appears to vary approximately like T4'0, was tabulated for temperatures 

from 10K. to 480K. 

Since the specimens investigated were all dilute alloys, 

Damon, Mathur and Klemens neglected the effects of changes in the 

electronic band structure or phonon spectrum of Au upon alloying. 

Their data analysis was performed in terms of two contributions for 

the deviations from Matthiessen's rule. The first was inelastic 

electron-impurity scattering, which would become negligible at 

temperatures greater than 20K. in Au, such that W'Z' G 1, where (.4)  

is the frequency of the lattice wave, andlr is comparable to the 
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relaxation time associated with the ideal thermal resistance. The 

second was the two band model, whose effects were expected to be 

present over the entire temperature interval. 

Thus, Damon, Mathur, and Klemens described the temperature 

dependent part of the resistivities of their alloys by 

p(T) 	po 	(T)po  +/A(po,T) 	(2.2.3) 

where MT), due to inelastic impurity scattering, is of the form 

suggested by equation 1.3.20, and 

fl(po,T) = A2(po,T) Pideal(T)' 	(2.2.4) 

where A2 
is the deviation expected in terms of the two band model. For 

sufficiently high values of po, A2  and thereforeja were expected to 

become independent of po. Under these circumstances, then, (p-p)ocpo. 

Isotherms of (p po) vs. po  plotted by Damon, Mathur, and Klemens, 

and reproduced in figure 2.2.10, indeed showed such a linear depen-

dence for po  :p 0.5 x 10 61lcm. The coefficients and/A from equation 

2.2.3 were then obtained immediately. 

From equation 1.3.20, for A in terms of the mean square 

thermal strain and the residual resistivity, the value of A
2 
was • 

found, surprisingly, to be approximately independent of the impurity, 

and of magnitude A2 40. This is probably a low value of A
2 
because 

Damon, Mathur, and Klemens measured the slopes of the isotherms at 

high values of po, where the isotherms may well be non-linear. The 

temperature dependence of the coefficient (T) was observed to be T4 

in Au Pt and T3.6 in Au In, approximately as expected. The anisotropy 

parameters a and p from the two band model took the following values. 

a increased from about .01 at 20K. to about .02 at 40K., and p was 

.15, .13, and .12 for the solutes Pt, Cu, and In respectively. All 

these values are somewhat less than those proposed by Ziman (2.3) or 

derived by Dugdale and Basinski (2.1) for their Ag and Cu alloys. 
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Bass (2.13) pointed out that, with these values for a and p, 

the deviation A2  would become independent of po  only for po  >> 10p
ideal. 

This severely limits the application of equation 2.2.3 to Damon, 

Mathur, and Klemens' data, and makes the separation of A by this method 

into its two components questionable. 

Returning to the features of the (p 7 po) vs. po  isotherms, 

at all temperatures between 10K. and 20K., they are good straight 

lines for po  > 0.5 x 10
6acm., but the data points at lower po lie 

consistently below the line. There is distinct evidence of a dependence 

on the type of impurity. It would appear that the solute Pt gives 

rise to the largest deviation, followed by Cu, and finally In, for 

alloys of similar residual resistivity. Cimberle (2.14) has shown 

that Damon, Mathur, and Klemens' values for (p - po) can be represented 
Stie 

by a term in lnpo  for each impurity. -He-compares the magnitudes of 

these data with those of Stewart (2.15) which are somewhat larger. 

.Stewart's (p - po) data were also shown to be approximately logarithmic 

in po  with the solute Pt producing a larger deviation in gold than the 

solute Ag. At 19K. Cimberle observed the onset of an approximately 

poi  independent region at low po. 

Stewart and Huebener (2.16) determined the resistivities and 

deviations from Matthiessen's rule in dilute alloys of gold and 

platinum at temperatures between 1.6K. and 373K. We shall consider 

only their data on pure gold, Au Ag, Au Cu, Au Pt, and, for comparison, 

pure platinum and Pt Au. 

In the gold alloys Stewart and Huebener found the form of A 

to be in general agreement with that obtained by Dugdale and Basinski 

(2.1). 1(T) generally exhibited a rapid rise in the temperature 

interval 10K. to 30K., and saturation near room temperature, where 

A(T) was approximately constant. A peak at about 40K. was evident in 

the deviations of the alloys of lowest concentration, and a much 
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broader peak was observed in a more concentrated Au Ag alloy. The 

magnitudes of the deviations observed in the Au + 1 at.% Pt and 

Au + 1 at.% Cu alloys, however, were markedly different from those 

observed by Damon and Klemens (2.12). The isotherms of A vs. 

concentration for the Au Pt alloys unfortunately extended only over 

about a decade in concentration. The form of the isotherms was very 

similar to that of Damon, Mathur, and Klemens (2.5) shown in figure 

2.2.10, and suggests that the deviations may be able to be represented 

by a term in 1n c. 

In Pt Au the temperature variation of the deviations was 

"quite similar" to that of the Au Pt alloys. This was rather 

surprising in view of the drastic differences in the electronic band 

structure of Au and Pt, and the impurity potential. 

The low temperature T dependences of their pure gold and 

pure platinum specimens had mean values T4.0  and T3.7 respectively, 

whereas the mean dependences for the alloys were T3.2 (Au Pt and 

Pt Au), T3.1 (Au Ag) and T3'5 (Au Cu). 

These temperature dependences suggested to Stewart and 

Huebener that the two band model was not wholly applicable to their 

data. However, they porceeded to analyse their data in terms of it 

and obtained values for the anisotropy parameters a and p which were 

in general disagreement with our expectations. For example, in the 

gold alloys, a, evaluated at 20K., varied by a factor of 30 from 

specimen to specimen; p was not constant in the Au Cu alloys, and was 

high in the most concentrated Au Pt alloy. Otherwise, the p values 

for the noble solutes were in rough agreement with those obtained 

by Damon, - Mathur, and Klemens (2.5), and both the a(20) and p values 

in the Pt Au alloys were approximately constant at average values 

.012 and .117 respectively. 
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• In view of the similarity of the results for the Au and Pt 

alloys, considerable doubt was cast on the interpretation in terms of 

the different anisotropies for phonon and impurity scattering over 

the Fermi surface. Stewart and Huebener, therefore, suggested an 

explanation in terms of the anisotropy of the lattice vibrations 

(2.17). This model makes use of an equation of the same form as 

equation 1.3.13, so that it was able to describe the data reasonably 

well, but its parameters do not reflect on the electronic band 

structure of the host. 

Finally, Whall, Ford, and Loram (2.18) showed that the 

breakdown of Matthiessen's rule in alloys of gold with magnetic 

impurities (Fe, Mn, and Co) was very similar in form and in magnitude 

to that observed in their non-magnetic alloys (Au Ni and Au Ti). 

In their magnetic alloys, the impurity resistivity was 

temperature dependent, so Whall, Ford, and Loram used extrapolation 

formulae and the experimental data below 4K. to establish its 

magnitude up to 60K. This meant, therefore, that it was not possible 

to establish the deviations from Matthiessen's rule below 4K. 

Furthermore, the temperature dependent part of the resistivity of 

their pure Au specimen, in which the deviation was substantial up to 

a few Kelvins, was considered to be close to pideal(T). We must 

conclude, therefore, that Whall, Ford, and Loram's data had good 

resolution only above about 10K. 

In Appendix 2, is an alternative analysis of Whall, Ford, 

and Loram's data. 

In the temperature interval 9K. to 20K., they described 

the resistivity of their pure gold specimen by 

p(T) 	(1.0 ± 0.2) x 10-14T4'3  ± 

It was claimed that this result was consistent with a phonon resisti- 

5 vity proportional to T since, on a two band model, the deviation 
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term for this specimen was expected to vary more slowly with tempera-

ture than pideal(T) at such temperatures. 

Whall, Ford, and Lorain also claimed that the deviations at 

the lowest temperatures for their alloys were proportional to (p - po) 

for the pure specimen. From their graph it would appear that, generally, 

A(T) varied more slowly with temperature than o 'ideal(T)' and, 

furthermore, the magnitude of A was most uncertain at the lowest 

temperatures. 

Isotherms of (p - po) vs. po for the Au Fe alloys were agaih 

similar in form .to those of Damon, Mathur, and Klemens (reference 

2.5, figure 2.2.10). 

Whall, Ford, and Lorain made use of the two band model and 

interpreted their data in terms of the different anisotropies over 

the Fermi surface for impurity and phonon scattering. Their quanti-

tative analysis on the Au Fe, Au Mn, and Au Co alloys revealed the 

following properties of the anisotropy parameters a and 3. 

(i) Both a and p were approximately independent of concentration. 

(ii) a was slightly temperature dependent in the manner expected. 

(iii) p took the mean values .30 for Fe impurities, and .29 for Mn, 

independent of temperature. For Au Co p varied somewhat unexpectedly 

from 0.25 at 20K. to 0.42 at 40K. Numerically, the values for a and 

p were very close to those determined by Dugdale and Basinski (2.1) 

for charged impurities in noble metal hosts. 

2.4 	Copper and Copper Alloys 

In figures 2.2.11, 2.2.12, and 2.2.13 are Dugdale and 

Basinski's (2.1) results on dilute Cu Au, Cu Ge, and Cu Sn alloys. 

The features of A/po  for these alloys were similar to their results 

on silver alloys•(section 2.2). Again, A/po  exhibited maxima at 

about OD/5 which diminished in magnitud& for alloys of increasing 

concentration. From their data it would appear that, for alloys of 
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Figure 2.2.11. 

Dugdale and Basinski's 

(2.1) data for Cu'Au. 

Uppermost curve .05%, 

then respectively .1%, 

.25%. 

Figure 2.2.12. 

Dugdale and Basinski's 

(2.1) data for Cu'Ge. 

Uppermost curve .01%, 

then respectively,.02%, 

.05%, .1%. 
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Dugdale and Basinski's 

(2.1) data for Cu Sn. 
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then respectively, .02% 

.05%, .1%. 
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the same residual resistivity, Au gives rise to the largest deviations 

from Matthiessen's rule in copper, followed by Sn and Ge. 

Dugdale and Basinski considered that the different 

anisotropies for phonon and impurity scattering over the Fermi surface 

were the main source of deviations from Matthiessen's rule in copper, 

and described their data by the equation (1.3.13) from the two band 

model.. At low temperatures, where the anisotropy parameter a was 

expected to be approximately temperature independent, po/A was indeed 

found to be linear in o / .o 'o ideal . Dugdale and Basinski were then able 

to determine the low temperature value of a and of p for each impurity. 

At high temperatures A/po  was found to be only approximately indepen-

dent of concentration. Nevertheless, the high temperature value of 

a was determined by using the appropriate values of 3. As predicted 

by Ziman (2.3) the anisotropy (a) due to phonon scattering increased 

by a factor about 3 from low to high temperatures, and gold as 

impurity caused a large anisotropy (p) at low temperatures in the 

opposite sense to that of phonons. On the other hand, the f3 values 

for the charged impurities Ge and Sn were not markedly different from 

the p'value for Au. 

Lengeler, Schilling, and Wenzl (2.19) determined the 

deviations from Matthiessen's rule in Cu Au and Cu Ni alloys between 

4K. and 573K. From the measured resistivities they subtracted the 

temperature dependent part of the resistivity of a pure copper 

specimen whose residual resistivity was 1.00 nilcm. This resistivity 

is shown in figure 2.2.14 together with the deviations, £(T), for 

four of their Cu Au and Cu Ni alloys. A T5 power law appears to be 

well obeyed, and Lengeler, Schilling, and Wenzl claimed that A(T)0C 

Pideal
(T). However, their graph of t(T) vs. 

pideal(T) at low 

temperatures suggests that A varied slightly more slowly with 

temperature than Pi 
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Figure 2.2.14.  ( p- po) for Lengeler, Schilling, and Wenzl's 

(2.19) pure specimen (extreme right hand line), 

and, (from the right) A(T) for Cu + 0.1% Ni, 

Cu + 1% Ni, Cu + 1% Au, and Cu + 1.8% Au 

respectively. 
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Upon plotting the initial slopes of the A vs Pideal curyes 

against residual resistivity, po, Lengeler, Schilling, and Wenzl 

showed that, at high pc), their data for the Cu Au alloys could be 

described by.  

A/Pideal = 2.0_+ 75c 

and for the Cu Ni alloys by 

A/Pideal = 1.6 + 40c. 

It is to be noted, however, that the plot of A/pideal vs' po was 

linear over only a very narrow interval of pc.  ( if at all), and the 

ordinate fell rapidly to zero at low pc). 

Lengeler, Schilling, and Wenzl proceeded to interpret their 

observed deviations in terms of two mechanisms, each of which 

predicted a temperature variation like pideal(T) at low temperature 

as required. The first term in each of the expressions above was 

assumed to arise as a result of anisotropic scattering, and the 

second term from the scattering of electrons from a deformed phonon 

spectrum (2.6). 

To determine the anisotropy parameters a and p of equation 

1.3.13, it was necessary to ignore the curvature in A/pideal vs' Po' 

and extrapolate the high po  values to zero pc). The resulting values 

of a and of p for Cu Au were in excellent agreement with Dugdale and 

Basinski's (2.1) values. Lengeler, Schilling, and Wenzl found a 

similar value for p in Cu Ni, numerically 0.44, and attributed its 

magnitude to the appearance of high order phase shifts as a result 

of the smeared scattering potential. 

The second term in each of the equations above for A/ Pideal 

was numerically much larger than that predicted by Kagan and Zhernov 

(2.6); see equation 1.3.24. This discrepancy was attributed 

particularly to.the neglect of changes in the interatomic coupling, 
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but it 'is unlikely that this could explain such a large discrepancy. 

Bass (2.13) noted the good agreement between the data of 

Lengeler, Schilling, and Wenzl and Dugdale and Basinski (2.1) for 

Cu Au alloys. Figure 2.2.15 is a reproduction of Bass' plot of 

Ep(20) - po] vs. po  for all the copper specimens of these two groups 

of authors. Cimberle (2.14) reported the approximate logarithmic 

behaviour of (p - po) on po  and pointed out the different slopes of 

the isotherms for the different impurities in copper. 

Finally, Rumbo (2,20) measured the electrical resistivity 

of a copper single crystal, purified by a distillation technique 

which removed magnetic impurities to less than two parts in 10
9 

The specimen had a residual resistivity of 1.131 x 10 1011cm. and 

Rumbo described the temperature dependent part of its resistivity by 

P - (3-0  =. 1.645 x 10-14T3  + 6.79 x 1017T5J1cm. 

between 5K. and 8.5K. He was unable to satisfactorily explain the 

existence of the term in T3. 

2.5 	Aluminium and Aluminium Alloys  

Caplin and Rizzuto (2.21) examined the effects of different 

impurities in aluminium at temperatures between 1.5K. and 77K. Most 

of the qualitative features of their results are revealed in figure 

2.2.16 which shows.(p po) vs. lnpo  at three different temperatures. 

From these isotherms, four things were immediately 

apparent. 

(i) Over at least four decades in po, at the lowest temperatures, 

the deviation A from Matthiessen's rule varied approximately like 

lnpo. 

(ii) At a given temperature A was a function of po  only, and was 

insensitive to the particular impurity. This applied also to the 

impurities Cr and Mn when corrections were made to allow for the 

localised spin fluctuations. 
2 



Figure 2.2.15. Data from Dugdale and Basinski (2.1) (filled characters) and 

Lengeler, Schilling, and Wenzl (2.20),, 01" :20).:. 

lw ,gi7 Pure Cu; AL Cu Sn; 0 Cu Ge; K3,0 Cu Au; 0 Cu Ni. 
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Figure 2.2.16. Caplin and Rizzuto's (2.21) results on 

aluminium alloys. 
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(iii) • At 14K., e.g., the breakdown of Matthiessen's rule was so 

severe that (p - po) increased by a factor of 8 from the purest to 

the most impure sample. 

(iv) At sufficiently high temperatures and small enough po  the 

isotherms flattened off to give the appearance that Matthiessen's 

rule became valid. Caplin and Rizzuto presumed that the limiting 

value of (p - po) represented the ideal resistivity pideal of  

aluminium. The boundary between the flat and logarithmic regions 

occured where po  and (p po) had the same order of magnitude. It 

should be noted that under these conditions, the two band model/ 

	 would predict a change in regime to A oc po. 

From the isotherms, then, Caplin and Rizzuto were able to 

establish oideal 
 and A. Pideal(T) was found to be proportional to 

'  

T5, and A(T) varied like T3, so that it dominatedPideal  (T) at the 

lowest temperatures. 

Campbell, Caplin, and Rizzuto (2.22) interpreted both the 

magnitude of A in the dirty limit, and its temperature dependence, in 

terms of momentum nonconservation at electron-phonon collisions in 

the alloys. Although this model did well in describing the data 

from the most impure specimens, it was pointed out in section 1.3.4 

that it was unable to describe the concentration dependence of A, 

and contained all the assumptions of the relaxation time approximation. 

'Senoussi and Campbell (2.23) measured the resistivities of 

two commercial Al wire specimens and an Al Cu alloy wire between 

1.3K. and 4.2K. 	Like Caplin and Rizzuto, the temperature dependent 

part of the resistivity in each case varied like T3  over the entire 

temperature intercal. Furthermore, from their limited number of data 

points, they showed that p(4.2) po  was approximately independent 

of po  over about two decades in po. They claimed that this latter 

result supported an interpretation in which the role of the impurities 

Fr 
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was to "isotropize" the electron relaxation over the Fermi surface. 

