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ABSTRACT 

This work concerns measurements of the thermal ex-

pansion of Cu Mn (i - 7 at %), Ag Mn (1 - 7 at %) and Pd Mn 

(2.8 at %) alloys in the temperature range 2i - 30°K. 

The magnetic properties of these alloys are well 

described by the Anderson model when the strongly 'magnetic 

approximation (the s-d model) is used to represent the im- 

purities and their interactions. 	In the literature an 

oscillatory (R.K.K.Y.) type of interaction is assumed to be 

dominant and the transport and thermal properties of these 

alloys are usually analysed in these terms. 	Thermal expan- 

sion and specific heat measurements taken in conjunction 

lead to estimates of the Gr(neisen parameter which characterizes 

the form of interaction between impurities and is of interest 

in the present work. 

The technique used to carry out this work is based on 

that developed by G.K. White in which movement of one end of 

the specimen is detected capacitively using a ratio-arm trans-

former bridge; we achieved a resolution of about 10
-7 

pF 

which gives a length change resolution - 10-11 m. 	The ends 

of the specimens and cell have to be polished both flat and 

parallel, in the absence of much guidance on this in the 

literature, full details of the procedure are given. 

Markedly anomalous behaviour was observed in all of 

the alloys, with an expansion coefficient attributable to the 

Mn impurities up to twice that of the pure matrix at some 

temperatures. 	We have some evidence for structure in the 



curves representing excess expansion observed in the high 

concentration Cu based alloys. 	Finally, the estimated 

values of the Grbneisen parameter indicate that the magnetic 

interaction energy in these alloys has a stronger volume 

dependence than expected from the R.K.K.Y. interaction. 
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CHAPTER I  

ASPECTS OF MAGNETISM IN DILUTE ALLOYS  

I. LOCAL MOMENT FORMATION  

In the following sections a description will be presented 

of models connected with the local moment formation problem. 

(a) The Friedel Model  

Significant insight were first achieved by Friedel 

(1958) who considered the addition of an impurity atom to a 

metal in the following manner: the host metal was described 

by a free electron gas and the impurity gave rise to a self- 

consistent spherically symmetric potential V(r). 	Con- 

siderations of symmetry lead to the scattering of electrons 

being represented by the equation 

- i 	Gl (r- 	) + c- i/2027:2- ;Cr 	dr / 	r  z 	Wr )}ge, (r) = 	(r) 
 JQ 

(r) 	e  -ikr 	i kr- 
where 

.7/ 	
e- 	e 

describes the scattered particle when far from the impurity 

and (5
2, 

is the phase shift suffered by the particle upon 

scattering. 

1) i Note the term 
t(t

r
2
4.

n (I.1); it represents a barrier 

between the outside free electron states and those states of 

quantum number t that can be bound by V. 	Suppose V is nearly 
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capable of having a bound state of quantum number z then we 

are in a situation where one gets resonance scattering. 

---- This so called virtual bound state resonates with the 2, 

spherical components of the plane waves. 	As a result it 

spreads out in energy by an amount A about an average energy 

Ed. 
	The phase shift behaves like (see fig. (1)) 

FIG.(1) 

and this implies a localized density of states given by 

(E) = 01-R */ c"e(E)  WE 
Two of the main aspects of this model are the charge neutrality 

condition and the localization of the resonance. 	Friedel 

obtained the following sum rule 

7. =. air 	(ati-/) 5e (E) 	(I.4) 

(1.3) 



where Z is the excess charge of the impurity compared with 

the host. 	This condition requires that the virtual levels 

be very close to the host Fermi-level. 	Anderson has 

emphasized that the virtual bound state is localized more 

within the region of the perturbing potential than the corre-

sponding bound state. 

For the impurity to have a magnetic moment Blandin and 

Friedel modified the model and allowed V to become spin 

dependent. 	They found that the non-magnetic state would be 

unstable against the appearance of a magnetic moment if the 

following condition was satisfied, 2Eex  p z(EF ) > 1, where eex  

is an exchange parameter and EF  is the Fermi energy of the 

host metal.' 	If this inequality holds then the resonance 

splits in energy and we have two states, one for each spin 

type. 	Because of exchange correlations there is a population 

difference between these states and hence a magnetic moment. 

Using the above approach these authors managed to explain 

successfully the behaviour of the residual resistivity when 

3d transition metal impurities were added to aluminium (non 

magnetic case) and copper (magnetic case). 

(b) The Anderson Model  

Anderson proposed that the states of an impurity imbedded 

in a simple metal can be described by the following Hamiltonian 

(see Moriya (1967)). 

y i H*Hd fycd  
where 

fi 

cr 	
a k k 	Cr , k 

E 
 



H = I E Cm c + (AZ CM  c ct  c 

	

,c1 - 	m 	 rn  fri t rn 	m 	m 

+ 	T) Z. 	c:, c„ C CM'S "1 >nv 

	

Pc cl 	 Yrnk 	Cma' +" Cia- 4k r 
cr * rn 

ek  gives the energy spectrum of the host-matrix conduction 

electron band; ka' aka are creation and annihilation operators 

for a conduction electron whose state is defined by the wave 

number k and the spin quantum number a; qui  and Cma  are 

similar operators for the state (m, a) of the impurity atom, 

m is its energy; U and J are the intra-atomic Coulomb and 

exchange energies for the impurity; Vmk  represents the ad-

mixture between the state m and the state k. 