Finally, the resistivity of some aluminium alloys was 

studied over an extensive range of temperatures by Seth and Woods 

(2.2). Qualitatively, their results at temperatures below about 

60K. were similar to results on noble metal alloys (e.g., 2.1, 2.2). 

Their deviations from Matthiessen's rule in Al Mg and Al Ag (figures 

2.2.17 and 2.2.6) featured rapid increases with temperature at low 

temperatures, and reached maxima for the dilute alloys at about 60K. 

This latter feature must be tentatively attributed to the 

effects of anisotropy in the electron distribution function; Seth 

and Woods, whilst making no quantitative comparison with theory, 

suggested that a contribution to the observed deviations came from a 

two band mechanism. At low temperatures they considered that 

inelastic scattering (2.5) by the disturbed potential of the vibrating 

impurities should also be important. 

From figures 2.2.17 and 2.2.6, for the Al Mg and Al Ag data, 

dA 
-41-fwas clearly > 0 and <0 respectively at high temperatures. In 

the complementary alloys Nig.  Al and Aa  Al (figure 2.2.5) 4 had the 

opposite sign, which Seth and Woods pointed out was in agreement with 

the predictions of Bhatia and Gupta (2.7) regarding an interference 

mechanism between the scattering by the vibrating impurities and the 

host ions. 

A comparison between Seth and Woods' data and that of 

Caplin and Rizzuto (2.21) is not easy because Seth and Woods' data 

was somewhat unreliable at low temperatures. However, the agreement 

at 77K. was good, and was not complicated by the humps in A(T). 

2.6 	Conclusion  

The experimental data reviewed in this chapter show some 

general features. For the noble metal based alloys the deviations 

from Matthiessen's rule are large and may be comparcd in magnitude 

tick, ca rnP acq 	i tiN 	cua TIZt 1A.c.111- 
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Figure 2.2.17.  Seth and Wood's data for Al Mg,(2.2). 
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with ()ideal' The temperature dependence, while often interpreted as 

being like that of D 	is often slightly slower than o 'ideal' 	 'ideal.  

Most workers have claimed a linear dependence for A on the concentra-

tion c, but, while this may be true over a limited range of 

concentration, there is strong evidence that A generally varies more 

slowly than linearly, especially for high values of c. At a given 

temperature and po, A varies from solute to solute.. At high tempera-

tures it seems clear that A/po  reaches a maximum at about OD/5 in 

many alloy systems, and that this maximum moves towards higher 

temperatures as po is increased. At still higher temperatures the 

dA i sign of.ay 	.s often reversed in the complementary alloy. 

In aluminium alloys there are two outstanding differences. 

First, the temperature dependence of A is approximately T3, so that 

it dominates the ideal resistivity, which varies like T
5, at low 

temperatures.. Second, at a given temperature, A appears to be a 

universal function of po, being independent of the particular impurity. 

Approximately, A varies like lnp6. 

The two band model has been used extensively in the 

interpretation of the experimental data. Considerable doubt was 

cast on its validity when it was noticed that the deviations in Pt Au 

alloys (2.16) were very similar to those in Au alloys, in spite of 

the very different electronic band structures of Au and Pt. However, 

it is a widely held view that anisotropic scattering should be 

responsible for considerable deviations from Matthiessen's rule, 

and provided the limitations on the anisotropy parameters a and f3 are 

not rigorously adhered to, the equation (1.3.13) is often able to 

describe the data well over an extensive range of temperature. 

Other models have been employed to describe certain facets 

of the data, and have succeeded quite well. Presumably, however, 

the full magnitude of A is a result of many physical mechanisms, 
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some of which interfere. The separation of A into contributions 

arising from each mechanism is obviously a problem of extreme 

complexity. 

Finally, on many occasions, the low temperature T dependence 

of  Pideal has been found to be less than T
5. Some doubt must 

therefore be attached to the numerous claims that the observed ideal 

is consistent, in some way, with the Bloch equation (1.2.28). 
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CHAPTER 

METALLURGY AND SAMPLE PREPARATION 

3.1 	Introduction  

A physical determination such as the measurement of 

electrical resistivity is only as good as the specimen on which it is 

carried out. The specimens, nearly a hundred in number, were there-

fore prepared carefully to the nominal concentrations, and an attempt 

was made to minimise the heterogeneity and the level of impurities, 

particularly ferromagnetic. 

Many of the specimens followed a common preparation 

procedure, and this will be described in the present chapter. 

Techniques employed on other samples are discussed, and apparatus is 

described where appropriate. 

In particular, the highly successful oxygen treatment for 

the reduction of the effective concentration of magnetic impurities 

is described in detail.  in section 3.5. 

3.2 	Initial Considerations  

3.2.1 	Alloys  

The choice of the solutes gold, platinum and palladium in 

silver was made initially, bearing in mind that their oxides were un-

likely to form during the oxygen treatments. Subsequently, solutes 

were chosen which would not introduce resistance minima and which 

would not oxidise. (This ruled out the alloys AgMn and AgAl for 

example.) .Considerationwas given to the solute masses, and their 

positions in the periodic table. 

Next the solubility of the metal in silver was considered 

in detail so that the composition fell within the m -phase field of 
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the alloy, and the presence of a second phase was avoided. Some work 

was done on dilute copper alloys; descriptions of these systems are 

tabulated in table 3.2.1. 

We consider now the result of adding a small quantity of 

one metal to another. This often results in the formation of a 

homogeneous alloy which may be regarded as a solid solution of the 

one metal in the other. Such a "terminal" solid solution can be 

shown by x-ray analysis to have the same general type of crystal 

structure (e.g. face-centred cubic in the case of silver based solid 

solutions) as the parent metal. However, upon alloying, the 

dimensions of the unit cell are likely to change. 

The solute atoms may either replace those of the solvent to 

form a "substitutional" solid solution, in which case the two kinds of 

atom become situated on a common lattice site, or fit into the spaces 

between the atoms of the solvent to form an "interstitial" solid 

solution. Normally the interstitial type of solid solution is con-

fined to cases where one atom is very much smaller than the other. 

On the other hand, some pairs of metals do not form solid 

solutions at all, and in others the solubility is severely restricted, 

as shall be seen. 

We shall now discuss briefly the observations of Hume-

Rothery (3.1) which relate to the solubility of one element in 

another and- to the existence and structure of intermetallic compounds. 

These observations serve only_as general guide-lines, the rules 

governing alloy structure being empirical. 

The concept of atomic size-factor is as follows. If the 

difference in atomic diameter (i.e. the closest distance of approach 

of the atoms in the crystal of the element) between the solute and 

the solvent is more than about 15% of that of the solvent, then the 

solubility is severely restricted. It must be emphasised that if the 
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atomic diameters are favourable then extensive solid solutions may be 

formed with the proviso that other factors are favourable. It is 

interesting to note here that both AgAu (3.2) and AgPd (3.3) form 

continuous solid solutions over their entire concentration ranges; 

silver, gold and palladium all have the same crystal structure (face - 

centred cubic) and similar atomic diameters [2.888 R., 2.884 R., and 

2.750 R. respectively (3.4)]. 

There is a tendency to form .intermediate compounds at the 

expense of the terminal'solid solutions if there is a large difference 

in electronegativity between the solute and solvent. This factor has 

been only a minor concern in the present work. 

The relative valency effect, which attributes a wider range 

of solubility to the case where the solute is of higher valency than 

the solvent, rather than vice-versa, must be discarded generally, but 

holds rather nicely for alloys of the noble metals with metals of 

higher valency. For example, extensive solid solution up to 42.2 at. 

% Cd exists at the silver-rich end in the A9Cd system (3.2), whereas 

silver is soluble in cadmium only up to 7.0 at. % Ag. Similarly the 

solubility of In in Ag (3.5) exists up to 20 at. % In and the 

solubility of silver in indium is small. In both systems the atomic 

size-factors are favourable. 

Finally, in some cases Hume -Rothery observed that certain 

• alloy structures existed at fixed electron to atom ratios corresponding 

to the maximum number of electrons which could be contained in the 

first Brillouin zone. Such electron compounds exist in the AgCd and 

AgIn systems but these caused little concern in the present work 

because of the interest mainly in alloys of low concentration, (--5 1 

at. %). 

3.2.2 	Systems investigated  

We shall now describe briefly the individual alloy systems 
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investigated. 

3.2.2.1 AgAu  

AgAu (3.2) forms a continuous series of solid solutions 

over the entire concentration range from pure Ag to pure Au. Both 

elements have face-centred cubic crystal structures with similar 

atomic diameters. In the alloy, the lattice parameter at 20°C. 

decreases from (3.6) 4.0777 kX for pure silver by .00035 kX (at. % 

Au) 
-1 up to 3.3 at. .% Au, and the resistivity increases by (3.7) 0.36 

Wrm. (at. % Au) 1  up to 3.02 at. % Au. This small resistivity is 

characteristic of only a small alteration in the electronic structure 

of silver upon alloying; the wavefunctions at the bottom of the 

conduction band of Ag and Au are easily connected because they have near- 

ly the same energy and amplitude on the boundaries of the atomic cells. 

3.2.2.2 	AgPd  

Similarly AgPd forms a continuous series of solid solutions 

over the entire concentration range and again both elements have face-

centred cubic crystal structures and similar atomic diameters; the 

atomic size-factor is 4.8%. The lattice parameter at 22°C. in the 

alloy decreases by (3.8) ;00233 kX (at. % Pd)
-1 
 up to 9.08 at..% Pd, 

and the resistivity increases by (3.9) 0.436 110CM. (at. % Pd) 1  up to 

(.3.7) 9.52 at. % Pd. This resistivity is small because of the nearly 

full d band of Pd, the easily connected wavefunctions at the bottom 

of the conduction band, and the similar atomic diameters of host and 

solute. 

3.2.2.3 AgCu  

The AgCu system (3.3) is essentially a eutectic, (the 

atomic size-factor is marginal at 11.5%), with small ranges of solid 

solubility at the Ag and Cu rich ends. Thus great care was necessary 

during the preparation of the alloys which included homogenising for 

a few days at 700°C. following quenching from the melt to room 
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temperature. In the alloy, copper reduces the lattice parameter by 

(3.10) .00369 kX (at. % Cu)
-1  up to 3.9 at. % Cuo The residual 

resistivity of AgCu is (3.7) 0.077)A0cm. (at. .% Cu) 1  up to 1.48 

at. % Cu. 

3.2.2.4 AgPt  

To avoid the presence of the a' and m" phases extreme care 

was again necessary in the preparation of the AgPt alloys. Thus, 

following the quenches from the melt the alloys were homogenised at 

900°C. for at least four days and then quenched again to room 

temperature. The peritectic form of the AgPt phase diagram (3.5) was 

of little concern. In the alloy the lattice parameter decreases by 

(3.11) .00241 kX (at..% Pt) 
-1 up to 5.4 at. % Pt, and up to 1.93 at. 

% Pt the residual resistivity is (3.7) 1.6/..LEm. (at. % Pt) 
1
. 

(This resistivity is attributable mainly to the d character of the 

scattering potential for the Pt impurity). 

3.2.2.5 Agin  

The preparation of the alloys of the peritectic system 

Agin (3.5) caused no difficulty because of the extensive a phase 

fields, and the negative do  (whereT is the temperature and c is the 

impurity concentration in silver) of the liquidus and solidus. In 

Agin the lattice parameter at 18°C. increases by (3.12) .00316 kX 

(at. % In)
1 
up to 2.44 at. .%In, and the resistivity increases by 

(3.7) 1.78./ACM. (at. :% In)-1  up to 1.49 at. % In. This value of the 

residual resistivity is in approximate agreement with the numerical 

predictions of Linde (3.9) relating to the valence difference of Ag 

and In. 

3.2.2.6 Other systems  

Other systems considered are outlined in Table 3.2.1, but 

these were not investigated fully. The lattice parameters of most of 

these systems can be found in references 3.15 and 3.16, and their 

3 
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residual resistivities are obtainable from reference 3.7. 

3.2.3 	Materials  

All the alloys investigated in this work were prepared from 

the purest elements commercially available. In the case of the pure 

silver and copper samples the effects of choosing different starting 

materials were investigated. The very dilute samples were prepared 

from master alloys made from the pure elements. Below is indicated 

the form of the starting materials used in the present work; the 

purities are as stated by the suppliers, but where a separate analysis 

has been performed this is included, below. 

Ag: 	Koch Tight 8650 h 6N rod. 

Koch light 8651 h 6N shot. 
iZocia-12ts1Nt 
Koch light  8652 h 5N rod: Spectrographic comparison with 

particular reference to the likely impurity. 

contents of Fe, CO, Ni, Au and Pt group metals 

revealed (3.17) 1 - 2 p.p.m. Cu and 15 p.p.m. Si. 

Johnson Mathcy Specpure JMC 50 5N rod. 

j0,04scn-M0,10 	Johnson Hathcy Specpure 5N3 single crystal grown by 

A.B. Pippard. 
..10\rftsoy■-MatOte-.9  

Al: 	jolmoon-Hathcy Specpure JMC.  340 4N5_rod.' 
Jo‘msort- Mattl.te..y  

Au: 	Juhnson-Mathcy Specpure JMC 73 5N5 sponge. 
Koat- LA a■,,t 

Cd: 	Koch 	light 8110 h 5N rod. 
3AviscA-NAQW4c.m 

Cr: 	Johnaon-Hathcy Specpure JMC 703 5N bead. 

Cu: 	American Smelting and Refining. Company. Spectrographically 

pure, grade A-58, 5N+ rod: Spectrographic analysis 

revealed <2 p.p.m. As and Te, <1 p.p.m. Sb, Pb, 

Sn and Ni, <0.7 p.p.m. Fe, <0.5 p.p.m. Cr, <0.3 

p.p.m. Ag, and <0.1 p.p.m. Bi and Si; chemical 

analysis revealed <1 p.p.m. Se and S. 

ka_Li811 Koch light 8217 h 5N8 bar. 

. 
jc:Awtson _ fralt8vbi  JohAson-Mathcy Specpure JMC 31 5N rod. 
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a cL- 
Fe: 	Vow 8363 h 4N8 wire. 

L\  
Ge: 	8292 h 5N (Z) ingot. 

In: 	8331 h 6N ingot. 

Mo: 	Koch-light 8472 h 4N powder. 

Pd: 	Engelhard item A 4N sponge. 

Pt: 	Engelhard A/681785 code 3 4N sponge. 

Sn: 	Johcnon nathoy Specpure JMC 530 5N rod. 

Kod,  L; 
Zn: 	-Keeh-a-i-tht 8838 h 5N rod. 

3.2.4 - 	Precautions  

3.2.4.1 Outline of procedure  

The usualpreparationprocedure for an alloy sample was, 

briefly, as follows. The starting materials were weighed and then 

encapsuled together in evacuated silica. The constituents were then 

melted and quenched, and the alloy was homogenised for at least four 

days. It was rolled and drawn.into wire before being coiled and 

stress annealed by the oxidation treatment which also eliminated the 

effects of magnetic impurities. Finally, before measuring, the 

electrical leads were attached. In the following sections each of 

these tasks will be described, but at this stage we had to decide 'on 

the finer points to be employed in the preparation. 

• 3.2.4.2 Use of phase diagrams  

As previously explained, a phase diagram indicated' the. range 

of solid solubility and whether or not the presence of a second phase 

could be expected. In particular it suggested the best temperatures 

to be employed for alloying and annealing.. It also indicated the 

importance of quenching from the melt and showed whether quenching 

was necessary following annealing. 

3.2.4.3 Components of the alloy  

The individual components of the alloy system were con-

sidered with their special peculiarities. In the alloys containing 
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Al no oxygen treatment could be given; to prevent any reaction with 

silica they were either melted in an argon arc furnace or in an 

alumina sheath within a silica capsule; they either had to be melted 

many times in the arc or shaken vigorously in the capsules in order 

that the solutions would be, unhindered by the oxide skins. Alloys 

containing In and Zn were carefully handled on sealing for fear of 

loss by evaporation; weight checks were continually made during the 

preparations. It was not necessary to stress anneal the pure Sn 

specimen because of the self-annealing property of Sn whilst being 

worked. Samples containing.  magnetic impurities (Fe or Cr) were not 

drawn through the tungsten carbide dies or the diamond dies for.fear 

of contamination. Ag was cleaned in a 50-50 solution of hydrogen 

peroxide and ammonium hydroxide, and Au was cleaned in hot aqua 

regia which tended to produce a black surface layer due to the 

finely divided Au particles on the surface. Au, Pt, and Pd arrived 

from the suppliers in sponge form and were arc melted into small 

globules before the required amounts were weighed. 

3.2.4.4 Avoiding the oxidation of solutes  

The standard free energy, AG°, of formation of metallic 

oxides warned against the oxidation of the solutes rather than of the 

magnetic impurities during the oxygen treatments. Fortunately Fe is 

easily oxidised, (PG
o 	

kcal. mole
1
), but great care had to be  -200 

'taken with'-the alloys of silver containing In and Cu (AG()  -30 kcal. • 

mole 1). The oxygen and other techniques applied to these systems 

were developed during the course of the work. Often, different 

procedures were tried on different samples of a batch of alloys. 

Without going into the details of the oxygen technique which is 

described fully in section 3.5, we now outline the various procedures 

employed and their effects. 

The tree diagram of figure 3.2.1 shows the ten reasonable 
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procedure possibilities. It was thought possible to eliminate the 

effects of magnetic impurities in the alloy by first oxygen treating 

the silver before alloying, (Pre Ox Ag). Melting the silver, again 

before alloying, (Pre Melt Ag), was considered, following work by 

Murani (3.18) on a Pre Ox Ag specimen in which some success was 

attributed to the transport of impurity oxides to the metal surface. 

Pre Melt Ag 

Not pre Ox Ag 

I
1 	 

Not pre Melt Ag 	Pre Melt Ag Not pre 
melt Ag 

Pre Ox Ag 

1  

1 	I 	I 	1 
Alloy in A 	Vac alloy 	Alloy in A 	Vac alloy Vac 	Vac.  

I 	I 1 	1 	
alloy alloy 

I I 	I 	ri-1 	I 	I 	I 
Ox Vac Ox Vac Ox Vac Ox Vac Ox Vac 

Figure 3.2.1  

Ten different procedures for preparing alloys containing In or Cu 

It was assumed .that any impurity still in solution after this melting 

would remain in the form of an oxide. The alloying could either be 

done as usual in vacuum, (Vac alloy), or under a fraction of an 

atmosphere of an inert gas such as-argon (Alloy in A) which perhaps 

would inhibit the dissociation of iron oxides. Finally the alloy 

was either annealed by the usual oxygen technique (Ox), or annealed 

in vacuum (Vac). The oxygen treatment assumed the failure of the 

previous methods if they included oxidation of the Ag, whereas the 

vacuum treatment ensured that the solute was not oxidised. 

The results of attempting each of the ten procedures on 
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each of the Agin and AgCu systems were, briefly, as follows. 

(i) Initially oxygen treating the Ag helped in reducing the 

effects of the iron impurities without changing the effective 

concentration of solute. 

(ii) Melting the Ag before alloying was irrelevant following a 

Pre Ox Ag treatment, but .may have helped in the case of untreated Ag 

provided it was subsequently cleaned and no more magnetic impurities 

were introduced during the following alloy preparation. 

(iii) Alloying with an argon atmosphere apparently made no 

difference. 

(iv) A final anneal in vacuum either left the impurities in 

their unoxidised state, or helped to dissociate any oxides. 

Hence the most important result was the following: 

(v) The final oxygen treatment had the strongest influence in 

determining the outcome. 

Experimentally conditions for the final oxygen treatment 

were found such that the amount of oxidation of the solute was 

minimal, yet the effeCts of magnetic impurities were eliminated. 

3.2.4.5 Contamination  

It was essential throughout this work to avoid the 

contamination of samples with magnetic impurities. Techniques to 

achieve this aim are described in the text in their appropriate 

places. After each task in the preparation-, or whenever the sample 

came into contact with steel tools, it was necessary to chemically 

clean it in warm hydrochloric acid to remove impurities from its 

surface, particularly iron impurities. 

3.3 	Alloying  

3.3.1 	Furnaces  

The conventional resistance furnaces most commonly used in 
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the present work for melting and heat treatments (homogenising and 

annealing) were constructed from silicon carbide "Crusilite" 

elements. Temperatures could be held steady to better than 2°C. by 

"Ether" and HEUrothen0 controllers which were calibrated against a 

Pt versus Pt + 13 at. % Rh thermocouple. 

An argon arc furnace employing a water-cooled copper hearth 

and tungsten electrode was used to melt Au, Pt and Pd sponges into 

globules and also in the preparation of the AgMo alloy and test 

(resistance ratio) samples. After flushing with clean argon gas a 

titanium getter, was melted for about a minute in a pressure of argon 

approximately 12 in. below atomospheric, which helped to purify the 

atmosphere. A current of about 80 A. was used for holding the sample 

in the molten state for about 30 seconds. To ensure homogeneity- the 

sample was turned over and re-melted several times. 

To prepare resistance specimens a casting device devised 

by Stone (3.19) was employed. Here the specimen, while held in the 

molten state by a current of-about 125 A., was pulled by suction 

into a demountable cylindrical mould. This enabled specimens to be 

cast in the form of rods 1 mm. in diameter and up to 4 cm. in length. 

3.3.2 	Encapsulation  

After cleaning the constituents for the particular alloys 

to be melted in a crusilite furnace they were weighed chemic-al 

better than 0.1 mgV. -In the case of the solute this, typically, 

represented less than 1% of the solute's weight. They were then 

encapsulated in.pre -etched silica tubing, with the specimens 

separated by constrictions. One end was constricted and left open 

for attachment to the.vacuum system. At this.stage an oxygen treat-

ment could be done on pure silver. Usually, however, the capsules 

were evacuated to ,-.10 
-5 

torr whilst being warmed to about 150oC. to 

remove traces of water. This was accomplished with a conventional 
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pumping system using both rotary and diffusion pumps with a liquid 

nitrogen cold trap, and a horizontal crusilite furnace. After about 

an hour at this pressure the furnace was removed and each specimen 

capsule was sealed off and separated using a coal-gas and oxygen 

flame. (Alternatively, the capsule could have been sealed off under 

a fraction of an atmosphere of argon gas if this was required.).  

3.3.3 	Melting  

Melting performed in resistance furnaces employed one of 

two "stirring" techniques.- The first involved, simply, regular 

vigorous shaking in a vertical furnace. The second made use of a 

"Morlite" insulating-brick cylindrically shaped to slide into a 

horizontal furnace. The brick was bored two three or four times in 

a common direction perpendicular to its axis, and could, therefore, 

accommodate the specimen capsules which had to be limited to a maxi-

mum 2 in. in length. The capsules were held in place with bungs made 

of "Kao-wool" (Morgan Refractories Ltd). Once inside the furnace the 

brick could be rotated, thereby inverting the specimens. Advantages 

of this method were that a good mixing was ensured because of the 

itwarsio•A 
complete invcrtion of the capsules, the samples remained molten, and 

that, being perpendicular to the axis of the furnace, a particular 

capsule was to all intents and purposes at a- uniform temperature. 

Each sample was kept-molten for about i hour at a 

temperature suggested by the phase diagram, and tabulated in table 

3.3.1. 

Quenching from the melt generally helps to minimise the 

grain sizes and the heterogeneity. In the present work quenching was 

performed.by dropping the capsule into brine at room temperature. 

Sometimes capsules broke during quenching. The alloy samples from 

these were re-encapsulated as before. 

i 
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Table 3.3.1 

Melting 	Homogenising  
System 	Temperature 	Temperature 	Notes 

(°C.) 	(°C.) 

Pure Ag 	1030 	- 	Melted as part of 
purification. 

AgAu 	1030 	900 

AgPt 	1150 	900 	Homogenising temperature 
chosen to avoid second 
phase. 

AgPd 	1150 	960-  

AgIn 	1030 	600 

AgCu 	1030 	700 

AgCd 	1030 	800 

CuAl 	1100 	740 

CuAu 	1100 	750 

CuGe 	1100 	800 	Homogenising temperature 
chosen to avoid C phase 
at 10 at. % Ge. 

CuZn 	1100 	750 

. 3.3.4 Homogenising  

Following quenching, the alloy samples were homogenised 

at temperatures again determined from the phase diagrams, and 

indicated in'table 3.3.1. Homogenising tends to reduce the concen-

tration gradients within the grain; meanwhile, however, the grain 

size may increase marginally. The process is slow, so a period of at 

least four days was allowed for homogenisation. 

At the end of this treatment the capsules were broken and 

the samples weighed. A weight change of more than a few per cent of 

the weight of the solute was unusual, but where this occurred the 

samples were not subsequently used for measurements. 
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3.3.5 	Rolling  

One of the main considerations of this work was to minimise 

the contamination of a sample with magnetic impurities. Before the 

sample could_be drawn into a wire it was mechanically worked in a 

rolling mill. It was therefore necessary to protect the sample from 

the steel rollers, and this was achieved by wrapping the sample in 

clean copper foil before passing it through the mill. The copper 

protection normally lasted for a few turns, as the specimen was 

rolled into an approximate cylinder of diminishing diameter down to 

about 1 mm. Finally, the copper was removed either mechanically or, 

in the case of a silver based alloy, by dipping the covered sample in 

nitric acid. Each sample was chemically cleaned in warm hydrochloric 

acid before the next operation. 

3.4 	Size-Effects; Wire-Drawing  

3.4.1 	Sample diameters  

From the point of view of good thermometry it is essential 

that the temperature of a sample should not stray from that of its 

immediate surroundings, i.e. the sample chamber. A temperature rise 

may occur as the result.of-Joule heating in a sample if the current 

passing through it is too high. This may be the case if the Kapitza 

resistance, Rk, is large. Above the X point in liquid helium the 

-heat produced is conducted efficiently away, but below the X point 

the thermal boundary resistance increases with decreasing temperature. 

From a consideration of the difficulty of transferring 

thermal energy between media of different acoustic impedance, Challis, 

Dransfeld and Wilks (3.20) showed that approximately Rk  a M03/T3  

where M and e are the molecular weight and Debye characteristic 

temperature respectively. They showed experimentally that the 

values of Rk  for lead, quartz and copper are closer than this result 
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would suggest. Thus the value for silver should be only slightly 

lower than the value for copper which was found to be very roughly 

(3.21) 15/T
2.5 

K. cm.
2 
watt 1. 

Thus, in order to ensure that a sample of resistivity p, 

length 2, and diameter d did not rise in temperature by more than AT 
T2 A  

due to a current I, it was necessary that 	x nd2.AT. (3.4.1) 142/4  Rk  

The minimum diameter, din, was determined by inserting a value 

AT = 10 mK., and the maximum value of Rk, about 	152   K. cm.
2 

watt 1. 
(1.4)

5 

which occurred at the lowest temperature, in this equation. Then the 
Ip 

potential drop per unit length of the sample V/2 	2 /4  was the ud  
min 

maximum for a given current, allowing good resolution in the voltage 

measurements for a long sample. 

From equation (3.4.1) for din  in terms of the resistivity 

of the sample and the current, we see that we could draw a pure 

sample or very dilute alloy of low resistivity to a very small 

diameter, of the order of a small fraction of a millimeter. Indeed, 

this was often required if the potential drop per unit length were to 

be large. However, in these cases it was necessary to consider the 

problem of size effects. Such effects became important when the 

sample diameter, d, was comparable to the electronic mean free path, 

2. For example, in a specimen of pure silver with a residual 

resistance ratio, [RRR -- p(273 K.)
p(4.2 K.)

J of 1,000 the electronic mean 

free path at 4.2 K. is about .002 in. To minimise size effects was 

advisable for two reasons. The first is that associated with sample 

size is a deviation from Matthiessen's rule (3.22), and it has yet to 

be convincingly demonstrated that such a size-dependent deviation is 

no different from an ordinary deviation from Matthiessen's rule (3.23), 

such as described in the present work. The second is that experi-

mentally observed deviations from Matthiessen's rule were compared 

with calculations for a bulk material in which it was assumed that 
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the electronic distribution function was independent of position with-

in the sample; for a sample having a finite diameter, this assumption 

was no longer valid. 

The regime of interest here with regard to size effects is 

that of — > 1. For aluminium wires the resistivity is described 

adequately (3.24) in this regime by Nordheim's (3.25) formula: 

1 + 
	 (3.4.2) 

Pb 

1 
where pb  is the bulk resistivity. Hence p -cp and in the limit of 

d = /, p = 2pb.. Therefore p differs from pb  by less than 	pb  if 

d > 10/. Alderson and Hurd (3.22) found it necessary to take account 

of the k dependence of L in the resistivity formula for copper wires 

and used: 

. 	‹. /2  >( A 

Pb 	< J2 > 
2 d 

where A = < / >averaged over the Fermi surface. Experimentally, 

Alderson and Hurd. (3.22) indeed found p a 1  and from their data, in ' 

the limit of d 	3.3 pb. Hence, again, p differs from pb  by 

only a small fraction of pb  if d = 10/. 

Bearing in mind the above results for aluminium and copper, 

the restriction d > 10/ was imposed for the diameter of the silver 

samples. Hence, for example, the minimum diameter to which a pure 

silver sample of residual resistance ratio 1000 could be drawn was 

about .020 in. The potential drop per unit length of such a sample 

at a current of 1A. was --10 -6 volt cm. 1. 

3.4.2 	Wire-drawing  

Following rolling and the decision on a sample's final 

diameter, it was hand drawn into a wire to size. 

Samples containing magnetic solutes were drawn through 

steel dies with.a lubricant. Steel dies were available for use over 

(3.4.3) 
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a wide range of diameters. To commence the threading through a die 

the end of each sample was either filed, chemically pickled, or 

reduced by the application of glass paper. 

The other samples, in which contamination with magnetic 

impurities was to be avoided, were drawn through tungsten-carbide and 

diamond dies. Fifty-six tungsten-carbide dies, supplied by Prolite 

Ltd., were used from .065 in. diameter down to .010 in. in steps of 

.001 in. Cobalt was used in the make-up of these dies, but no 

evidence of cobalt contamination was found during measurement. 

Contamination was limited by excluding filing as a means of reducing _ 

the sample's end for starting in a die. Lubrication was again used 

with each die, and thus all samples were degreased in carbon tetra-

chloride after diawing. Normally it was necessary to use only the 

tungsten-carbide dies from about .040 in. down to the required final 

size. 

Diamond dies were used from .0100 in. to .0030 in. in steps 

of .0005 in. It was necessary to proceed in smaller steps at the 

smaller diameters because of the otherwise larger fractional change 

in cross-sectional area during each pass. To commence the threading 

through a diamond die, chemical pickling was the only practical means 

of reducing a sample's end. As recommended by the suppliers, the 

British Diamond Die Co. Ltd., no lubrication with hand drawing was 

.used. 

At the conclusion of drawing, each sample was chemically 

cleaned in warm hydrochloric acid. 

3.4.3 	Spark machining  

A Metals Research "Servomet" spark machine was occasionally 

used for turning a short sample cast by the suction method in an arc 

furnace. The machining, performed in an oil bath with a tool at h.t., 

avoided contamination of the sample. Cutting of single crystal 
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specimens on the spark machine employed a rotating spool of 26 gauge 

copper wire at h.t., so that the cutting part of the wire was 

continuously being renewed. 

3.4.4 	Preparation for the final anneal  

Before coiling, each sample's length, mass, and diameter 

were measured conventionally. The alloys were typically a few tens 

of centimetres in length and the pure specimens longer than a meter; 

thus their lengths were determined to about one part in 10
3
. Each 

sample- was weighed on a chemical balance to better than 0.1 mgid, 

which, typically was_about one part in a few thousand. To determine 

the diameter of a sample, the mean of four measurements, taken at 

different points along the sample was found. Normally no deviation 

was apparent, the cross-section being nicely uniform along the 

sample's entire length. With a micrometer screwgauge diameters 

around .020 in. were determined to within a fraction of 1%. 

In order to secure the samples in position and to prevent 

the introduction of stresses, they were coiled on formers. The alloys 

were coiled on quartz capillary tubing 3 mm. in diameter and 3.5 cm. 

long. Because of the extra length of the pure samples they were 

coiled on quartz, specially flattened to approximately 15 mm. by 

10 mm. to fit in the sample chamber; the starting material was quartz 

of outer diameter 0.5 in., and the finished product was 1.5 in. long 

with small end holes to temporarily accommodate the loose ends of the 

sample. 

In Preparation for the final anneal the sample on its 

former was placed in a-quartz test-tube and the open end was tapered 

to fit the vacuum system. 
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3.5 	Annealing; Oxygen Treatments  

3.5.1 	Oxygen treatments to noble metals.  

3.5.1.1 Background  

An accurate determination of the deviation, A, from 

Matthiessen's rule in noble metal based alloys relied on the knowledge 

of (i) the total (measured) resistivity for the alloy, (ii) the ideal 

resistivity of the host metal, and (iii) the impurity resistivity for 

the alloy. The uncertainties in these quantities were accumulated in 

the calculated value of A, and thus had to be minimised. 

A nominally pure noble metal contained impurities together 

with lattice imperfections, and therefore its electrical resistivity 

was like that of an alloy. For the investigation of transport 

properties, the most relevant measure of purity was the residual 

resistance ratio, R.R.R., defined as the ratio of the resistivities at 

the ice point and at the absolute zero of temperature. In a given 

nominally pure material this is determined almost entirely by the electron 

mean free path at the lowest temperatures. Unless a large R.R.R. was 

acquired, the uncertainty in the knowledge of the deduced ideal 

resistivity appeared in the evaluations of A. 

Where unwanted magnetic impurities were involved, even at 

trace level, the impurity resistivity had a temperature dependence 
ccusol 

which often attributcd 	a minimum . the measured  alloy resistivity. 

Unless this temperature dependence was known accurately, the large 

uncertainty in the impurity resistivity contributed a corresponding 

uncertainty to A. 

Hence a method was sought which would improve the R.R.R. in 

the pure host and which would eliminate the appearance of magnetic 

scattering in the alloy resistivity. 

Now it is well established that oxygen annealing noble 

metals under certain conditions improves their R.R.R. For example, in 

II 	2 
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order to study the galvanometric properties of metals, Gniewek and 

Clark (3.26) annealed a copper single crystal at 1000°C. for 15 hours 

under a controlled air leak, adjusted to maintain a pressure of 

5 x 10
-4 

torr. They were able to prepare a crystal from stock with a 

R.R.R. of 29000. Rumbo (3.27) observed that the effect of annealing a 

copper single crystal of R.R.R. 1 570 for six hours was to increase its 

R.R.R. to 4 900 and reduce its thermopower by a factor of 50. He also 

increased the R.R.R. of a pure silver specimen from 1 230 to 2 320 by 

oxygen-annealing. Yaeli and Lipson (3.28) undertook a systematic 

study of the effects of oxygen annealing on. copper, and were able to 

relate the resulting R.R.R. to the coefficient of diffusion of oxygen 

in copper, the annealing temperature, the oxygen pressure, the time of 

anneal, and the specimen's smallest dimension. Finally, Ehrlich 

(3.29) subjected a single crystal silver rod to a series of oxygen 

anneals at different dynamic pressures and temperatures, and measured 

the R.R.R. between each. He concluded that to obtain the maximum 

R.R.R., (9 500 in his case), the anneal should be performed at the 

highest possible temperature and the lowest possible oxygen pressure, 

consistent with penetrating the entire thickness of the specimen in 

some reasonable time. He considered size effects and the dynamics of 

the oxidising process, which will be discussed in section 3.5.1.3. 