To get at the physics of this model one solves for the 

Green's function of the system. 	In order to make the problem 

mathematically tractable Anderson worked with the Hartree-Fock 

approximation of the above Hamiltonian. 	The modified Hamil- 

tonian is then given by 

	

kA = ir 	A qktrIca-  a 	FP n 	Cur **11  lakrcIng-* Cmo-i) (1 • 6) 

where k 	
k 

EMS 171-- exl 	a 1E r? 	(u-1)Z. 	n,„ Fr' 	
(I.7) 

Al' h*71—°- 	07/frm) 
represents the energy of the localized state. 	Formally, the 



Green's function of such a system is the solution of the 

following equation 

(6 + 	— Ncar  _ iicer  ) G r̀(e) 	14c; G r(e) = I 
	

(I.8) 

Solution of (I.8) leads to the following expression for the 

density of localized states. 

emtr (E) - Tm 	e) 
7r 

= 	by (OA( e — Etna_ _ SEDICE))2:01),(0)2'i ( .9) 
IT 

where 5c(6) 	= T. vwe  v4,1  -( + is - Ek) 

This must necessarily satisfy 

Er  
Y?m tr  = Jae 	(E) (I.10) 

and together with (I.7) represents the self-consistency 

condition. 

In order to recover Anderson's original formulation for 

the nondegenerate orbital case, one removes the label m and 

treats SE
m 

and A
m 

as energy independent. 	This procedure 

applied to the solution of the self consistency equations leads 

to the familiar criterion for the appearance of a magnetic 

moment 

where 

ueder (F,) >1 

e:(e) 	6/Tr  vt( - Ethr 



FIG.(2) BENSIIY OF STATE 

DISTRIBUTIONS FROM ANDERSON 

(19G1) 

DENSITY OF STATES 

A = 70/2>p(c); p(e) is the conduction electron density of 

states; d labels the non degenerate orbital. 

The next figure illustrates the case where the above 

condition is satisfied and there is a magnetic moment at the 

impurity. 

The diagram (fig. (2)) shbws that in the magnetic case, 

<n> 

	

	
<nd+>' the "d" virtual levels sit above and below 

the Fermi level for up and down spins respectively. 

Schrieffer and Mattis (1965) have shown, in the low 

density limit i.e. <nd> 5 0.3, that the above treatment over- 

estimates the tendency for the impurity to polarize. 	By 

considering the contributions of repeated electron-electron 

scattering they arrived at the following criterion for the 

existence of a moment 

Uya  R(0) Z / 
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They showed that this condition is never satisfied even when 

the Coulomb repulsion (U) tends to infinity. 	However in the 

case of degenerate orbitals a moment can exist at the impurity. 

The conditions for the appearance of a localized moment, when 

the "d" levels have 22,-1-1 degeneracy, are according to Moriya 

(1.1 czeg• ee  cEr  > 

(a -3-) et  cEF )o 
(I.13) 

p (E) represents the density distribution of these 

degenerate levels. 	Condition (a) ensures the existence of a 

spin moment whereas (b) results in the quenching of the 

orbital angular momentum. 

(c) Discussion of the Models  

The Friedel description can be shown to be a special 

case of the Anderson model when 

Lex = Cl 	ee CE) 	eci CE) 
In fact, for the non degenerate orbital case, one can write 

the phase shifts appearing in the Friedel model as 

I 	= tQ4l+ L/(6dr— e) 
	

(I.15) 

This equivalence between the two approaches does not obscure 

the fact that the Anderson model is the more comprehensive. 

However, the Hartree-Fock solution of the Anderson model is 

not sufficient, otherwise some of the results are quite mis- 



leading. 	A fundamental difficulty is that the HF solution 

predicts a phase transition for the impurity from non-magnetic 

to a magnetic phase at a critical value of the parameter U/A. 

This cannot be true since the system under consideration is 

finite in size. 	Another false conclusion of the HF approxi- 

mation is that the magnetic moment would disappear when the 

temperature of the system becomes comparable with the energy 

splitting of the up and down spin virtual levels. 	Experi- 

mentally it has been shown beyond any doubt that the value 

of the magnetic moment goes up with increasing temperature. 

Obviously one needs to solve the dilute alloy problem in a way 

which takes the above mentioned features into account. 	The 

following section describes briefly various recent attempts 

at an improved solution of the alloy problem. 

(c.1) 	Equation of Motion Approach  

Theumann (1969) considered the non degenerate orbital 

form of the Anderson model. 	The Hamiltonian in this case 

reduces to 

ott a 
k 	er Ica" r  

E, 	Cdcr  
cr 

4- a catf Ccl C
d 

Cd 

4-  t/ 	(crir'l; Car 4" dr ClAmr ) ki cr 

All the terms retain their previous definitions except that 

V
kd is taken to be independent of k. 

By truncating the equations of motion of the Greens' 

functions for this system in such a way that the correlation 

(I.16) 



between electrons at the impurity is not lost, one gets 

qualitatively correct behaviour for the resistivity R(T) and 

susceptibility x(T). 	R(T) has a term which increases mono- 

tonically as T 	0 but R(0) is finite. 	x(T) is Curie-like 

at high temperature but as T 	0 the Curie 'constant' vanishes 

'indicating that the magnetic moment at the impurity is compen- 

sated. 	These theoretical predictions are a considerable 

improvement and are in general agreement with experimental 

observations. 	The main objections to this approach are that 

there is no physical justification for the decoupling procedure 

used and that the solution is valid only in the limit U -4- co. 

Indeed the solution (see Oguchi 1970) for the case U = -2ed  

shows that various physical properties of the system lose their 

tnT dependence and are only weakly dependent on T at low 

temperatures. 	This is contrary to theoretical expectations 

and experimental observations. 

(c.2) Localized Spin Fluctuation (LSF) Theory  

Basically there are two distinct theoretical approaches 

which exploit the concept of localized spin fluctuation. 	One 

view assumes that the spin at impurity has a characteristic 

lifetime T and depending on whether KT > T-l x(h) or 

KT < T
-1

x(h) one sees a magnetic or a non-magnetic impurity 

respectively. 	Considering the non-degenerate d-orbital 

version of the Anderson model (see Zlatic Thesis, London (1973)), 

with the term involving d-electron correlations taken to be 

zero (U = 0), one finds that. the characteristic life-time 

T = A
-1
. 	The static susceptibility has Pauli-like behaviour 
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as T 	0 and is Curie-like as T 	co, the change in regime 

taking place at a characteristic temperature of the order 

A/K. 	With U non-zero the double-occupancy of the orbital 

becomes unfavourable; up spin d-electrons "repel" down spin 

d-electrons or equivalently "attract" down spin holes (this is 

the opposite point of view to that of Schrieffer and Mattis 

(1965)). 	Due to this attractive interaction the lifetime of 

a given spin state is prolonged and T(T > A-1 ) increases with 

increasing U. 