It is accepted that, along with the improvement of- the 

R.R.R., oxygen annealing accounts for a substantial oxidation of 

internal impurities, which include the transition metals. This 

renders them ineffective as magnetic scattering centres. For example, 

from magnetisation and resistivity measurements Domenicali and 

Christenson (3.30) noticed that the solutes in their CuFe and CuCo 

alloys became rapidly oxidised internally when the specimens were 

annealed at 990°C. for several hours in at least 5 x 10 
4

torr oxygen. 

They claimed the oxide of Fe in CuFe was Fe304. They also noticed 
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that the internal oxides were reduced if the oxygen pressure was set 

lower than 5 x 10
5 
torr. Sekula (3.31) found the removal of the 

resistance minimum in impure copper after a heat treatment in an 

oxidising atmosphere. Rumba (3.32) made thermopower measurements to 

study the effectiveness of oxygen treatments on copper and AgFe alloys. 

He found that magnetic scattering was not completely eliminated in 

copper, but that it was entirely lost in the AgFe alloys. Finally, 

both Yaeli and Lipson (3.28) and Ehrlich (3.29) attributed the increase 

of R.R.R. in copper and silver to the internal oxidation of impurities. 

Yaeli and Lipson claimed that the Fe in solution was precipitated as 

Fe304. 

Hence oxygen treatments were employed in the present work to 

achieve high R.R.R.s in the nominally pure metals, to quench the 

effects of magnetic impurities, and to substitute for stress-relieving 

anneals. The optimum conditions for anneal were determined in 

practice and will be discussed in sections 3.5.1.3 and 3.5.2. 

3.5.1.2 Oxygen solubility and diffusion in silver  

It is generally accepted that the solubility of oxygen in 

silver follows Sieverts' law (3.33), that the atomic concentration of 

oxygen is proportional to the square root of the external oxygen 

pressure. Sieverts' law points to the dissociation of molecular 

oxygen into atoms during solution. Eichenauer et al (3.34) described 

the solubility, L, as an exponential function of temperature. 

18 
L = 5.94 x 10 P2  exp (- 	) 0 atoms (Ag atom)

-1 3 	 1RT 60  (3.5.1) 

where P is the pressure in torr, and R is the gas constant, numerically 

1.986 cal. K.
1 
 mole-1. Table 3.5.1 gives values for L enumerated at 

various temperatures. 

Steacie and Johnson (3.35) were unable to detect any 

difference in solubility due to the difference'in thickness or surface 

of their specimens, pointing to negligible adsorption over the 

• 
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temperature range 200 - 800°C. 

They measured the absorption, Q, as a function of time, t, 

and found 

Q = L[1 - exp - (Kt + C)] 	 (3.5.2) 

indicating an instantaneous absorption of a small quantity of oxygen. 

They found K to increase slowly with temperature and to be propor-

tional to /10. Numerically, at 600°C., K!= 10 11/P sec 1. C was found 

to be independent of P but to increase with T. At 600°C., C 1=4-0.9. 

Thus, at 600°C. and 0.1 torr pressure, 

Q"-2  L[1 - exp - (3.2 x 10 5t + 0.9)] 
- 1 

indicating that the absorption reaches within e of the solubility 

after about 1 hour. 

Solution and diffusion of gases in metals are closely 

related, the mechanism for diffusion relying on solution on the high 

pressure side of the metal. For oxygen in silver, both the solubility 

and rate of diffusion are proportional to the square root of the 

pressure. Hence, both phenomena point to the dissociation of molecu-

lar oxygen in silver. 

The coefficient.of diffusion, D
oAg' for oxygen in silver 

(3.30 follows 

- 
D°  (T) 	.00366 exp (- 11RT

00 
0) cm.2  sec. 1  

. Ag 
(3.5.3) 

Numerical values of D
o
Ag 

 are tabulated for various temperatures in 

table 3.5.1. 

Eichenauer et al (3.34) suggested that the low activation 

energy of 11 000 cal. (gm. -atom) 
1 pointed to the diffusion of oxygen 

over interstitial sites. When compared with the coefficient of 

diffusion for oxygen in copper (3.37), which has an activation energy 

- o 
of 46 000 cal. (gm.-atom) 1 , DAg 

is about 7 500 times larger at 600°C. 

and 38 times larger at 900°C. 



- 88 - 

Table 3.5.1 

Temperature 
(oc.)  

Oxygen Solubility; L Coefficient of Diffusion, 
2  DoAg (cm.sec.

-1 
 ) 

400 

500 

600 

700 

800 

900 

-7 	-1  

	

8.36 x 10 	P2  

- 2.63 x 10 6  P-4 
 

-1- 
6.37 x 10

6 
 P2  

-1- 
1.29 x 10 

5 
 P2  

. 	2.28 x 10
5 
 P 

- 5 

	

3.66 x 10 	
Pi 

- 9.80 x 10 7  

 2.84 x 10-6 

6.45 x 10
-6 

1.24 x 10
5 

2.10 x 10
-5 

 3.26 x 10
5 

. akmth.sIon o okovits / Ac3 cacTAS 
* L is a---GLi4FAR%s-i-4an-l-e&s-efaant--i-t-y with P expressed in torr. 

3.5.1.3 The dynamics of impurity oxidation  

It has been found in copper that the increase in the R.R.R. 

following an oxidising heat treatment just below its melting point is 

accompanied by the precipitation of iron impurities as Fe304. This 

has been found to be the case in CuFe alloys by X-ray analysis (3.38, 

3.39), and in copper containing only trace impurities by the identi-

fication of the ferrimagnetic transition, and by electron microscopy 

(3.28). 

In silver it has not been established that Fe304 is formed 

during an oxidising heat treatment. However, it became evident from 

the results of the resistivity measurements that the ferromagnetic 

impurities mainly responsible for the residual resistivity in untreated 

silver were substantially removed from solution. The precipitation 

was not surprising because of the low solubility of metal oxides in 

the noble metals. 

It has been found in many investigations that the effects 

of such heat treatments are reversible*by subsequent heat treatment 

in vacuo. 
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A quantitative analysis of the process of impurity oxidation 

and precipitation is made more complicated by the fact that the system 

is not in equilibrium. However, it seems fairly certain that the way 

in which oxidation and precipation occur, and the ensuing R.R.R. 

depend largely on the rate of diffusion of oxygen, and the time 

available for the clustering of impurities due to their diffusion 

within the silver lattice. These will be strongly dependent on the 

controllable parameters annealing temperature, T, and oxygen pressure, 

P. 

Ehrlich (3.29) considers the concentration, Co, of oxygen 

at the metal surface to be at the solubility limit, described by 

equation 3.5.1. The inward rate of diffusion is governed by Co,  D
o 
Ag' 

the coefficient of diffusion for oxygen in silver described by 

equation 3.5.3, and the impurity concentration, CI, since the impuri-

ties act as sinks for oxygen atoms. Since in a nominally pure 

specimen impurities are present only at trace level, a diffusing 

oxygen atom may penetrate some distance before becoming bound to an 

impurity. Thus the oxidation front between the oxidised and un-

oxidised regions is not well defined. 

From the jump frequency between interstitial positions in 

the f.c.c. lattice associated with the oxygen diffusion process, and 

the chance of encountering an impurity, Ehrlich (3.25) determined the 

.average time required for such an encounter as 

t N  a
2 

o 

 

48C Do 
I Ag 

(3.5.4) 

where a is the silver lattice parameter. The mean square distance, 

(2D
o
Ag  to '

the oxygen atom diffuses in this time t
o 
is approximately 

the thickness F of the oxidation front. Thus 

2 
F C....)  (2D°  t )2 	(2Do 	a 	)1  

Ago 	Ag 48C
I  D
°   Ag 

(3.5.5) 



aCr/C/ 
t !

.DAg  Co 

(3.5.8) 
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Ehrlich (3.29) chose the value 

(3.5.6) 

for the distance between the planes where 0.99 and 0.01 of the 

impurities are oxidised. As a function of time, the position, C, of 

the oxidation front as measured from the surface is (2DAg
t)i reduced 

by the relative concentrations of oxygen and impurity, i.e. 

C . (2Do
A t. g rC (3.5.7) 

where r is the average number of oxygen atoms which bind to each 

impurity atom. (r = 4 if Fe304 is formed). 

The time taken for the oxidation front to move a distance 

F, equal to its own thickness is 

C 
1 tF „I „dtA, 
	a 	

° 	0)1-1 
/CI 

EI 
*C
42DAg' rC " • 

i.e. 

For an increase in R.R.R., the clustering, or precipitation 

from solution, of impurity oxides is expected. This clustering occurs 

only if the impurity atoms are free to move through the lattice, and 

have a comparitively long time available to them for binding. This 

requires a thick and slowly moving oxidation front (which is the 

region in the specimen with the lowest non-zero oxygen concentration). 

Figure 3.5.1 pictures the oxidation front and shows how its thickness 

may be maximised by choosing a low oxygen pressure and high temperature. 

-From equation 3.5.6, the oxidation front is automatically 

thick if the impurity concentration is low, and is of order 100 a for 

an impurity concentration of 1 p.p.m. In order that the oxidation 

5_1.0 front be slowly moving dt must be small, which requires both Co and 
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concentration P too high (Co  high), 

and temperature too 

low (rate of diffusion 

low). 
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Figure 3.5.1. The oxidation front. 
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D
oAg to be minimised. This is achieved, according to equations 3.5.1 

and 3.5.3, by using a low oxygen pressure and high annealing tempera-

ture. It must also be checked that a freely diffusing oxygen atom 

within the oxidation front meets an impurity in a time short compared 

with tF' 
 the time taken for the front to move a distance equal to its 

own thickness. This requires the ratio 

o 
to ,j 

• 	a
2 	g  'DA 	

aC
o  

	x 	- 
tF 	48CI D°Ag : a

r
ry 
n_ 
-I 48CI

/2  
Cr 

4 
to be small. Suppose C = 10

-3cm., CI.. 1 p.p.m., r . -5, and 

- 4 
a.,-) 10

-8cm., with P . 10 torr and T = 900
oC., so that from table 

3.5.1, Co  = 3.66 x 10
7. Then 

o 10 x 3-66 x 10 7 x 3 
--- 	

X104 

tF 	48 x109  x io 3 x 4 

which is sufficiently small. 

After the oxidation treatment the residual resistivity is 

reduced by a factor proportional to Cc/CI' where Cc 
is the effective 

concentration of impurity oxide clusters. The constant of proportion-

ality is the ratio of the-electronic scattering cross-sections for an 

oxidised cluster and a single impurity in silver. 
C 

Maximising the R.R.R. requires minimising -- which may be Cam, 
 

accomplished, according to Ehrlich (3.29), by selection of the 

temperature and oxygen pressure of anneal. Starting from a single 

crystal silver rod, Ehrlich was, in this way, able to improve its 

R.R.R. from 140 to 9500. His series of heat treatments made use of 

temperatures up to .900°C. and dynamic oxygen pressures as low as 

3.0 x 10-5 torr. He concluded that for the maximum R.R.R. the anneal 

should be performed at the highest possible temperature and at the 

lowest possible oxygen pressure, consistent with penetrating the 

entire thickness of the specimen in a practical time. 

••• 
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For penetration of the entire thickness, C = 2, where d is 

the diameter of the specimen. Hence from equation 3.5.7, a time 

2 
(2) r C 

t - 
2D°  C 
Ag o 

(3.5.9) 

is required. Suppose d = 0.1 cm., r = 3, CI = 10
-6, and a pressure 

P = 10
4 torr oxygen is applied at 900°C. so that Co 

= 3.66 x 107 

as before, and, from table 3.5.1, D°Ag  = 3.26 x 105  cm.2sec. 1. Then 

the required time becomes 

2 
. 	4 

(-
0
7
1  
-) x 7  x 106 2 

t - 

	

	 sec. = 1.4 x 10 sec. 
2 x 3.25 x 10

-5 
x 3.66 x 10-7 

In practice it was found necessary to give heat treatments lasting a 

day or more. Hence the model would appear to give an underestimate of 

the time required for oxygen treatment. 

The result 3.5.9 in its generalised form would agree well 

with the observations by Yaeli and Lipson (3.28) on the conductivity 

of their copper specimens as a function of length of heat treatment. 

They found that the conductivity improved with time before levelling 

d2 
at a constant value. They claimed a time t > —0  was required for 

16D°  
the conductivity to reach its high constant value.

Cu   (Where DoCu  is the, 

d  coefficient of diffusion for oxygen in copper, 	 is the time 
16Dr_ 

required for the internal oxygen concentration in tHe absence of 

impurities to reach the same order of magnitude as that at the surface). 

It is to be noted that this time is of the same order of magnitude as 

that expressed in equation 3.5.9 if rCi,0 Co. 

Ehrlich (3.29) warns against the misinterpretation of the 

reduction of resistivity if the time of oxygen heat treatment is too 

short. The initial reduction is attributed to the thin exterior 

oxygenated layer, which is highly conductive, on a much less conductive 

base. 
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3.5.2 	Experimental  

Oxygen pressures down to 3 x 10
5
, torr were maintained 

during high temperature anneals at 900°C. for several-days using the 

set up of figure 3.5.2. 

.t 

quartz-metal 
seal (0-ring) 

Penning 
gauge i 

--i r 	1  
I 

Pumps 

quartz-metal 
seal (0-ring) 

oxygen • 

Figure 3.5.2  

Apparatus for oxygen heat treatments 

The specimen was placed in the quartz tube within the 

furnace. By making use of quartz-metal 0-ring seals, the need for 

plastic connectors was avoiaea and a good pressure could Le accoi,i-

plished before admitting the oxygen. This entered through a needle 

valve and passed over the specimen. Pumping was continued throughout 

the heat treatment to establish dynamic equilibrium at the required 

pressure. 

At high temperatures, great care was necessary to ensure the 

specimen was not completely evaporated. For example, at 900°C., the 

vapour pressure of silver is 6 x 10
-4 

torr. (It was observed that a 
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specimen of diameter .053 cm. was completely evaporated at 900°C. 

after about two days). 

Such high temperature anneals were normally only applied to 

the pure silver specimens, because of the problem of evaporation and 

importance of alloy diameters. Most of the alloy specimens were 

annealed at 600°C. at oxygen pressures up to 0.1 torr. Again, pumping 

was maintained throughout the anneals, but a modification to the 

apparatus enabled a McLeod gauge to be attached. 

Some specimens were sealed off in quartz capsules under 

vacuum or under a low pressure of oxygen, before annealing. 

3.5.3 	Results of oxygen treatments  

3.5.3.1 Reduction of effective impurity concentration  

Kondo (3.40) has shown that the temperature of the resistance 

minimum is proportional to C
1/n

, where C is the concentration of 

magnetic impurities and n is the power of T in the temperature 

dependence of the ideal resistivity. It will be shown that for silver, 

n is close to 4, and chemical analysis of the silver used showed that 

it contained no more than 2 p.p.m. of magnetic impurities. For an 

unoxidised specimen the resistance minimum was found to occur at about 

8K. Thus, the obseryation that the temperature of the resistance 

minimum after oxygen treatment was below 1.5K. implied that the 

effective concentration had been reduced to less than one part in 109. 

3.5.3.2 -Pure silver  

The best R.R.R. obtained in a pure polycrystalline silver 

specimen was 1660. This was the result of a heat treatment at 900oC. 

for 92 hours in an oxygen pressure maintained at 3 x 10 5 
torr 

throughout. This is to be compared with a R.R.R. of 1 360 obtained in 

an exactly similar specimen and given an identical heat treatment for 

only 24 hours 25 minutes. This latter sample was subsequently shown 

to be incompletely oxidised by reducing the diameter by about 3% in a 
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50-50 solution of ammonium hydroxide and hydrogen peroxide. The R.R.R. 

was thereby reduced to 1230. Such a large change in R.R.R. could not 

be accounted for in terms of increased surface scattering alone, so 

this result pointed to a highly conductive outer layer in the original 

specimen. Considering the bulk and outer layer as parallel resistances 

in the absence of surface scattering, the outer layer would have had a 

R.R.R. of about 3160. Possibly the best sample could be further 

improved by a prolonged heat treatment at 900°C. as accomplished by 

Ehrlich (3.29) with a silver single crystal. 

Six further exactly similar specimens were oxygen treated at 

400oC. and 600
oC. for 6 hours. Table 3.5.2 gives the details of the 

treatments and the resulting R.R.R.s. 

Table 3.5.2  

Annealing Oxygen Pressure, Time of Anneal, t R.R.R. Notes Temperature 0  (torr) (hoUrs'and minutes) 
(oc.) 

1 660 

1.360 

980 

980 

980 

580 

550 

510 

Resistance 

minima not 

removed 

3 x 10 5  

3 x 105 

4 x 10
4 

8 x 10
4 

1 x 10
- 1 

3 x 10-4 

7 x 10 4 

1 x 1
0 1 

92.00 

24.25 

6.00 

6.00 

6.11 

6.01 

6.00 

5.57 

900 

900 

595 

605 

605 

400 

400 

420 

The strong dependence of the R.R.R. on the annealing 

temperature is'obvious, with P playing only a small role. Each 

specimen annealed at 400
oC. retained its resistance minimum, although 

the temperature of the minima was reduced from about 8K. to 3.4K. 
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This indicated that a longer time of anneal was required in order to 

completely remove the minimum. It is interesting to note that no diffe-

rence in the temperature dependent part of the resistivity was observed for 

all three samples annealed at 600°C., nor for those annealed at 400°C. 

Continuous pumping, allowing the oxygen to pass over the 

specimens, was preferred to sealing the specimens in capsules under a 

pressure of oxygen. The former allowed the diffusion to proceed at a 

steady rate near the optimum value, whereas the latter allowed an 

initial- fast rate of diffusion which, although completely oxidising, 

left a large number of small precipitated clusters which did not give 

a low residual resistivity. Seven specimens were oxygen treated in 

sealed capsules at temperatures ranging from 600°C. to 800°C. and 

pressures from 1.5'x 10
5 
torr to 10 torr. The best R.R.R. obtained 

in this way was only 850. 

From results on other pure silver specimens it was noted 

that high pressures of anneal (^-1 1 torr) generally removed the 

presence of a resistance minimum but yielded a low R.R.R. This is 

consistent with the ideas of section 3.5.1.3. The impurities are 

apparently completely oxidised, so that the resistance minimum is 

removed, but the precipitated clusters are small in size and large in 

number, giving a large residual resistivity. 

The best R.R.R. obtained by annealing under vacuum was 850, 

and a resistance minimum was present. The treatment was given at 

780°C. for 24 hours at a pressure.✓  10 5 
torr. 

3.5.3.3 Alloys of silver whose solutes are not easily oxidised 

Four identical Ag + 0.10 at. % Pd specimens were subjected 

to oxygen heat treatments outlined in table 3.5.3. Subsequent 

resistivity measurements revealed that the resistivity temperature 

dependences were similar for all four samples. This implied that 

controlled oxidation was not necessary, (three of the capsules were 



- 98 

sealed).and, more important, that excess oxidation (up to a few torr in 

pressure) did not adversely affect the resistivity. This latter 

observation is consistent with the findings in pure silver. It should 

be concluded, then, that the purpose of oxygen treating the alloys of 

silver whose solutes are not easily oxidised is merely to remove their 

resistance minima. The treatment normally given to these alloys was 

performed at 600°C. for 6 hours with an oxygen flow at a pressure of 

about 0.1 torr, maintained by continuous pumping. 

Table 3.5.3  

Annealing  Oxygen Pressure,  
Temperature  

P (torr)  (100.) 
 

Time of Anneal,  
t (hours)  

Notes 

 

     

800 5 6 Capsule sealed 

830 1 6 Capsule sealed 

600 .08 4 Continuously pumped 

600 10 7 Capsule sealed 

3.5.3.4 Alloys of silver with oxidisable impurities 

Indium and copper in solution in silver were readily oxidised 

if the oxygen heat treatments were performed incorrectly. For example, 

the standard free energy of formation of Cu2O is -34.98 kcal.mole
-1
, 

as compared with -242.4 kcal.mole-1  for Fe304. To completely avoid 

oxidation of the solute some alloys were annealed in vacuo. 

It would appear that the choice of an optimum pressure was 

critical, since a pressure too high oxidised the solute, and a 

pressure too low failed to remove the resistance minimum. In practice 

it was found thLt oxidation of solute and impurities proceeded 

simultaneously, so that any pressure either partly oxidised the solute 

or failed to completely remove the resistance minimum. 
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Successful alloys were prepared from silver which had been 

oxygen treated before alloying. The pure silver was first treated at 

600
o
C. for 5 hours in 0.1 torr. It was then alloyed with the solute. 

Provided care was taken during the following preparation to avoid the 

introduction of further impurities, the final heat treatment took the 

form of a stress anneal under a low pressure of oxygen. 

It seemed probable that upon melting the silver during the 

alloying process, the precipitated impurities floated to the surface, 

whereupon they were cleaned away after solidification. 

The alloys in this way had low temperature resistivities 

consistent with their concentrations of solute, and showed no evidence 

of resistance minima. 

3.6 	Specimen Examination and Completion  

3.6.1 	Metalloqraphic examination  

By the technique of metallographic examination, the grain 

size within a sample could be estimated and the presence of a second 

phase could be detected. The samples were set in mounting plastic, 

and ground, polished, and etched before being examined under magnifi-

cations up to X400. 

3.6.2 	"Wet" analysis  

Quantitative chemical ("wet") analysis enabled the concen-

trations df impurities and solute to be determined, and was also able 

to show signs of segregation or inhomogeneity. The analyses were 

performed by the Analytical Services Laboratory, Imperial College, 

London S.W.7. 

3.6.3 	Hardness  

Meastirements made using a Vickers microhardness tester 

enabled the homogeneity of a sample to be checked. However, the 

hardness values were not sensitive enough to indicate the effectiveness 
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of a strain-relieving anneal. 

	

3.6.4 	Leads 

Current leads were normally soldered to the specimen. This 

enabled multistranded leads to be used which were capable of supporting 

a heavy specimen. Alternatively, the current leads were spot welded, 

or, if a residual resistance ratio measurement was required before the 

completion of a sample, they were attached using heat-shrinkable 

sleeving. 

The platinum potential leads were spot welded except before 

the completion of a sample, in which case they were attached using 

heat-shrinkable sleeving. It was ensured that the potential leads 

contacted the sample a distance in from the current leads at least as 

great as the sample diameter; this favoured a uniform current distri-

bution in the sample between the potential contacts. 

Using a microscope with a travelling vernier scale, the 

distances of the potential leads from the ends of the sample were 

measured; hence, knowing the total length of the sample, the distance 

- between the leads was Aeduced. 

	

3.6.5 	Residual resistance ratio  

For practical purposes, the residual resistance ratio, 

R.R.R., in this section is defined as the ratio of the resistivity at 

the ice-point and the resistivity at 4.2K. 

The R.R.R. measurements made use of four probe d.c. methods 

which employed either a Keithley nanovoltmeter, in which case the 

determinations were made to an accuracy of a few per cent, or the 

Stabaumatic potentiometer, which yielded values normally with an 

accuracy of .01 per cent. 

In this work the R.R.R. was used as an indication of purity 

. in the nominally pure metals, as a check and as a good determination 

of the solute concentrations in the alloys, and also as a test for 
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the effectiveness of heat treatments. 

In a nominally pure metal the R.R.R. was determined almost 

entirely by the electron mean free path at 4.2K. So while it was 

evident that the R.R.R. was not a good quantitative measure of the 

chemical purity of the metal, it was the most relevant measure of 

purity in the present work, where the electronic properties were being 

investigated. 

It can easily be shown that 

p4 (273) 

R.R.R."2 1 +  	 (3.6.1) 
cPo 

where pi(273) is the host (ideal) resistivity at the ice-point, po  is 

the residual resistivity per unit concentration of solute, and c is 

the solute concentration. So from a knowledge of po  and pi(273) a 

R.R.R. determination yielded c, which was checked against the concent-

ration determined from the masses of the constituents of the alloy. 

Thus the R.R.R. was both a determination of c and a pointer, if, for 

example, some of the solute was oxidised. 

As well as their oxidising functions, heat treatments were 

employed to remove strains, which contributed to the total resistivity 

of either an alloy or a pure specimen, and also to homogenise alloys. 

Thus an unexpected value of R.R.R. sometimes pointed to a heat-

treatment being ineffective in removing strains or homogenising, or 

'sometimes to an oxidation of the solute. In the nominally pure 

specimens, it was, of course, an aim to maximise the R.R.R. 

3.6.6 	The geometrical factor  

By definition, for a sample of uniform cross-section, the 

geometrical factor by which a resistance is multiplied to yield the 

resistivity is' 

2 
G 

A pd 
= 

X 42 (3.6.2) 
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where A.is the area of cross-section, 2 is the distance between the 

potential leads, and d is the sample's diameter. 

Hence, one way to determine G was to substitute the measured 

values of d and 2 in equation (3.6.2). 

A better way employed the mass and density of the sample. 

Here 

AA,  NiD 
G = 	= 	 (3.6.3) 

AA £2 

was used, where 2' was the total length of the sample, and M and D its 

mass and density respectively. M and D were accurately known, D being 

determined from the alloy lattice parameter a, readily obtained from 

Pearson (3.15). 

It is easily shown that 

D = ( 	n  3) [(100 - c) H + cS] 
100Noa 

(3.6.4) 

where n is the number of atoms per unit cell,-No  is Avogadro's 

number, c is the concentration of solute of atomic weight S, and H is 

the atomic weight of the host. 

A small correction for low temperatures was made to each 

room temperature determination of G to allow for the thermal contraction 

of the samples. 

G(T) = a(T) G(293) 

where 2(T) 	d(T)  
...a(T)ES 1(293) = d(293) 

For silver between OK. and 20K. a is almost independent of temperature, 

increasing by (3.41) only 1 x 10 5  from 0.99587 at OK. Hence the 

average value was used, both for silver and the silver alloys, giving 

G(T) = 0.995875 G(293) 	 (3.6.5) 

where 	OK:0420K. 

A check on G was provided by a measurement of the ice-point 

resistance, R(273), since 
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G 222aL, cP0 pi(273) 
R(273) 	R(273) (3.6.6) 

where p(273) is the ice—point resistivity, cpo  is the residual 

resistivity of the alloy of concentration c, and pi(273) is the ideal 

resistivity of the host at 273K. 
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CHAPTER 4 

APPARATUS AND EXPERIMENTATION 

	

4.1 	Introduction  

The electrical resistivity measurements were made on samples 

in a conventional glass double dewar at temperatures of primary 

interest between 1.3K. and 30 K. 

The standard four probe d.c. technique employed a Tinsley 

Stabaumatic Potentiometer, which operated free from switch thermo-

electric effects, a Tinsley Photocell Galvanometer Amplifier and a 

secondary galvanometer. This arrangement was able to read voltages 

down to 1 nV. The sample current was supplied by a Tinsley Current 

Stabiliser of stability of order one part in 106. 

Thus a voltage change (or corresponding change in resistivity) 

of about one part in a million could be seen. 

In this chapter details of the cryostat are given and 

thermometry is discussed at length; the electrics and the procedure 

during a typical run are explained. 

	

4.2 	Cryostat Design  

The cryostat made use of a conventional double dewar, i.e. 

' a- liquid nitrogen dewar with a permanently evacuated interspace, and 

a main helium dewar with a pumping port on its interspace. The inner 

diameter of the helium dewar was 44.3 mm allowing a clearance of about 

1 mm around the sample chamber. 

In building the cryostat consideration,  was given primarily 

to the amount of heat allowed to reach the sample chamber and helium 

bath, and also the uniformity of temperature within the sample chamber. 

White (4.1) attributes the former to (i) conduction through low- 
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pressure gas when the vacuum in the helium dewar's interspace is not 

good enough, (ii) radiation, (iii) conduction of heat along the tubes 

or electrical leads, and (iv) Joule heating or eddy current heating. 

The most effective heat barriers were the pumped interspace 

and the liquid nitrogen in the outer dewar. In practice it was found 

sufficient to pump the interspace with a rotary pump only to about 

0.1 torr; this sufficed for a typical 12 - 15 hour run. Also, heat 

travelling vertically down the cryostat had to be minimised. How this 

was achieved may be seen by reference to figure 4.2.1, which is an 

exploded view of the essentials of the cryostat. The support was of 

tufnel (insulating) and the upper brass ring [emissivity 0.1 for 

273 K. radiation on a 77 K. surface (4.2)] behaved as a radiation 

shield. The thin-walled (0.08") stainless steel (low coefficient of 

thermal conductivity) tube reduced the heat conducted downwards. 

Furthermore, where pure copper leads were necessary these were chosen 

of narrow gauge. Joule heating was taken explicitly into account 

during the sample preparation (chapter 3) and during an experimental 

run. 

The sample chamber was nearly all copper and was defined by 

the lower brass ring in figure 4.2.1, the copper cylinder which 

slipped down over the copper block and samples, and the tufnel base. 

Having, therefore, a low thermal mass and a high coefficient of 

thermal condUctivity, the sample chamber both reached a new temperature 

quickly, and was at a uniform temperature throughout. 

During an experimental run the samples came into contact 

with the liquid helium, or during the warm-up, the helium gas passed 

by the samples and through the stainless steel tube. 

We shall now look at the sample chamber in more detail, and 

in particular at the copper block which was useful as an isothermal 

ground. For the current and potential posts, nineteen (numbered in • 



Support 
(tufnel) 

copper terming posts 

tufnel disc 2-1" diameter 

Brass ring silver soldered to stainless steel 
tube and screwed into tufnel  disc above 

in 
4  

stainless steel tube 

Copper cylinder 12" diameter with ring on 
inside at top to rest on brass ring below. 
Specimen heater is wound around this. 

	-Hole in stainless steel tube for heater 
wires which are wound around copper cylinder. 

Brass ring silver soldered to stainless steel 
tube with diagonal groove in which to fit 
copper block. Diameter 1.4". 

Copper block holding terminal posts for 
samples, germanium resistance thermometer, 
and thermocouple junctions. 

- 1.06 - 

Figure 4.2.1  

Inside the cryostat, showing the 
sample chamber. 

A 

ulnel base fit 
Plushly into 
:opper cylinder 
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figures•4.2.2 and 4.2.3) 4BA holes were drilled and tapped, and holes 

of .040" diameter were drilled along the lengths of nineteen 4BA nylon 

bolts. These were then threaded with short lengths of 20 S.W.G. 

copper wire and screwed into the copper block. The heads and ends of 

the bolts were cut off leaving part of the bolt as insulation between 

the copper block and the wire which protruded from each side. The 

insulation resistance in each case was checked to be larger than 1Mc2. 

Figure 4.2.2 shows how six samples were connected in series 

in the current circuit, the current leads being attached to pins 

numbered 1 and 17 (sample 1), 17 and 2 (2), 2 and 18 (3), 18 and 3 (4), 

3 and 19 (5), and 19 and 4 (6). For these samples respectively, the 

potential leads were connected as implied in figure 4.2.3 to the pins 

numbered 5 and 11, 12 and 6, 7 and 13, 14 and 8, 9 and 15, and 16 and 

10. To the unused side of each potential pin was soldered 48 S.W.G. 

copper wire and to pin number 1 at the front and pin number 4 at the 

.back were soldered the 42 S.W.G. copper current leads. 

Five extra 6BA holes were drilled and tapped in the copper 

block and into one of these was screwed the germanium resistance 

thermometer. Two other thermometers were used in the cryostat. Both 

the copper versus constantan thermocouple and the gold-iron versus 

chromel thermocouple had their sensing junctions in good thermal 

contact with the copper block, but electrically insulated from it by 

cigarette.pper. The copper versus constantan thermocouple had its 

reference junction in an external dewar of liquid nitrogen, and the 

gold-iron versus chromel thermocouple had its reference junction 

about 15 cm below the sample chamber permanently immersed in the 

liquid helium. 

The specimen heater consisted of 50 feet of 30 S.W.G. 

constantan wire (resistance 6.3 C m.-1 at 20oCO coiled around the 

copper cylinder and passing through a small hole in the stainless 
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Figure 4.2.2  

Copper block showing the positioris 
of the samples on the front. 

Back 
	

Front 

Figure 4.2.3  

Numeration of the terminal posts to which the samples' leads are connected. 
The front also contains the germanium resistance thermometer and thermodouple 

. : 	 junctions. 
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steel tube; thus the copper cylinder was able to slide without 

restriction over the sample chamber.. 

A 100 n resistor situated about 15 cm below the sample 

chamber was used to cool the same by boiling off helium. 

The twelve potential leads and two current leads from the 

copper block, plus the leads from the heaters, the germanium 

resistance thermometer, and the gold-iron versus chromel thermocouple 

first passed through the stainless steel tube and were then soldered 

tc5 the terminals on the tufnel disc. All were then continued up the 

cryostat to emerge at the top either from an Ether nine pin lead-

through or black wax lead-throughs. 

An external tufnel plate on top of the cryostat contained 

copper terminal posts at which all the potential and thermocouple 

leads were connected to the external electrics. The plate was 

covered by a perpex cap to reduce the effect of thermal e.m.f.s in 

these leads. 

4.3 	Thermometry • 

4.3.1 	Thermometers used  

Temperatures from 4.2 K. to 2.3 K. were determined from the 

helium vapour pressure read from a mercury manometer. Below 2.3 K. 

an oil manometer was used. 

:A germanium resistance thermometer was used from 4.2 K. to 

30 K. simultaneously -with a gold-57 p.p.m. iron versus chromel thermo-

couple. 

For the temperature range 4.2 K. to 300 K. a copper versus 

constantan thermocouple was available. 

4.3.2 	Temperature from the helium vapour pressure  

A mercury manometer was connected directly to the dewar so 

that the heliuM vapour pressure at temperatures from 4.2 K. to 2.3 K. 

2 
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could be read by noting the heights of the two mercury limbs. Thus 

the pressure was determined to better than 1 mm Hg. 

At temperatures below 2.3 K. a manometer was used which 

1 
contained oil of density 15 6- x density of mercury. It was necessary 

to continuously pump on that side of the manometer not connected to 

the dewar. Helium vapour pressure readings were again taken by 

noting the heights of the two oil limbs, and the pressure was 

1 
determined to better than the equivalent of 17 mm Hg. 