Zlatic et al. (1974) have assumed that the dominant 

process at the impurity is this electron-hole scattering. 

By evaluating the d-electron self energy due to this process 

they have established that s the LSF theory gives basically 

correct features: above a characteristic temperature TK  one 

has a twin peaked density of states as expected from HF solution 

of the Anderson model and below T
K 

one has an additional sharp 

peak situated at the Fermi level, this latter feature fitting 

in well with current thoughts about the Kondo problem. 

Attempts at improving this solution have led to results which 

are at variance with experimental facts (see Hamann (1969)). 

The second approach to utilize the idea of spin fluc- 

tuations is that due to Hamann and Schrieffer et al . 	They 

transform the partition function, of the system from one 

involving a time independent Hamiltonian with particle-particle 

interactions to a partition function for a system of free 

particles interacting with a time dependent external field. 

Again, in what is known as the static approximation, one gets 



results which indicate a smooth transition from non magnetic 

to magnetic impurity in the Anderson model. 	This approach, 

however, involves mathematics which is not very easy to handle 

and as a consequence explicit evaluation of various physical 

properties of the system has not been forthcoming (see Hamann 

and Schrieffer (1973) for further details). 

II. IMPURITY-IMPURITY INTERACTIONS  

It is apparent that theoretically the question of the 

existence of a magnetic moment is not settled. 	In what 

follows, however, it will be assumed that a well defined 

spin exists at the impurity site. 	Our main concern here is 

to consider what form the interactions between impurities take 

and we discuss (a) the indirect coupling due to exchange with 

conduction electrons and (b) interactions due to resonance 

scattering between impurities and conduction electrons, and 

finally (c) direct interactions due to exchange and covalent 

mixing between solute atoms. 

-(a) 	Indirect Coupling between Magnetic Moments due to Exchange 

with Conduction Electron Spins  

Effects due to interaction between impurities are 

observed in alloys such as Cu Fe and Cu Mn even when the con-

centration of impurities is no more than a few parts per 

million (see Rizzuto (1974)). 	Yoshida (1957) was able to 

explain the small knight shift observed (see Owen et al. (1956, 

57)) at Cu nuclei in Cu Mn alloys by analysing the polarization 

of conduction electrons in terms of the s-d model. 	This model 
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is based on an exchange interaction, between impurity spin 

and conduction electron spins, which is assumed to be of 

the form 

-- 	Jr(r) 	Sc  Cr) d3r 
	(I.17) 

where S is the impurity spin operator at r = 0; Sc(r) is the 

conduction electron spin density operator; J(r) represents 

the coupling and is usually treated as an adjustable parameter. 

By assuming a delta function interaction and treating 

the impurity spin as an external magnetic field (see Doniach 

1967) one arrives at the following expression for the inter- -

action between impurity spins: 

.gas (I.18) reduces to 

where xo(q) is the susceptibility of the electron gas and 

S1 ' S2 
 represent spins at two impurity sites. 	The form of 

(I.18) is critically dependent on x(q) and for a free electron 

H C r') =— T 	Z X0 (1,)e 

1/ 

R. X 	/3  2p; v % 

2• 	
( I.18) 

(c) -) — 	3"/Ni cZ774 	F(•2k
F  SI  • S 	

0.19) 

-- -- 

where n = no. of electrons in the system 

N = no. of lattice sites 

and F(x) = 1 
	

cosx - sinx). 

Implicit in the above analysis is the fact that the conduction 

electron spin density is peaked at the impurity and is of 
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oscillatory form away from it. 	Watson and Freeman (1966, 

1969) discarded the 6 function approximation for J and evaluated 

it explicitly. 	Their results indicate a shift in the con- 

duction electron spin density from the impurity site and a 

considerable increase in the positive density region around 

the impurity. 

Extension of the R.K.K.Y. interaction to the case of 

an exchange enhanced host was carried out by Wolff (1960). 

He derived the following expression for the susceptibility of 

conduction electrons interacting with each other via a screened 

constant potential v, 

Vitt) = /X 6(9/1/( I — 2v X0(31)/(nl)2112.) 	
(1.20) 

This result leads to an increase in the amplitude of the 

R.K.K.Y. interaction relative to the free electron case and 

the first zero of this oscillatory interaction occurs at 

greater radial distance. 	Giovannini et al. (1964) managed 

to get quantitative agreeMent with electron spin resonance 

data on rare-earth alloys of palladium by considering Pd as 

exchange enhanced. 	Another feature which has an effect on 

the size and range of polarization of the conduction electrons 

is the magnetic state of the host. 	Kim and Schwartz (1968) 

found that when the magnetization is small, such as in Pd, 

the spin polarization is large and the range is extended 

. where'as in Ni, where one d band is full and the other empty, 

the polarization is small and localized; they showed that 

the behaviour of Fe lies between these limiting cases. 
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De Gennes (1962) considered the effect of the finite mean 

free path of conduction electrons and came to the conclusion 

that the size of the polarization is reduced and is also 

phase shifted. 	Indeed, the R.K.K.Y. interaction is tem- 

perature dependent because of the m.f.p. effect. 

Finally, it must be-stated that in the limit of the 

strongly magnetic impurity Schrieffer and Wolff (1966) have 

shown that the Anderson Hamiltonian can be transformed into 

an effective s-d Hamiltonian with a negative exchange constant 

given by 

2  lf — 	Vkc11 ( A Act CEck+-U%) (1.21) 

Therefore the exchange integral appearing in the s-d Hamiltonian 

has two terms one positive due to the direct exchange and the 

other negative arising from the admixture of s. and d states. 

Nevertheless as is discussed below one can evaluate, without 

using this correspondence, the effective interaction between 

impurities based on the VKd  term appearing in the Anderson 

Aodel. 

(b) Interaction due to Mixing  

Anderson and Clogston (1961) have demonstrated that the 

V
Kd 

term leads to two contributions to the conduction electron 

polarization: ferromagnetic, parallel to the impurity moment, 

due to the mixing of sand d states, and antiferromagnetic 

caused by the shift in energy of the conduction electron states. 

• Kim and Nagaoka (1963) have shown that in the symmetric case 

in the strongly magnetic limit the conduction electron 
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polarization due to VKd  is of the R.K.K.Y.. form with an anti- 

ferromagnetic exchange constant. 	Moriya (1967) has also 

considered the effect of impurities on conduction electron 

polarization. 	Within the framework of the Anderson model 

he established that, with more than a half-filled host band 

and more than a half occupied impurity level, a parallel 

polarization was induced but if either the impurity or the 

host band occupation was less than half then the polarization 

tended to be antiparallel. 	Moreover, he found that intraband 

exchange led to an increase in the spatial extent of the 

polarization. 	These conclusions are consistent with the 

behaviour of impurities such as Fe, Ni in Pd (parallel case) 

and by Cr in Pt (antiparallel case). 

Caroli (1967), by applying Friedel's phase shift analysis 

to the Anderson model, found a mechanism which gives an inter-

action that is an order of magnitude larger than the R.K.K.Y. 

for alloys such as Cu Mn. 	He showed that the phase shift 

suffered by conduction electrons at one impurity site leads 

to modification of the admixture matrix element at a second 

impurity site, effectively making the width and position of 

the impurity energy levels functions of the distance between 

impurities. 	Thus the number of electrons present at a solute 

site is controlled by interimpurity separation. 	This effect 

can be formulated as the following expression for the inter-

action energy: 
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H (r) = gfr z 	 e # Si*: Sfa- Si44 sea_ 
20 6; cr" 

x  as ( a kp v- t err se0_,) 5, • S, 
(*F  r-) 3  

Co5  (2 kp r  4-1 ) S, S 	
(1.22) 

kp r)3  

For Cu Mn A = 2.4 eV whereas the corresponding constant, A, 

using s-d exchange model has the value 2.10-2  eV. 	This 

demonstrates that the interaction due to double resonance 

dominates in such alloys. 

(c) Interactions between Solute Moments due to d-d Admixture.  

It has been suggested (see Freeman and Watson (1961)) 

that it is the d-d admixture rather than direct exchange 

which is the dominant mode for interaction between nearest 

neighbour impurities. 	This idea was developed by Alexander 

and Anderson (1964) who extended the Anderson Hamiltonian 

by adding a term involving V dd  which represented the transfer 

of d-electrons from one impurity site to another. 	Their 

conclusions, later refined by Moriya (1967), were that depending 

on the occupation and on the position of the density of states 

of the impurities one has ferromagnetic or antiferromagnetic 

alignment. 	The energy gained by competition between ferro- 

magnetic and antiferromagnetic alignment is given by 

(1.23) 
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Where 	F = F f F 4  

Fa- = - a 	NT(o) — Air (o) 
ET(o) — Er (0) 

and Na
,2 	' 	1 

(0)  Ea
,2 
 (0) are the number of d-electrons and the 

1  

impurity energy levels respectively when V dd  = O. 	Moriya 

(1964, 1965) evaluated the above expressions for various 

values of N
1 
and N

2 
and showed that impurities with nearly 

half-filled d shells (d
5 

or d
6
) such as Cr and Mn align anti-

ferromagnetically whereas those (Fe, Co) with nearly full 

d shells (d8  or d9) align ferromagnetically. 

III. THE SPIN-GLASS STATE  

The basic picture of a spin-glass has the following 

framework. 	It is a collection of randomly distributed spins 

in a predominantly conduttion electron environment. 	Below 

a certain temperature, Tm, the directions of these spins are 

frozen in such a manner as to preclude long range order. 

To develop any understanding of such systems one must 

know the explicit form of the interaction between these spins. 

As has been discussed in earlier sections, this is a complex 

problem. 	One possible solution, readily used by many authors, 

is to assume the interaction to be long range and oscillatory 

of the R.K.K.Y. form with an adjustable parameter for the 

coupling constant. 	A more recent theoretical approach relies 

on an exchange interaction whose values have a Gaussian dis- 

tribution. 	In what follows we hope to convey an idea of 
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what the various theoretical works have produced. 	And later 

on, for the alloys considered in this work, a comparison will 

be made between measured properties and theoretically derived 

results. 

(a) The P(H) description of an Spin-Glass  

Marshall (1960) initiated this approach by his ex-

planation of the specific- heat observed in Cu Mn (Zimmerman 

and Hoare (1960)). 	He postulated that the magnetic field, 

H, experienced by a spin has a probability distribution P(H) 

which, centred at H = 0, is Lorentzian in shape at high 

temperatures while in .the low T region it is twin peaked with- 

- a finite P(0) inversely proportional to the concentration 

of impurities, c. 	The double peaked structure is necessitated 

by the fact that at low T spin-spin correlations would cause 

spins to experience larger fields in order that the energy of 

the system be lowered. 	By evaluating the energy of the spin 

system Marshall demonstrated that the low temperature specific 

heat was independent of c and proportional to T. 

Klein and Brout (1963) took this idea a stage further. 