Temperatures were determined from the vapour pressures using 

the 1958 He
4 temperature scale, and were good to better than 10 mK. 

considering the accuracy of the manometer readings. It was felt un-

necessary to make corrections for the hydrostatic helium head above 

the X point or for the density of mercury at 0°C., since these amounted 

to no more than a few mK. 

4.3.3 	The germanium resistance thermometer  

Because of its excellent repeatability on cycling between 

4.2 K. and room temperature, and its high sensitivity, a Texas 

Instruments germanium resistance thermometer (model 340) was employed 

in the temperature range 4.2 K. to 30 K. For good thermal contact 

the thermometer was screwed into the copper block of the sample 

chamber. 

As there is necessarily always some heating when a Current 

- .is passed through a resistor, the thermometer current was kept low 

for accurate sensing. Optimum results were to be obtained with 

currents of a few microamps when the thermometer had a resistance of 

order 1K, and up to 100 11A when the resistance was of order 100 Q. 

It was also necessary to keep all voltages entering the d.c. 

amplifier less than 5 mV. With such low currents the prime consider- 

ation for the cryostat leads was that they should have low thermal 

conduction. Fine 42 gauge wire was used for the current and 



Helipot 
AC = 500 

potential leads to the four terminal thermometer. 

Reversing switch 

Cropico 1-.1% 

to 
d.c 
amp 

to d.c. 
amplifier 

Ge 
resistance 

Figure 4.3.1 	 thermomete 

Figure 4.3.1 shows the circuit used to provide currents 

from 1 'IA to 100 pA. A 500 n helipot divided the 1.35 V from the H9 

cell and a 10 K resistor could be switched in at high temperatures 

parallel to a 100 K resistor for higher thermometer currents. A 

Cropico .1% 10 Q resistor was used as a standard for measuring the 

current, and its potential leads and those from the thermometer 

entered a d.c. amplifier via a low thermal selector switch. Voltages 

were amplified 1000 times and displayed on a digital voltmeter. A 

switch to reverse the thermometer current was included so that the 

effects of thermal e.m.f.s. could be eliminated. 

To calibrate the thermometers  temperatures from 4.2 K. to 

21 K. were determined from the resistances of a calibrated Ge 

resistor, type CR 1000, supplied by CryoCal, Inc. This second 

thermometer was placed in a position within the cryostat normally 

occupied by a specimen, and in good thermal contact with the copper 
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block and the first thermometer. A potentiometric method was 

employed to evaluate the relevant potentials while the temperature was 

held constant to better than 20 mK. The calibration procedure for 

the CryoCal thermometer had involved comparison with-Ge-resistance 

standards. Temperatures up to 20 K. were interpreted on the 1965 

N.B.S. Provisional Scale, and above 20 K. on the 1968 International 

Practical Temperature Scale. A computer interpolation tabulating 

resistance at 1 mK. intervals was used in determining the temperatures 

for use in the calibration of the Texas Instruments thermometer. 

The results of this calibration showed that the resistance 

at 4.22 K. was 2470 Q with a sensitivity as high as 2900 0 K. 

However, both the resistance and sensitivity decreased rapidly, so 

that at 20 K. they were respectively 24.5 0 and 3.1 K.
-1
. 

4.3.4 	Gold-iron versus chromel thermocouple 

A gold-iron versus chromel thermocouple was prepared by 

-spot-welding together lengths of gold-57 p.p.m. iron wire and 

chromel wire. This formed-the 'cold' junction which hung to the 

bottom of the helium dewar, being always immersed in liquid helium. 

The other ends of these wires were spot-welded to 44 gauge copper 

wire and these junctions were thermally grounded close together on 

the copper block of the sample chamber. Thus the thermoelectric 

e.m.f. developed characterised the temperature difference between 

the liquid helium at 4.2 K. and the sample chamber. This e.m.f. 

was amplified and displayed on a digital voltmeter. 

The calibration of thermoelectric e.m.f. as a function of 

temperature made use of the resistance of a calibrated Ge thermometer, 

type CR s000, supplied by CryoCal, Inc. Temperatures in the range 

4.2 K. to 21 K. were evaluated as explained in section 4.3.3. 

The results showed that at given temperatures the e.m.f.s 

were about 2% lower than those tabulated by Rosenbaum (4.3) for 
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annealed gold-57 p.p.m. iron wire versus chromel-P. The thermo-

electric power was 14.6 µV K. 1 at 4.2 K. rising to a maximum of 

16.0 'IV K. 	at about 11 K. (cf. Rosenbaum's (4.3) data), and falling 

to 15.0 'IV K.
1 

at 20 K. 

4.3.5 	Copper versus constantan thermocouple  

One copper-constantan junction was kept in a small liquid 

nitrogen dewar external to the cryostat, and the other was thermally 

grounded on the copper block of the sample chamber. Thus the thermo-

electric e.m.f. developed characterised the temperature difference 

between the liquid nitrogen at 77.4 K. and'the sample chamber. This 

e.m.f. was amplified and displayed on a digital voltmeter. 

To calibrate this thermocouple between 18 K. and 21 K., use 

was made of the resistance of a calibrated Ge thermometer, type 

CR 1000, supplied by CryoCal, Inc., from which temperatures were 

evaluated as explained in section 4.3.3. The thermoelectric e.m.f. 

was also noted at 4.2 K. 

From this calibration it was found that at given temperatures 

the e.m.f.s were about.0.6% greater than those tabulated by Powell, 

Burch, and Corruccini, (4.4) corrected for a reference junction at 

77.4 K. Thus for temperatures in the range 20 K. to 77.4 K. the 

measured e.m.f.s were scaled down by a factor 0.9940 and temperatures 

were read from the data of Powell, Burch, and Corruccini (4.4). From 

77.4 K. .tcr300 K. temperatures were read directly from these data. 

4.3.6 	Voltage measurements  

The thermocouple e.m.f.s, and the potential differences 

across the Ge thermometer and the standard 10 fZ resistance all 

entered a d.c. voltage amplifier via a low the'rmal selector switch. 

The amplifier had a large input impedance of about 30 K El, a low 

noise level, and a gain of 1000 over the range 0-5 mV input. The 

amplified voltages were displayed on a five figure digital voltmeter. 

2 
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4.4 . Electrics  

4.4.1 	General  

The overall stability of a Tinsley power supply (of order 

1/10
6) together with a Julie Res. Lab. Zener source (better than 

.1/10
6) has been pointed out by Rizzuto et al (4.5), and these were 

employed to provide the sample current in the present work. The 

potentiometric circuit included a thermal-free Tinsley Stabaumatic 

Potentiometer type 5545 (capable of reading in steps of 10 nV), a 

Tinsley Current Controller (type'5750A) which was the stable current 

source for the potentiometer, and Tinsley Thermal Compensator (type 

5214A), Photocell Galvanometer Amplifier (type 5214) and secondary 

Galvanometer (type MS2 45E). 

Figure 4.4.1 shows the complete current and potentiometric 

circuits and schematic representations of the Tinsley power supplies, 

potentiometer, and thermal compensator. 

All connections external to the cryostat in the potential-

measuring circuit used plain copper wire in screened Aerialite cables, 

and the earths were connected to a common ground. Each terminal was 

covered with a perspex cap to reduce the. effects of thermal e.m.f.s. 

The Current Controller, Current Stabiliser, and Galvanometer Amplifier 

were all located in a position free from vibration, and the 

potentiometer was used in an upright position. 

The two heaters used a 15 V d.c. supply and gave up to 

about 1i watts. The circuitry for the thermometers was given in 

section 4.3. A brief discussion of setting up the apparatus for use, 

and the principles of operation will be given in section 4.5. 

4.4.2 	.The current circuit  

The Tinsley D.C. Current Stabiliser type 5753 was designed 

to supply a sample current from 100 mA to 2 A, stabilised to within a 

few parts in 10
6. Stabilised currents lower than 100 mA were 
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occasionally required, and these were provided by putting a 10 

'resistor in parallel to the samples and standard resistors.(.01 0 and 

10 0) which were all arranged in series; see figure 4.4.1. 

A feedback arrangement was used to stabilise the current. 

This was accomplished by connecting the potential drop across the 

10 ° standard resistor in opposition to the reference voltage 

provided by the.Zener source (type ZVR 506). (This worked with a 27 V 

d.c. supply.) A galvanometer within the stabiliser deflected a beam 

of light onto one of two photocells if there Was any difference 

between the p.d4 and reference voltage. The photocell current was 

related to this difference and controlled the resistance of a power 

transistor in the current circuit. This resistance increased if the 

current tried to get too large, and vice versa. 

Different currents were selected by dividing the voltage of 

the 6 V Zener source by means of a Helipot; the ratio of this divider 

was sufficiently temperature stable to give a stability in the sample 

current equal to the stability of the Zener source. 

Two standard resistors were used in series with the samples 

in the current circuit, and were kept in beakers of oil maintained 

at a constant temperature in a thermostatically controlled water bath. 

The function of the 10 nstand4rd resistor (manganin), type 1659 

supplied by Tinsley, was in stabilising the current. The potential 

drop acros the .01 0 standard resistor, supplied by Croydon Precision 

Instrument Company, was used to•determine the current. Both resistors 

• • were in error of their nominal resistances by about 1/104, and had 

•  temperature coefficients of resistance of abdut 10 p.p.m. K.-1. 

Reversing the current will be- explained in section 4.4.4: 

4.4.3 	The potential circuit  

Figure 4.4.1 shows how the potential leads from the samples 

went to the potentiometer via a low thermal selector switch. The 

1 
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leads from the .01 Q standard resistor went directly to the potentio-

meter. Either a sample, the standard resistor, or the potentiometer's 

standard cell could be selected at the potentiometer. 

The Current Controller worked essentially like the Current 

Stabiliser and used two standard cells within the potentiometer for 

its reference voltage. Its purpose was to provide the potentiometer 

current, but- in particular to maintain the potential drop across the 

conductance dials (C1,  C2, 	 
C
7 in figure 4.4.1) accurately 

constant. C1, C2 
	 Cl.were variable conductances read in 

decade values, and switched in by turning the potentiometer dials. 

If the total conductance switched in-was C,, then the current in the 

internal standard resistance, R, was 

i = CV, 

and the potential drop developed across it was 

VR -. iR = CVR. 

At the balance when no current flowed through the galvanometer (and 

the galvanometer series resistance switched in was zero), the voltage 

to be measured was 

X= VR 

and since V and R remained constant, 

Vx a CI  

and Vx was read -directly from the conductance dials.. 

raio ensure that the total resistance in the potentiometer 

current circuit remained approximately constant, bypass resistors 

R1,  R2, 	 R7 
 were switched. out as the resistors of the conduc- 

tance dials were switched in, and vice versa. 

There were three ranges on the potentiometer, (X1V, X.1V, 

and X.01V) and galvanometer- series resistances of co, 10 M, 100 .K 1 K, 

and zero ohms could be switched in. 

The potentiometer was standardised to read volts by select- 
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ing the standard cell putting this cell's e:m.f. on the dials, 

attempting balance in the normal way, and adjusting the standard cell 

setting dials as necessary. 

The arrangement of conductances within the potentiometer 

enabled coils of much higher resistance to be used than in conven-

tional potentiometers. Consequently, switch contact resistance was 

minimised and thermal e.m.f.s arising from operation of the switches 

were almost completely eliminated; (rapid rotation of the switches 

should not have produced e.m.f.s in excess of 0.5 'IV, and these 

should have died away within three seconds). 

The galvanometer amplifier contained a pair of special 

photocells connected in series opposition. The net current from the 

cells, due to differential illumination as a galvanometer mirror 

deflected a beam of light over their surfaces, activated the secondary 

(indicating) galvanometer, (which was a simple optical lever, liquid- 

filled to eliminate the effects of external vibration). Feedback was 

applied as a current in opposition to the current through the primary 

galvanometer and the amount of feedback (and hence the sensitivity) 

was adjusted externally. 

Owing to the sensitivity of the amplifier the presence of 

small parasitic voltages would have the effect of producing large 

deflections, and it was therefore essential that these were compen- 

 if the full sensitivity was to be used to advantage. The 

thermal compensator was used, connected in series. This injected a 

small voltage into the amplifier circuit which could be adjusted until 

the galvanometer read zero when there was no current in the (closed) 

sample circuit. 

By adjusting the amplifier sensitivity until the galvano-

meter spot could be made to deflect 5 cm from .the balance position 

upon turning a potentiometer dial by a 'step of 100 nV, nanovolts 
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could be read from the galvanometer; i.e. each mm from zero repre-

sented 1 nV. 

4.4.4 	Reversing the current  

In order to cancel thermal e.m.f.s in the potential leads 

from the samples and .01 0 standard resistor, two measurements of 

each unknown potential were made with the current flowing in forward 

and reverse directions. The mean values thus obtained gave the 

required thermal-free potentials. 

On reversing the current the potentials were also reversed. 

Hence, the potentiometer was made to function in the reverse sense by 

simultaneously reversing-the potentiometer current and the voltage 

fed back to the Current Controller. At the same time the potential 

from the 10 CI standard resistor was broken and made so that a null 

condition always existed within the Current Stabiliser. The reversing 

lights were switched from green to red, and the relays were activated. 

All these operations were performed by throwing a lever 

switch (R.S. Components) which directly switched the voltage fed back 

to the Current Controller, broke and made the 10 Q  potential, and 

activated the relays. TwO R.S. Components relays were employed; the 

heavy duty relay reversed the specimen current, and the light duty 

relay reversed the potentiometer current and switched the reversing 

lights. 

connections within the lever•switch were made so that some 

contacts opened first• and closed last, and others closed first and 

opened last. Thus the 10 (2  potential and the voltage fed back to 

the Current Controller were broken before the potentiometer and 

sample currents were reversed, and made after. 

Each connection which involved a potential lead was made 

with low thermal solder, and all insulation resistances were checked 

to be greater than 20 M C. 

1 2 
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4.5 	. Experimental Procedure  

4.5.1 	Setting up and operation  

After each sample had been soldered into position in the 

sample chamber, its room temperature resistance was checked roughly 

on a digital voltmeter. When all six samples (or fewer, together 

with 'blanks' to complete the current circuit) were in position, the 

sample chamber was scanned'to ensure that no sample was short—

circuiting, and then the copper cylinder was slipped down. A check 

was then made to ensure that the current circuit was insulated by at 

least 2 M f2 from the .earth or sample chamber. 

Everything was then switched on, the Current Controller and 

Current Stabiliser each exhibiting a red pilot light. The Current 

Controller was switched to normal (green pilot light). The sample 

current had normally been chosen beforehand, so the Helipot was 

adjusted accordingly; for sample currents larger than 100 mA, each 

complete turn on the Helipot provided a reference voltage for the 

Current Stabiliser appropriate for a current of 200 mA. The 'set 

current' control was then adjusted until the required current was 

indicated on the Stabiliser's ammeter, and the Stabiliser was 

switched to normal (green pilot light). 

A typical set of readings comprised reading the potential 

drop across the .01 SZ standard resistor in both forward and reverse 

directiOns to establish the current, followed by forward and reverse 

readings on all the samples, and finally the standard resistor again 
- 	cl%eck 420.1 

to 	cncurc the stability of the current. At the same time helium 

vapour pressures or thermocouple e.m.f.s and resistance thermometer 

p.d.s and currents were read for each sample.as described in section 

4.3. 

To take a potential reading the sample under investigation 

was selected, and the 10
7.Q resistance .w1thin the potentiometer was 
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switched in series with the galvanometer. The galvanometer spot was 

brought to zero by manipulating the potentiometer dials, and this was 

repeated with galvanometer series resistances of 10
5 
0, 10

3  n and 

zero ohms. The required p.d. was then read from the potentiometer 

dials and the nanovolt digit from the displacement of the galvanometer 

spot from zero. 

	

4.5.2 	From 300 K. to the nitrogen point  

It was occasionally necessary to make measurements in the 

temperature range from room temperature to the nitrogen point. 

Before cooling the inner dewar was pumped and an atmosphere of 

nitrogen gas was allowed in; the whole was then allowed to come back 

approximately to room - temperature. A lower temperature was achieved 

by adding a small quantity of liquid nitrogen to the nitrogen dewar. 

If the temperature fell too low the specimen heater was used to 

bring up the temperature. Stabilisation was maintained by pumping on 

the interspace of the inner dewar, and could be achieved, typically, 

to about 1.100 mK.. Further reductions in temperature were brought 

about by allowing an atmosphere of nitrogen gas into the interspace, 

and adding a little more ;liquid nitrogen to the nitrogen dewar. 

The nitrogen point was finally reached with the nitrogen 

dewar full of liquid nitrogen and the interspace of the inner dewar 

filled with nitrogen gas at atmospheric pressure. 

All temperatures-between 300. K. and 77.4 K. were monitored 

with the copper versus constantan thermocouple. 

	

4.5.3 	The helium transfer  

Before transferring the liquid helium for a low temperature 

run it was. first ensured that the temperature was within a few Kelvins 

of the nitrogen point, so that only a small amount of helium would be 

used in cooling the dewar down to 4.2 K., and also so that the dewar 

would not undergo any unnecessary thermal shock. The nitrogen dewar 
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was topped up with liquid nitrogen. 

Second, the interspace was pumped and flushed with nitrogen 

a few times and finally pumped out with a rotary pump only to less 

than 0.1 torr. This was necessary before each run because of the 

permeability of most glasses to helium; an interspace containing 

helium gas would have conducted heat inwards very efficiently, causing 

a rapid boil-off of the liquid helium. 