They explicitly calculated P(H) for a system of Ising spins 

with an R.K.K.Y. interaction. 	They divided the volume around 

an impurity into two parts: a region, within a radius Rc, 

in which impurities are strongly correlated and an external 

region with which the spin at the origin has only a weak 

correlation. 	These two regions give a different probability 

distribution of fields at the origin and by convoluting the 

two distributions one gets the double peaked P(H). 	Numerical 
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results of their theory are in good agreement with the 

specific heat and susceptibility data on Cu Mn. 	Klein (1964) 

then investigated concentration and temperature dependence 

of P(H) and concluded that the spin at the origin experienced 

larger fields when c or T were increased. 	This temperature 

behaviour of P(H) was shown to be incorrect (Mossbauer measure- 

ments). 	By neglecting spin-spin correlations and applying 

what he called the 'mean random field approximation' Klein 

(1968) found the required form of P(H): a Lorentzian with a 

width decreasing monotonically with temperature. 	This leads 

to a specific heat which at low temperature is proportional 

to T and has a maximum at T
max 	

c. 	Also the susceptibility 

shows a maximum at a temperature proportional to the concen-

tration. 

Rivier and Adkins (1973) generated new 

interest in this theory by making the following contributions 

to it. 	They converted the problem into that of a random 

walk and worked out P(H) for both Ising and Heisenberg models. 

For the Ising case, with T # 0, they found P(H) to be a 

symmetric distribution with three peaks below a certain tem-

perature, TL, and above TL  the three peaks coalesce into one 

Lorentzian form. 	This indicates that, as the short range 

order (SRO) disappears above TL, the local field at the 

origin reduces. 	The width of the distribution is shown to 

be independent of temperature as well as short range order, 

. and is proportional to c. 	The Heisenberg distribution was 

found to be isotropic with P(HZ  = 0) being finite and propor- 

tional to c
-1
. 	According to those authors this result makes 
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quantities such as magnetic susceptibility and specific-heat 

model independent i.e. Ising or Heisenberg models give equi- 

valent results. 	But (see Anderson (1973)), some authors 

believe that the Concentration independence of the low tem-

perature specific heat is an artefact of the Ising model. 

Leaving aside" this objection, Rivier and Adkins worked out 

the temperature dependence of the AC susceptibility and 

resistivity by considering the local magnetisation and the 

elementary excitations of such systems. 	Basically they 

assume that within a volume of radius R 	c /3  the spins 

cluster together and behave as a single entity hence there 

is an_order parameter, m(T), depending on the averaged local 

magnetisation. 	m(T) was then derived in terms of a local 

PL(H) which differed from the more general P(H) only in one 

aspect: the direction of local magnetisation was taken to be 

fixed in PL(E). 	The temperature behaviour of m(T) and x(T) 

is shown in figures (3) and (3a) respectively 
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The influence of an external magnetic field, Hext, is also 

indicated:, a finite H
ext 

implies 'a non-zero solution for 

m(T) at all temperatures and this leads to a rounded maximum 

in the x(T). 

For the resistivity these authors first evaluated the 

dispersion of the elementary excitations. 	They assumed spin 

waves could not be sustained in a spin glass and postulated 

that spin deviations diffused through the system. 	The life- 

. time of conduction electron states depends on the scattering 

from these diffusion modes and hence the resistivity. 	Cal- 

culations yield the following expression for the resistivity 

R CT) 	19(C) 	"2 
	

(1.24) 

where A(c) is a function of concentration. 
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So far we have discussed the effect of only the general 

form of the R.K.K.Y. coupling on the properties of spin-glass 

- systems. 	Souletie and Tournier (1969) considered the 

functional dependence of the coupling on rij  and established 

certain "scaling" laws for the specific heat and susceptibility 

of spin-glasses. 	Their argument went as follows: if the 

concentration is to be altered from c to c' all that one has 

to do is to change the unit of distance measurement from r to 

r', then c'r'3  = cr3  i.e. we have the same number of particles 

in the new volume. 	Another assumption they rely on is that 

any average of cos (2KF  rij ) will not change in value if the 

concentration is altered. 	These ideas form the basis on 

which the 'scaling' laws are constructed as may be seen in 

what follows. 	The field at a site i is given by 

A 2: LI. cob 	kf 	y5) 	(1.25) 
/—i 

rfs 

where A is a normalisation constant and pi  the magnetic moment 

at site j. 	By dividing "(I.25) with c and using the above 

Hi 
mentioned arguments one can show that 	is a concentration 

independent variable. 	Implications of this result on the 

form of P(H) are considerable (see Souletie's Thesis (1968)) and 

give 

(1.26) 

 is i where f(z) s ndependent of c. 	Furthermore, by considering 

the temperature and external field dependence of pi  it has 

been stated that (1.26) has the following general form 

c Put) = f(H/c) 
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c p(-i) 	7C ( 14,-)ric 2 14" VC) 
	

(1.27) 

where f(H/c, T/c,  Hext/c. 
	 p ) is a universal function independent 

of concentration. 

Hence for a given alloy system at low concentrations, 

ca < 1 at %, a plot of specific heat, ACp, divided by c versus 

T/c  would follow a unique function; furthermore the tem-

perature at which the maximum in AC occurs is proportional 

to c. 	Magnetization, a, and susceptibility, x, are also 

expected to show such scaling behaviour: 

0 	gext .  =. 	A (7;,. , H extic) 	( 1.28) 

X (7-, Wext-) = 	23 	, ilex% 	
( 1 .29 ) 

where A and B are functions independent of c. 

Experimental data on Ag Mn and Cu Mn exhibit features 

which confirm these results but the fit becomes worse as one 

approaches the high c end of the range. 	For further details 

see the paper by Souletie and Tournier (1969). 

(b) The Edwards and Anderson Theory of Spin Glasses (1975)  

These authors proposed the existence of a ground state 

in which spins align in definite directions, even if these 

directions appear,to be at random. • Below a temperature Tc  

the orientation of the spins would be in these preferred 

directions. 	The order parameter they chose to represent 

this transition was the probability, q, that a spin at a 
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particular site would point in the same direction when 

observed at two different times. 	Furthermore, exchange 

interaction between spins is assumed to have a Gaussian 

distribution. 	The thermodynamic consequences of the theory 

are that both AC
P 
 and x should show a cusp at T

c
; whilst the 

latter is confirmed (Cannella and Mydosh (1973b))the former 

is not. 	Further developments of this model are in progress, 

see Sherrington and Southern (1975). 
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CHAPTER II  

REVIEW OF EXPERIMENTAL DATA ON ALLOYS  

EXAMINED IN THIS WORK  

We shall consider the work of several authors, which 

has helped in defining the magnetic states of Cu Mn, Al Mn 

and Pd Mn dilute alloys. 	Each alloy system will be looked 

at in terms of measured properties such as resistivity, mag- 

netisation, specific-heat etc. 	The validity of current 

theoretical interpretations based on the R.K.K.Y. interaction 

model will also be considered 

I. COPPER-MANGANESE  

A variety of magnetic behaviour is observed, depending 

on the concentration of the solute, Mn, present in an alloy. 

In'the concentration range of the order 100 ppm, single im- 

purity effects are observed. 	At higher concentrations, ca 

up to 1 at % classical spin-glass effects, due to R.K.K.Y. 

interactions, dominate in the observed properties. 	Super- 

paramagnetism or the formation of clusters causes deviations 

from the R.K.K.Y. model of a spin-glass as c increases above 

1 at % and eventually at the percolation limit long-range 

order sets in, giving an inhomogeneous antiferromagnetic 

system. 
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(a) Cu Mn Alloys in the Concentration Range 0 < C < 1 

at % of Mn  

(a.1)' Resistivity  

Systematic measurements of the resistivity of copper-

manganese alloys over this concentration range for temperatures 

between 4 mK and 4 K have been carried out by Laborde and 

Radhakrishna (1973). 	At the lower concentrations (c < 100 ppm) 

a clear logarithmic contribution proportional to the concen- 

tration, rising with falling temperature, is observed. 	As 

the concentration is increased the logarithmic term is 

suppressed by the interaction between impurities and the 

results indicate the occurrence of a maximum at a temperature 

TM  proportional to the concentration. 	Below this maximum 

the resistivity is a linear function of temperature with a 

slope independent of concentration, see figure (4). 	At very 

low temperatures, i.e. below 	°K for the 1 at % Mn alloy, the 

resistivity is no longer a linear function of temperature and 

in fact it varies as T2. 	Results of Schmitt and Jacobs (1957) 

are in good agreement with the above mentioned data but they 

do not extend to low enough temperatures for a complete com-

parison. 

The £n T portion of the observed resistivity has been 

accounted for by Kondo (1964), who calculated the scattering 

of conduction electrons in the second Born approximation 

utilizing the s-d Hamiltonian. 	Silverstein (1966) incorporated 

Klein and Brout's (1963) internal field distribution description 

of such alloys into the Kondo (1964) model and worked out the 
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effect on the resistivity of the redistribution, caused by 

the internal field, of the Zeeman levels of the magnetic ions. 

He found that the so T term. was suppressed and a maximum 

appeared at a temperature proportional to the concentration. 

Again working with the same model but in first Born approxi-

mation, Beal-Monod (1971) has shown that the resistivity below 

the maximum depends on scattering from spins with their 

orientations randomly, frozen in the internal field and from 

those spins, in fields sufficiently small (guBH « kT), which 

are able to flip freely. 	Beal-Monod (1971) established the 
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resistivity to be a linear function of temperature with a 

slope independent of concentration, in agreement with the 

experimental data. 

An alternative interpretation of the experimental re- 

sults is due to Riess and Ron (1971). 	They postulated that 

the R.K.K.Y. interaction between impurity spins caused the 

local spin states to broaden. 	Inelastic scattering of con- 

duction electron in the Kondo (1964) model is then possible. 

Within this framework Riess and Ron (1971) have shown the 

resistivity to go through a maximum below which it is a linear 

function of temperature and finally it decays as 1.2, all of 

these features being in general agreement with the data on 

Cu Mn. 	Thus different mechanisms, one involving change in 

occupation of Zeeman levels and the other a broadening of 

magnetic impurity states, lead to qualitatively similar results 

which are also in agreement with experimental observations. 

However at present there are insufficient grounds for preferring 

one theory rather than the other. 

(a.2) Susceptibility and Magnetisation  

Magnetisation has been measured in both static and 

dynamic magnetic fields. 	Hirschkoff et al.(1971) and Careaga 

et al. (1967) have measured magnetisation in the concentration 

range extending up to 200ppm whereas Owen et al. (1957) and 

Schmitt & Jacobs (1957) have carried out the same measurement 

on alloys with solute content of up to and greater than 1 at % Mn. 

• All these measurements were carried out in a static field and 

the results of the various measurements overlap and are con- 
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sistent. 	Cannella and Mydosh, (1973a)however, have measured 

the susceptibility of these dilute alloys in a small (5 Oe rms) 

oscillatory magnetic field and found the susceptibility as a 

function of temperature to pass through a very sharp peak. 

This was an unexpected result and it remains to be seen if the 

same effect can be observed when the static magnetisation is 

measured in such a small field. 

Measurements of Hirschkoff et al. (1971) show that the 

susceptibility of the low concentration alloys is Curie-Weiss 

like at high temperatures with an effective moment, <yew, 

of the order 4.44 pB per Mn atom and the Weiss constant, 

e = 9.5 mK, being independent of concentration. 	At a tem- 

perature, Ti, an abrupt change in the susceptibility, measured 

inafieldoftheorder100e,takesplaceandbelowit Ti  

becomes independent of temperature (see Fig. (5)). 

FIG.. (5)(1k WTY15 lr FoR CuM,n ALLOYS FROM 
HIRScuKoFF tt at L1971 ) 
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The "break" in M/H broadens when measured in higher fields 

and, below Ti, M/H  goes to lower values as H changes from 

1 Oe to 100 Oe (see Fig. (6)). 
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Ti, the ordering temperature, is found to be a linear function 

of concentration and moves to higher values with applied field. 