Third, the main dewar was pumped and flushed a few times, 

and finally filled with gaseous helium from the can. This atmosphere 

of helium was able to accommodate the liquid helium to be transferred. 

By means of squeezing a bladder the liquid helium was put 

under pressure in the storage can and was transferred through a 

stainless steel siphon into the experimental dewar. This was done 

with the valve on the heliut return line from the cryostat opened 

(for inevitable boil-off), but with the return line from the storage 

can closed off, so that the liquid could come, under pressure. To 

terminate the transfer the pressure on the liquid was relieved by 

opening the valve on the return line from the can. 

For a typical 12 - 15 hour run it was found necessary to 

transfer about 22 litres of helium. 

4.5.4 	The pump-down and warm-up - 

After readings at the helium boiling point were well 

established, the return line was closed off and double measurements 

were made while pumping on the helium at various pressures, maintained 

with a manostat. The helium vapour pressure was read from a mercury 

manometer, and from an oil manometer below about 2.3 K. After 

measurements had been made at the lowest temperature (about 1.4 K.) 

the pump was shut off and the bath heater switched on to bring the 

helium back to atmospheric pressure, at which point the return line 

was opened again. In order to achieve 4.2 K. again for repeat 
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readings the bath heater was used to smooth/ out any temperature in-

homogeneities in the liquid; this procedure was followed until the 

level fell to about 1 or 2 cm above the top of the sample chamber. 

Unless the repeated readings came to within 10 nV of their first 

evaluations they were repeated. 

The bath heater was afterwards used to boil off helium' 

until the level was about 1 cm'below the bottom of the sample chamber. 

The specimens then started to warm up slowly. Measurements were taken 

at preselected temperatures (often at about every K.) which were 

stabilised by frequent adjustments of the bath and specimen heater 

currents. In practice this technique was found to be quite adequate; 

from 4.2 K. to above 20 K. each temperature could be held constant to 

well within 100 mK. Nevertheless the e.m.f. from the gold-iron 

versus chromel thermocouple and readings from the germanium resistance 

thermometer were noted after the measurements on each sample at each 

temperature. 

Measurements could be taken right up to the nitrogen point, 

although, if many readings were required, the liquid helium would dis-

appear well before 77.4 K. This presented little difficulty for 

temperature stabilisation since near to the nitrogen-point the rate 

of warm-up was slow. 

It should be noted that before switching everything off both 

.the Current- Controller and Current Stabiliser were switched to 'fault' 

modes (red pilot lights). 
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CHAPTER 5 

PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS  

5.1 	Introduction  

In section 5.2 the experimental results on the electrical 

resistivity of pure silver and silver alloys are presented. Of 

particular interest are the derived values of the ideal resistivity, 

and the magnitude, the temperature and concentration dependence, and 

the dependence on the particular impurity of the deviations from 

Matthiessen's rule, A(c,T). 

In section 5.3 the results for A are summarised in table 

5.3.2, and its entries are compared with those of table 1.3.1, which 

contains the predictions of the various models for the deviations. 

The results are analysed in terms of inelastic electron—

impurity scattering and anisotropic scattering. The former is-found 

• to describe the data well only for the purest specimens, while the 

latter is unable to describe the data at all, and must be considered 

to be of minimal importance. 

5.2 	Experimental Results  

5.2.1 	Resistivity temperature dependences, and the evaluation of  
residual resistivity  

Of the 70 specimens investigated (pure silver, and AgAu, 

AgPt, AgPd, AgIn, Aga', and A9Mo alloys) it was fairly generally found 

that the measured resistivity, p(T), behaved essentially like T4 over 

the entire temperature range from 1.4K. to.20K. Figures 5.2.1 to 

5.2.5 are typical results showing how close the resistivity temperature 

dependences came to T
4
, and how this trend continued well below 4.2K. 

No significant departure from T
4 
 was observed for any specimen over 

the entire temperature range. Figure 5.2.3 shows, for a 

1 
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Ag + .0046 at. % Pt specimen, the typical T4  behaviour of p(T).  right 

up to 20K. 

From figures 5.2.1 to 5.2.5 it can be seen that the 

evaluation by extrapolation, of the residual resistivity, po, was 

straightforward. Its uncertainty was no more than the scatter of the 

data points. Hence the temperature dependent part of the resistivity, 

p(T) 	po  was obtained. 

In some cases, where a resistance minimum was present, the 

contribution to p(T) from magnetic scattering was subtracted, by 

assuming it decreased logarithmically with temperature (5.1). This 

immediately gave the required temperature dependent part of the 

resistivity. Figure 5.2.6 shows the result of doing this with a 

+ 0.61 at. % Cu specimen whose resistance minimum appeared at 4.0K. 

Again the temperature dependence of the resistivity was close to T
4 

right up to 20K., but a determination below 4.0K. was difficult. 

No other temperature dependences were observed for the 

specimens investigated in the temperature region of interest. As an 

example, figures 5.2.7 and 5.2.8 show that T
2
, T

3
, and T

5 
behaviours 

did not exist in a Ag + .0174 at. % Au alloy. 

5.2.2 The dependence of (p - po) on the residual resistivity and  
the alloy system  

In figure 5.2.9 the temperature dependent part of the 

resistivity has been evaluated at six different temperatures for the 

pure silver specimens and plotted against po  on a logarithmic scale. 

In figures 5.2.10 to 5.2.13 (p - po) is plotted against log po  for 

the alloy systems AgAu, AgPt, AgPd, and AgIn and AgCu respectively. 

It is. to be noted that if Matthiessen's rule were valid, 

then for each system at a particular temperature, (p - po) would be 

independent of po, and numerically equal to the ideal resistivity, 

Pideal' of silver. From figures 5.2.10 to 5.2.13 it is clearly seen 
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A 

Figure 5.2.9 (b) Pure silver specimens. 
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that Matthiessen's rule breaks down severely, and, in the cases of 

AgAu and AgPt, p(4.2) - po  changes by a factor about six from the 

purest samples to the most concentrated alloys. Even at 20K. this 

factor is about four. 

It may be seen from the figures that, for a given system, 

(p - po) at a particular temperature varies slowly with po. Indeed, 

it appears likely that this quantity may be represented by a term in 

In po  over about three decades in po. 
at MK 

The variation of (p - po)tk and therefore the deviation, A(1o) 

from Matthiessen's rule, with alloy system is indicated in figure 

5.2.14. For clarity, only data from the pure silver, AgAu, AgPt and 

A9Pd systems have been included in this figure. Figure 5.2.15 shows 

(p - po) evaluated at 20K., where for various alloys it is numerically 

largest, having residual resistivities of .1 p0CM. The AgAu, AgPt, 

A9Pd, Agin, AgCu, and AgMo alloys were investigated in this work, 

while the results on the AgMg, AgAl, and A9Cd alloys were obtained 

from Seth and Woods (5.2). 

Since a large number of alloys of various systems, covering 

about three decades in concentration, was investigated, it was 

possible to determine which solutes caused severe breakdown of 

Matthiessen's rule, and which contributed only small deviations. In 

contributed the smallest deviation, then Cd which gave rise to a 

similar value. Next came Pd, followed by Au, Cu, and Pt, the latter 

three solutes yielding similar values. Large errors were attached to 

the values obtained for Al, Mg, and Mo; the resolution of the 

resistivity data below 20K. was poor for the AgAl and AgMg specimens 

investigated by Seth and Woods (5.2), and the single AgMo alloy was 

found to be heterogeneous. The plotted values, which gave rise to the 

V form of figure 5.2.15, are to be compared with p(20) - po  for the 

best pure silver specimen, which was .0032 'IQ cm. Even the In result 



p(10) - Po  

(pfrm.) 

(1) 

.0013 

.0012 

.0011 
a. 
.0010 

.0009 

.000i3 

.0007 

.0006 

.0005 

.0004 

.0003 

.0002 r  

.00011- 

0 	 
.001 .01. 

Po(Pncm-) 
.1 

. Figure 5.2.14 Comparison of:the temperature dependent part of.the.resistivity,.at 10K., for (1) the pure silver specimens, 
(2) the AgPd alloys, and (3) the AgAu.and AgPt alloys. tO.*(3. on .  4V,-, calof S are tteN04.4ecl 1:1. 4/9  arc) 

Cu- \oj 	; 



.011 p(20) - p8(.1pncm.).  
(pocm.) 

.010 Figure 5.2.15 Indication of the departures from 
Matthiessen's rule at 20K. for 
various solutes in silver. 

.009 

.066 

.005 

.008 

.007 

.004 

'.002 

.003 

0 10 20,  30 40 50 60 70 80 90 100 

Atomic weight 

Pt 

Au 

• • 	. 	t 	11  
An  1120 130 140 150 	170 	190 200 

-'In 
Pd Cd 



- 148 - 

at 20K. Was nearly double this value. The wings of the V form at high 

and low atomic weight represented the largest deviations from 

Matthiessen's rule at po = .1 pn cm., and were, at 20K., approximately 

5 nocm., or 1.6 Apure (20). The alloy (p po
) values are relatively 

larger at the lower temperatures, when compared with the (p - po) 

values for the nominally pure specimens. A comparison of these alloy 

(p - po) values for temperatures below 4.2K. will be made in section 

5.2.3 for very dilute alloys of AgAu, AgPt and AgPd. 

Consider the typical form of (p - po), say at 10K. Figure 

5.2.14 shows the -variation of p(10) - po  from pure silver, through 

AgPd, to AgAu and AgPt. At low values of po  it is expected that the 

values of p - po  for the alloy systems merge with the values for pure 

silver. Otherwise the lines (1), (2), and (3) in figure 5.2.14 would 

intersect and deviations, A, from Matthiessen's rule would become 

negative. Figure 5.2.16 shows the behaviour of (p - po) for 

po  < .02 p0 cm. (p po) is plotted as a function of log po  at six 

different temperatures, for the pure silver specimens and the dilute 

AgAu, AgPt, and AgPd 

This type of behaviour siaggesed that (p - p
o
) may 	bccomc a 

tk1CLS ck Sa ;o 
linear function of po  at low po. While this may be the case for 

sufficiently dilute alloys, it does not appear to be strictly true for 

the pure silver specimens over the entire range of po  investigated. 

Figure 5.2-.16 appears to favour a logarithmic dependence on po  for the 

pure silver specimens; with a departure from this type of behaviour in 

the alloys. Attempts to plot (p - po) versus po  for the pure silver 

specimens in figure 5.2.17 showed -departures from linearity at high po  

which may be attributable to a logarithmic type behaviour. 

5.2.3 	Ideal resistivity, and deviations from Matthiessen's rule  

In figure 5.2.17 it was possible, however, to extrapolate the 

results, to the limit po  = O. Thus, o 'ideal was established, with some 



Po(pncm-) 

•  
.01 

- 149 

Figure 5.2.16 0 Pure Ag specimens 
X AgAu alloys 

.A AgPt alloys 
D AgPd alloys 

0 
'20K. 	0, 

X X 

x 
A 

0 0 
00 

. 	o.,$)  

0O 

CS 
o 0  

0 00  

A 

:00002 	 Uncertainty I 

O 
0 

•  
0 0 	

GI c CD 

Ax. 



— 1.50 

P Po 
(pnpm.) 

.0002 

.0001 

• 

x  7K• 

Uncertainty 

10K. 

Figure 5.2.17 (a) Determinationof o 'ideal from  
the pure silver data. 

1 



.002 	.003 

po(pncm.) 

.004 .005 .001 0 

C 

.004 

.003 

.002 

.001 

— 151 — 

'Figure 5.2.17 (b) Determination of oideal 
 from the pure 

F  
silver data. 



— 152 9 — 

uncertainty, arising from the scatter and the suspect linearity of the 

data points. 

This procedure was carried out at a number of temperatures 

between 3K. and 20K., and figure 5.2.18 shows the temperature variation 

of ()ideal' The slope of the graph is close to 4, but the ideal 

resistivity of silver was found to be best described by 

P(T) = 9.5 x 10
-6 

T
4.2 

nn cm. ideal 
(5.2.1) 

over the entire temperature range, where the uncertainty in the index 

of T was about 10.3. Approximately, the ideal resistivity was 

Pideal (T):"...1 1.5 x 10
-5 

T
4 

np cm. 	(5.2.2) 

With Pideal (T) established, an extra point was available 

for plots of (p — po) versus po for the alloy systems, since, as 

previously discussed, the values of (p — po) for the alloys were 

expected to merge with the pure silver values, and to be identically 

equal to them at zero po. In figure 5.2.19 are plotted (p — po) versus 

po  for the most dilute AgAu, AgPt, and AgPd alloys at 2.5K., 3.5K., and 

4.2K. Included in these plots are the points at zero po, i.e., 

Pideal (2.5), Pideal (3.5), and  Pideal  (4.2.). 

These results show that for a dilute AgAu or AgPt specimen 

with a residual resistivity of only .05 110 cm., (p — po) is about five • 

times larger than oideal  at 2.5K. For a AgPd specimen of po  = .05 pn cm., '  

Cp po) is over twice 0ideal  at 2.5K. Furthermore, even for the most '  

dilute alloys (down to .005 at. %) investigated in this work, (p — po) 

is not a linear function of po. 

Figure 5.2.20 shows the values of (p — po) for the most 

dilute samples of AgAu, AgPt, and AgPd at 2.5K., 3.5K., and 4.2K. When 

compared with the point at zero po, i.e. 0 'ideal' Au is seen to give 

rise to a larger deviation in silver than Pt. At 2.5K. the errors in 

the values for AgPt and AgPd are too large to distinguish between them, 

: 
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but at 3.5K. and 4.2K., (and from figure 5.2.19), it is clear that 

deviations due to Pd are smaller than those due to Pt. 

To evaluate the actual deviations, A, from Matthiessen's 

rule, it was first checked that it was not necessary to take into 

account the changes in atomic volume due to alloying or due to 

different temperatures, as pointed out by Dugdale and Basinski (5.3). 

The adjustments necessary to the values of po  for measurements at 

different temperatures were only e-'10 
8 
 per , and, since for the dilute 
t e..cteci 

alloys the lattice parameter was little 

Pideal amounted to only"-,  10-3 
pideal. 

Hence 

A(c, 	= p(T) - po(c) 	Pideal(T) 

the adjustment to 

(5.2.3) 

was a good approximation to use, where the right hand side consisted 

of the measured values. So A could be read directly from the graphs 

of (p - po) by subtracting, the quantity qdeal. As has been implied, 

A was often a number of times larger than 
0ideal' 

 so its temperature '  

was not significantly different from that of (p - po), which was found 

to be close to T
4 
for all the silver alloy systems investigated over 

the entire temperature range of interest. Hence, 
if Pideal we

re to 

vary like T
4
, then A would simply be proportional to 0 

'ideal. The  

determined T
4.2 

dependence 
ofPideal  meant that A was a slower varying • 

function of T thanPi
dear 

 The uncertainty 2 	an 0.3 in the index* meant, 

however that it was not clear whether A was proportional to 
pjdeal or 

a slower varying function of T. Figure 5.2.21 is a typical plot of A 

versus
Pideal  , with temperature as an intrinsic parameter. The T

4.2 

dependence of 0ideal shows up in the curvature at high temperatures. '  

In figures 5.2.22 and 5.2.23, A(T) is compared with Pideal(T) 

for a dilute Ag4u specimen, and a more concentrated AgPt specimen. 

5.2.4 	Summary  

Resistivity measurements were made on pure silver specimens 
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and AgAu, AgPt, AgPd, Agin, AgCu, and AgMo alloys over the temperature 

range 1.4K. to 20K. In each case no departure from an essentially T4 

resistivity behaviour was observed, so that by extrapolation to OK. the 

residual resistivity was accurately determined. 

Hence the temperature dependent part of the resistivity, 

p(T) - po, was established, and Matthiessenis rule was shown to break 

down severely. For example, even for a dilute AgAu or AgPt alloy with 

a residual resistivity of only .05 110 cm., (p - po) was a few times 

larger than (p - po) for the purest silver specimens at 2.5K. 

Isotherms showed p po  to be a slowly varying function of 

the residual resistivity, po. It seemed likely that p - e o  a In po, 

over about three decades in po, for the pure specimens and each alloy 

system separately. 

It was suggested that at low enough po, (p - po) should 

depart from this logarithmic type behaviour. Plots of (p - po) versus 

p
o 
for the pure specimens enabled extrapolations to zero po to be 

performed. In this way the ideal resistivity of silver, over the 

temperature range 3K. to 20K., was found to be 

-622.0.3 (T) = 9.5 x 10 	T4.  
Pideal 	

nn cm., 

or, approximately, 

'ideal (T) = 1.5 x 10
5 
T
4 

nn cm. 

ltith oideal 
 established, isotherms of p - po  versus po  for '  

the most dilute alloys, enabled a distinction to be made between Au 

and Pt solutes in silver. 

Because of the uncertainty in the index of T for Pideal (T), 
 

there was 4 corresponding uncertainty in the temperature dependence of 
Setp,AA 1 

MT), but it eras expected- that A(T) should vary like T4 and therefore 

be approximately proportional to o 'ideal(T).  

Of the systems investigated, the solutes Au, Cu, and Pt in 

i 2 , 
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silver, gave rise to the largest deviations from Matthiessen's rule. 

In and Cd gave rise to only small deviations, while Pd contributed an 

intermediate A. 

5.3 	Discussion of Results  

5.3.1 	General  

Before attempting to interpret the experimental results in 

terms of the physical models for the deviations from Matthiessen's 

rule, some further analysis of the data is necessary. 

Consider, quantitatively, the magnitude of A for a particular 

solute, say Au in Ag, and its functional dependence on T and po. From 

limited data (figure 5.2.17) it was shown that, in the dilute limit 

P <Pideal' A increases approximately linearly with po. Furthermore, 

the slopes of the isotherms. of A versus po  depend on the temperature, 

and, very approximately; 

A c--) ApoTn. 	 (5.3.1) 

where n 4 and A ,...) 2 x 10
6 

K.
4
. When po 

	pideal 
 , A varies 

approximately logarithmically with po, and in this region may be 

described very approximately by 

A -' 10
-1
T
4 
 + 10

-2
T
4 

lnp 	 (5.3.2) 

10-7T4 	10-%-1-4 eve, 	trot% . 

when po  is expressed in 'IQ cm. Here the power of T is somewhat un-

certain,.so that A may vary slightly more slowly with temperature than 

The most important facts about equation 5.3.2 are that the p
ideal' 

first term on the right hand side (independent of po) is of magnitude 

a few timesPideal , and the coefficient of lnpo 
in the second term is 

roughly equal to o 'ideal' 

The dependence of A on the particular impurity does not 

appear to be straightforward. Although the qualitative features of 

figure 5.2.15 suggest that A is largest for solutes with atomic 
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weights much different from that of Ag, and smallest when the solute 

is close to Ag in the periodic table, the form cannot be described, 

M'  for example, by Aro ( -  M) as suggested by Kagan and Zhernov (5.4). 

A ratio such as A (Au)/A(Pd), for the deviations arising from the 

impurities Au and Pd in silver, appears to be rather insensitive to T 

and pc,  as indicated in table 5.3.1. 

Table 5.3.1. 

A (Au)/A (Pd) at various temperatures and different values of p
o. 

7K. 13K. 20K. 

po  ...01 pQ cm. 1.6 1.3 1.0 

po  . .1 	lin CM. 1.8 1.5 1.3 

The next table (5.3.2) lists the experimental magnitude of 

A(c,T), as discussed here, its temperature and concentration dependences, 

its relation to the particular impurity, and the conditions under which 

these features are valid. • The entries are to be compared with those of 

table 1.3.1 which lists the features of A(c,T) as predicted by the 

various models. 

5.3.2 	A first comparison between the experimental data and theory  

Many different mechanisms are expected to be simultaneously 

..responsible-for the observed deviations from Matthiessen's rule. In 

the present interpretation of the data, concern will only lie with 

those mechanisms which are expected to contribute a major fraction of 

A(c,T). 

Upon comparing the experimental data (table 5.3.2) and the 

theoretical predictions (table 1.3.1), some physical mechanisms can 

immediately be discarded. In the absence of a T3 temperature 

dependence of A(T), even in the most concentrated alloys, theCe, is no v2S1131Q. 



Table 5.3.2 

Magnitude of A(c,T) Conditions T Dependence c Dependence Dependence on  Particular Impurity 

A #0  2 x 10
-6 

p
o 
T4 Po < Pideal 

1.5K.4.5..T 4  20K. 
Like Pideal (T)' 
or slightly less. 

Linear 
• 

A  ej  few x Pideal (T)÷ 

+ Pideal (T) In p 
(po  expressed in 110 cm.) 

10
3 	

. Pideal >r' p  o (- >I pideal 
1.5K. .‘. T ...-.. 20K. 

. 

Like pideal (T), 

or slightly.less. 

In c 
for each impurity 
separately. 

See figure 5.2.15 
and table 5.3.1. 

. 
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contribution from interference between electron-impurity and electron-

phonon scattering (5.5, 5.6).ia cxpcctcd to be minimal. The only appli-

cability of this mechanism to the experimental data presented here lies 

in its predicted insensitivity to concentration. The predicted devi-

ations arising from a deformed phonon spectrum (5.7, 5.4) in the alloy 

are some orders of magnitude smaller than the observed deviations. The 

predicted temperature dependence, however, is not inconsistent with the 

present results, and the dependence on the particular impurity is not 

unlike that observed. 

The magnitude of the deviations arising from inelastic 

electron-impurity scattering (5.8) may be large enough to describe the 

present data over the entire temperature range 1.5K. to 20K. Further-

more, the predicted temperature dependence of t(T) is similar to that 

observed, and the dependence of A on the particular impurity could be 

described by adjustments to the factor A (equation 1.3.20). However, 

the predicted linear concentration dependence of this mechanism does 

not agree fully with the observed concentration dependence. 

Again the observed concentration dependence is not exactly 

as predicted by the two band model (5.9) for anistropic scattering 

(5.10, 5.11). The difference, however, lies only in the observed slow 

logarithmic variation and the predicted concentration independence at 

high values of c. The two band model does predict the correct . 

temperature dependence of A(T) for po> Pideal (T), and should be able 

to describe the variation from impurity to impurity by changes in the 

anisotropy parameter, p (equation 1.3.13). 

5.3.3 	Interpretation of the observed deviations from Matthiessen's rule  

In the previous section comparisons were made between the 

predicted and observed deviations from Matthiessen's rule. In view of 

the conclusions drawn, a detailed analysis will be made in terms of the 

most likely mechanisms, i.e. inelastic electron - impurity scattering 
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and anisotropic scattering on a two band model. 

(a) 	Inelastic electron-impurity scattering 

Equation 1.3.20 for A(c, T) arising from inelastic electron-

impurity scattering reduces to 

A(c,T) = A
2 
x 6.23 x 10

-10 T4 P
o 
	(5.3.3) 

for silver, where 

<0'> 
4 .o  c v

dT 4 	1944(T/0D)
3 
dT 

Mv
2 Mv

2 

has been used. The isotherms of figures 5.2.17 and 5.2.20 have been 

used to evaluate the functional form of A at 4.2K.* for the pure silver 

specimens, and for the very dilute AgAu, AgPt, and AgPd alloys. Here 

A varies approximately linearly with po, and from the slopes of the 

isotherms, the coefficient A
2 
 in equation 5.3.3 has been enumerated 

for each system. The values obtained are 

A = 43 
	

for pure silver, 

A= 46 
	

for AgPd, 

A = 50 
	

for lagt, 

and 
	

A = 53 
	

for AgAu. 

The value A = 43 for pure silver is in good agreement with 

Kos' (5.12) value A = 60. Damon, Mathur and Klemens (5.8), however, 

obtained A = 6.3 only for their gold alloys, and found A to be rather 

insensitive to the nature of the impurity. It should be noted that a 

low value would be expected since Damon, Mathur, and Klemens measured 

the slopes of their isotherms at large values of po, where most likely 

the isotherms are no longer linear in po. 

It is unfortunate that this model is unable to describe the 

data at high po, where most of the alloy data exists. However, it 

seems likely that in silver alloys there exists a resistive component 

which has the general characteristics expected from inelastic scattering. 
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Furthermore, from the inequality 1.3.22, such a component could be 

present to temperatures well above 20K. In the absence of a detailed 

theory of this type of scattering there is no way of checking whether 

the observed magnitude of A is at all reasonable. There is also no 

way of checking the dependence of A on the particular impurity. 

(b) 	Anisotropic scattering 

The equation (1.3.13) used to describe the deviations from 

Matthiessen's rule arising from the different anisotropies for impurity 

and phonon scattering over the Fermi surface is as follows. 

A(c,T) 
Pideal (T) po 

 (c)  (13 - a)2' 
(5.3.4) 

a(1 + p)
2 

po
(c) + 13(1 + a)

2
pideal (T) 

Hence, isotherms of po/A versus o
l  ' 
0
ideal 

0 	are expected to be straight 
'  

lines of slope a(1 + 13)
2 and intercept p(1 + a)

2
. This is indeed 

found to be the case with the present data over an extensive range of 

po, and at all temperatures up to 20K. A typical isotherm of this 

kind is shown in figure 5.3.1 for the data at 6K. However, a comparison 

of the slopes and intercepts of different isotherms reveal Strong 

temperature dependences for the anisotropy parameters a and p. In 

particular, a falls by some orders of magnitude from 20K. to the 

.lowest temperatures; meanwhile, p for a particular impurity falls by a 

factor about 4. Nevertheless, the value a(20K.) = .033 is in reason-

able agreement with Dugdale and Basinski's (5.3) value a(25K.) = .04. 

These temperature dependences of a and p are not in 

accordance with an interpretation in terms of anisotropic scattering, 

so while an equation of the form 5.3.4 is able to fit the data, the 

parameters a and p mustbe described by some other physical mechanism. 

This conclusion was also reached by Stewart and Huebener (5.13) after 

observing similar departures from Matthiessen's rule in alloys of both 

Au and Pt. Bass (5.14) has pointed out, also, that substantial 
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deviations have been reported in the alkali metals where significant 

Fermi surface anisotropy is absent. 

It might be concluded, therefore, that while the known 

anisotropy of the electronic relaxation time over the Fermi surface 

undoubtedly gives rise to a two band component of A, this component is 

considerably smaller in magnitude than those which give rise to the 

observed deviations. This finding unfortunately puts a question mark 

on Dugdale and Basinski's (5.3) data interpretation in view of our 

agreement near 20K. 

5.3.4 	The ideal resistivity  

The determination of the lattice component of the resistivity 

is necessarily an extrapolation, since chemical impuritieS and 

physical imperfections are always present in real specimens. The 

accuracy of the derived ideal resistivity values therefore depends on 

the.  validity of the extrapolation of (p - po) vs. po  to zero po. It 

was seen (figure 5.2.17) that A appeared to be linear in po, over at 

least a decade of po, for the nominally pure specimens where the 

presence of chemical impurities was minimal. It was also established 

that, in the alloys, no convincing linear region was apparent. It may 

be, therefore, that where physical imperfections only are present, a 

po 
linear dependence of A is exhibited. Then, at some point, at 

sufficiently low values of po, the effect of the chemical impurities 

should begin to dominate, and the validity of the extrapolation becomes 

uncertain. 

The experimentally observed T
4.2 

behaviour of the derived 

ideal resistivity cannot be reproduced by the low temperature form 

(equation 2.2.2) of the Bloch equation. This is not surprising in 

view of the many underlying assumptions. Of particular importance in 

this respect are the effects of thermal Umklapp scattering and 

anisotropy in the phonon spectrum. 
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The magnitude of the derived ideal resistivity is in excellent 

agreement with that of Kos (5.12), and favourable 'when compared with 

the magnitude of the Bloch expression. 

5.3.5 	Conclusions  

It has been shown that the form of the experimental data at 

low values of po, where A a po, is as predicted by the model describing 

inelastic electron -impurity scattering. This model is unable to 

describe the data on most of the alloy systems for which A is not 

proportional to po. The magnitude'of the deviations arising from in-

elastic scattering has not been determined theoretically, so that a 

comparison with the experimental data was not possible. A comparison 

with the experimental data of Kos (5.12) was favourable. 

An equation of the two band form was able to describe the 

data well over the entire temperature and concentration ranges, 

provided the parameters a and p were treated as functions of temperatures. 

This meant they could not be associated with the anisotropics of the 

relaxation times over the Fermi surface, and therefore the effects of 

anisotropic scattering in the silver alloys were considered to be 

minimal. This conclusion is substantiated by consideration of the 

results of others (5.13, 5.14). 

An attempt to separate from A a contribution (however small) 

due to anisotropic scattering was not possible, in view of the absence 

.-of a model'- to describe the bulk of the alloy data. 

The accuracy of the ideal resistivity depended on the 

validity of the extrapolation of (p po) vs. po  to zero po. Its 

temperature dependence was inconsistent with the predictions of the 

Bloch expression (2.2.2), and may be described by relaxation of some 

of the assumptions of the Bloch theory. 
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APPENDIX 1. COPPER AND COPPER ALLOYS  

The electrical resistivities of pure copper, and dilute 

Cu Al and Cu Au alloys were measured in the temperature range 1.5K. 

to 40K. The specimens were prepared in the manner described in 

chapter 3, but were not given oxygen heat treatments. Most of the 

specimens, therefore, exhibited resistance minima, so that correc-

tions for the magnetic parts of their resistivities were necessary. 

These were performed by logarithmic extrapolations of the low 

temperature data to higher temperatures. As a result, the low 

temperature data was rather uncertain. 

The temperature dependences of the resistivities, after 

correction for the magnetic contribution, were all close to T5, 

except in the Cu Au alloys where a dependence close to T4 was found. 

Figures A1.1, A1.2, and A1.3 show the appropriate resistivities as 

a function of temperature for, respectively, a pure copper specimen 

of residual resistance ratio 835, a Cu + 0.1 at.% Al alloy, and a 

Cu + 0.1 at.% Au alloy in which no resistance minimum was apparent. 

For the pure copper specimens, whose residual resistance 

ratios extended over nearly a decade, (p - po - pmag.)  was very 

insensitive to pc,  at given temperatures. Figure A1.4 shows 

[p(10) po  - pmag.] to be almost independent of pc). This suggested 

that the ideal resistivity of copper should be very close to • 

[p(T) - p" - pmag.(T)] for the purest specimen, and was therefore 

approximately 

==.' 5.5 x 1d-16 T4•8 
Pideal(T) 	

n cm. 	(As.$) 

From limited data the isotherms for the Cu Au alloys (see e.g. 

figure A1.5) appeared to be neither logarithmic nor linear in pc); 

nevertheless (p po) was a slowly varying function of po. 

Insufficient data were available to plot isotherms for the Cu Al 

alloys. 
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Figure A1.4  

10K. isotherm for - the pure copper specimens. 
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With pidaal(T) established, the deviations A(c,T) from 

Matthiessen's rule were straightway determined. The temperature 

dependence of A(T) was close to that of 0 'ideal (T) in all but the 

Cu Au alloys where an approximate T
4 behaviour was observed; see 

figure A1.6. 

The concentration dependence of A(c) was as described above 

for the dependence of (p - po  - pmag.). The magnitude of A varied 

according to the system, being largest, at a given value of po, for 

Au in Cu. As an example, at 10K. and poi  = 0.1 ncm., the deviation 

in Cu Au was approximately 	2pideal
. It is interesting to note 

. that physical imperfections, the main source of residual resistance 

in the nominally pure specimens, caused almost no deviations from 

Matthiessen's rule. 

In view of the similarities of the electronic band struc-

tures of Cu and Ag, the difference in the temperature dependence of 

- A is somewhat surprising. Furthermore, the deviations in Cu cannot 

be explained in terms of inelastic scattering where a T
4 temperature 

dependence and a linear po  dependence are required. A better 

knowledge of the concentration dependence of A(c) might clarify the 

situation for the interpretation of - the data. As it stands, however, 

the data cannot be interpreted in terms of any existing model, if we 

assume the effects of anisotropic scattering to be minimal, as in 

the case of silver alloys. 

The ideal resistivity of copper does not appear to be 

inconsistent with the Bloch expression (equation 1.2.28). 

It is interesting, therefore, to note the striking 

differences between the results for copper and silver alloys, in 

-particular the temperature dependences.of the deviations from 

Matthiessen's rule and of the ideal resistivities. 
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APPENDIX 2. GOLD AND GOLD ALLOYS  

Whall, Ford, and Loram's (A2.1) data (A2.2) on dilute 

Au Fe, Au Mn, and Au Ni alloys have been analysed in the temperature 

range 0.5K. to 20K. This work is supplementary to that discussed in 

section 2.3. 

In the Au Fe and Au Mn alloys, the magnetic contribution 

to the resistivity was assumed to vary with temperature like Hamman's 

function (A2.3). Plots of the measured resistivity p(T) vs. Hamman's 

function were indeed linear at the lowest temperatures, and this 

behaviour was extrapolated to higher temperatures. The temperature 

dependent part of the resistivity, p(T) - po  - pmag.(T), in the 

absence of magnetic scattering was thus given by the difference 

between p(T) and the extrapolated line. Figure A2.1 shows p(T) vs. 

Hamman's function for a Au + .02 at.% Fe alloy. It became difficult 

to determine the quantity (p - po  - pmag.) in the more concentrated 

alloys where the resistance maximum appeared. This procedure was 

not followed for the Au Ni alloy where no correction for magnetic 

scattering was necessary. po  for each specimen was approximately 

determined by extrapolation of the high temperature data, assuming 

the same temperature dependence at low temperatures. 

The temperature dependence of (p - po  pmag.) in each 

case was somewhat uncertain at the lowest temperatures in view of the 

applied corrections. However, it was not inconsistent with the 

behaviour suggested by Whall, Ford, and Loram at intermediate 

temperatures. Invariably the temperature dependence was Tn  where 

4 n 5, and was therefore similar to that of the ideal resistivity. 

Of particular interest was the approximate logarithmic 

behaviour of (p - po  - pmag.) on po  for all the Au Fe and Au Mn alloys 

at each temperature from 4.2K. to 20K. In figure A2.2 are the 20K. 

isotherms for these two alloy systems, and, included, is the single 
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data point for the Au Ni alloy. 

A comparison of these isotherms revealed that the impurity 

Mn gave rise to a larger deviation from Matthiessen's rule than Fe 

at a given pc). In turn, Fe gave rise'to a larger deviation than Ni. 

The magnitude of the deviations, not determined explicitly, was 

sizeable; for example, at 20K. and pc)  = 0.1 c2cm. Mn gve rise to a 

deviation approximately 0.7 Pideal(20)  in gold. 

A logarithmic variation of the isotherms would be hard to 

explain in terms of anisotropic scattering on a two band model, which 
• 

Whall, Ford, and Loram used to describe their data above 20K. 
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