An important feature of the above mentioned data is that plots 

of -5  versus H/C  for the same value of T/c follow a Universal 

curve (Fig. (8)). 	This scaling behaviour and the overall 

behaviour of the magnetisation will be discussed later in terms 

of relevant theoretical models. 
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In slightly more concentrated Cu Mn alloys 

(0.05 < c < 1 at %) many of the features seen in the very 

dilute alloys are also observed (Schmitt and Jacobs (1957)). 

The Curie-Wiess law at high temperatures is followed with a 

saturation moment of 4 pB  per Mn atom and a small positive Wiess 

constant is found. 	The low temperature isothermal magneti- 

sation of alloys containing up to 0.2 at % Mn shows deviations 

from lonearity but no hysteresis. 	At higher concentrations 

c> .2 at %) hysteretic effects are seen with a finite remanence 

and the susceptibility passes through a maximum at a temperature 

slightly lower than O. 	In addition to this anomalous be- 

haviour the magnetisation displays an unusual field-cooling 

-effect; remanent magnetisation detected after the application 

and removal of a magnetic field at a certain temperature 

behaves very differently from that remanent magnetisation 

measured after the removal of a fixed field in which the 

sample is first cooled from a high temperature 77°K or 300°K) 

to the same temperature measurement. 	Although both the iso- 

thermal remanent magnetisation (I.R.M.) and the thermremanent 

magnetisation (T.R.M.) saturate to the same value, the latter 

saturates in a much smaller field and has a larger magnitude 

than the former at lower fields (see Fig. (7)) 

These authors report that such behaviour is represen-

tative of copper alloys containing 0.4 at % to 1.8 at % Mn 

and that the remanent magnetisations decay isothermally with 

time. 

More recently (Cannella and Mydosh (1973a)) the a.c. 

susceptibility measured in an RMS field of 5 gauss using a 
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low frequency (17 Hz  -. 155 Hz) AC mutual inductance technique 

has revealed a totally unexpected behaviour, sharp peaks are 

seen at T
m 

when x is plotted against T. 	The concentration 

dependence of Tm  is also different; Tm  is found to be propor- 

tional to cm  where m = 2/3. 	In other respects the suscept- 

ibility behaviour is very similar to that observed in static 

measurements; at high temperatures it is Curie-Wiess like 

and the ratio of the susceptibility value at Tm  to that value 

as T tends to zero is independent of concentration. 

The problem of interpretation of the magnetisation 

results has become complicated due to the work of Cannella and 
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Mydosh (1973a). The mean-field Ising model approach Klein 

(1968) explains a great deal of the observed effects but at 

the moment the model does not contain sufficient information 

to explain the sharp peak in the AC susceptibility. 	Indeed 

Adkins & Rivier (1974) postulated the existence of a local 

ordering phenomena in the alloy to explain the sharp peak in 

the susceptibility but their model does not give the correct 

concentration dependence of Tm. 

Calculations by Klein (1968), based on the so called 

mean random-field approximation, where in the expression for 

the field probability distribution P(H) all functions of 

fields at sites other than the origin are, replaced by their 

mean value, show that the susceptibility is Curie-Wiess like 

at high temperatures and has a maximum at a temperature 

proportional to the concentration. 	He also found that in the 

limit of T tending to zero the susceptibility goes to a con-

centration independent value and that the difference between 

x(T = Tm) and x(T = 0) does not vary with concentration. 

Data measured by Careaga et al. (1967) and Hirschkoff et al. 

(1971) indicates the Klein's work possibly leads to the 

correct interpretation. 	Moreover certain concentration 

dependences observed in this data implies behaviour which 

can be labelled as 'scaling' and an attempt to discuss this 

phenomenon will be made below. 

Due to the random distribution of impurities in such 

alloys, Souletie and Tournier (1969) have stated that under 

a scale transformation (r 	r') the physical nature of an 
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alloy will not change if there is an appropriate change in 

-impurity concentration (c - c'). 	We will have the same 

number of impurities in the new volume (cr3 c'r'
3 
 ). 	Con- 

sequently the product cr3  is an invariant and any other 

property, such as magnetisation, which does not change upon 

such a scale transformation would depend on this invariant. 

Indeed P(H), the probability distribution of internal fields, 

must be constructed in a way to make it an invariant of scale 

transformation because all the magnetic properties are averaged 

over this distribution. 	This argument leads to the following 

invariant form for P(H) 

P(H)=-- R f (H/c) 

where the normalization condition implies that A = 1 /c. 	Two 

conclusions concerning magnetisation emerge from this; firstly 

that for a fixed c/T, magnetisation divided by Mn concen-

tration as a function of the ratio of applied field to concen-

tration should be a Universal curve, secondly, the initial 

susceptibility should tend to a concentration independent 

value as the temperature 'goes to zero. 	For c below 200 ppm 

of Mn there is good agreement between the above theoretical 

predictions and the experimental data of Hirschkoff et al. 

(1971) and of Careaga & Tournier (see Souletie and Tournier 

1969), as can be seen in figures (8) and (9). 

(a.3) Specific Heat  

The excess heat capacity, Cm, over that of pure copper 

is approximately proportional to temperature and only weakly 

dependent on concentration, (see Fig. (10) Zimmerman & Hoare 
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data). 	At higher temperatures than shown in the figure (10) 

C
m 

passes through a maximum.. 	It is evident from the 

Zimmerman and Hoare (1960) data that the temperature at which 
, 

the anomaly occurs scales as c
2 

 / 3 . 

The mean-field approach developed by Klein (1968) leads 

to an expression, for the specific heat, which is a linear 

function of temperature and independent of concentration at 

low temperature, all of these features being in good agreement 

with the data shown in fig. (10). 	The calculated specific 

heat has a maximum at a temperature proportional to the con-

centration, whereas the experimentally determined specific 

heat has an anomaly at a temperature proportional to c2/3 : 

0 
. 16 
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Another aspect of the conventional theory which is at odds 

with the experimental results is that involving 'scaling'. 

Souletie's arguments require the specific heat divided by 

the concentration to be a universal function of the reduced 

variable 
T
/ c  while, as seen in fig. (11), the observed 

deviations from a common curve are considerable above 1 °K/at % 
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(a.4) Electron Spin-Resonance  

Absorption of microwave power by the impurity spin 

system in dilute Cu Mn alloys is dependent on the interaction 

between the impurity spins and a study of the absorption.line 
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shape coupled with the determination of resonance field shift 

as the temperature is lowered characterizes the type of 

ordering the spin system goes through. 	At high temperatures 

(77°K - 300°K) Owen et al. (1957) have found a single Lorentzian 

absorption line for alloys containing 0.5 and 1.4 at % of Mn. 

As the temperature is lowered the line width goes down with 

temperature indicating spin-lattice relaxation process to be 

dominant. 	Below some ordering temperature TN  the line width 

becomes independent of temperature and the resonance frequency 

begins to shift to lower fields. 	This behaviour would fit 

in well with antiferromagnetic ordering but for the fact that 

the resonance line is isotropic i.e. it is independent of the 

direction of applied magnetic field. 	Possibly the only con- 

crete conclusion one can draw from this data is the existence 

of an internal magnetic field which causes the shift of the 

resonance field. 

(b) Cu Mn Alloys in the Concentration Range 1 < C < 10 at % 

of Mn  

(b.1) Resistivity  

From data by Schmitt and Jacobs (1957) it is evident 

that after a linear rise with temperature the resistivity 

passes through a shallow minimum. 	As the concentration is 

increased Kouvel's data (see Kouvel (1961) indicates that 

the minimum disappears and resistivity becomes insensitive 

. to temperature (see figure (12). 
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The most obvious feature common to all the curves is 

the rapid drop in resistivity below some temperature and this 

sudden change can possibly be attributed to some sort of 

magnetic ordering. 	Apart from the above general statement 

it is difficult to be specific about what mechanisms could 

be causing the particular resistivity behaviour since in this 

concentration range several previously unimportant effects 

become large enough to be noticeable; the mean free path of 

the conduction electrons is reduced and correspondingly the 

range of R.K.K.Y.interaction is cut down, there are many more 

nearest-neighbour Mn atoms bringing in direct Mn-Mn interactions 



FIG.(1 3) sclivviATtc or AC 

SUSGEPTISIIXTY DATA FROM 

CANNELLA 0973) 

.50 

40 

co 
30 

E 
 srsw  

S
O  
%; 20 

I0 

- 40 - 

into play and finally deviations from Mathiessen's rule must 

surely become important as the concentration is increased. 

(b.2) Susceptibility and Magnetisation  

In the high concentration alloys the observed sus-

ceptibility (Kouvel (1961), Owen et al. (1957)) has in general . 

the same behaviour as in the dilute alloys; a high temperature 

. 	Curie-Wiess like susceptibility with a rounded maximum at low 

temperatures. 	The low magnetic field a.c. measurements of 

Cannella (1973) again show that the susceptibility passes 
2/ 

through a sharp peak at a temperature proportional to c / 3  

(see fig .. (13)). 
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An unusual aspect of the magnetisation in these alloys 

was found by Kouvel (1961); for samples cooled in a large 

magnetic field to 1.8°K the hysteresis loops are displaced 

from symmetrical positions about the origin (see fig. (14)). 

Other features of note are that all the loops are almost 

completely reversible and that magnetisations in large negative 

fields are equal and opposite to those in large positive fields. 

The hysteresis loops measured with the cooling field perpen-

dicular and parallel to the measureing field converge with 
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increasing field but more slowly for alloys of higher Mn 

concentration. 	By measuring these hysteresis loops at 

_ different temperatures Kouvel (1961) has shown that the 

hysteresis losses .are maximum at a temperature corresponding 

to the maximum of the remanent magnetisation and that the 

losses disappear at the temperature where the initial sus- 

ceptibility reaches its maximum. 	The saturated remanent 

magnetisation, a
rs' 

 of such alloys is expected, from scaling 
-  

arguments, to have the following functional dependence 

0-1:5x = f (R) 

where f is a Universal function of 
T
/
c
. 	SOuletie and Tournier 

(1969) have shown (see fig. (15)) that the saturated remanent 

a, (µg  /at.of Mri 

FIG.(15) S _ArtifiATION REWNENCE OF 
CmfAn ALLOYS FROM Sout.c.-nc.b -rouctmlma 

(1969) 
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magnetisation data of Careaga and Tournier does indeed follow 

a Universal curve for concentration of up to some 2 at % Mn 

in Copper. 	However, the time decay of the remanence (Lutes 

and Schmit (1962)), since it cannot be specified by a single 

time constant, implies the existence of several activation 

energies and, secondly, the irreversible properties associated 

with the thermoreRanent magnetisation of these alloys (see 

Jacobs and Schmitt(1959)) provide evidence that in the high 

concentration (1 < c < 10 at %) range the model based on the 

R.K.K.Y. interaction is not sufficient. 

The existence of sharp peaks in the a.c. susceptibility, 

in addition to the properties relating to remanent magnetisation, 

indicate that the nature of these alloys in very complex. 

Indeed, Klein's work (Klein (1968)) predicts the susceptibility 

to have rounded maxima at temperatures proportional to the 

concentration with the maxima to be independent_of magnetic 

field and concentration. 	All of these theoretical results 

are in direct contradiction with the experimental data of 

Cannella (1973) and one is forced to conclude that there must 

exist other competing effects in these alloys which are not 

included in the model used by Klein. 

Indeed, as Owen et al. (1957) have pointed out, for an 

alloy containing 1.4 at % Mn all the Mn ions must occupy 

positions within three lattice spacings of each other, and it 

is probably correct to assume that the unusual nature of the 

low field susceptibility results are due to the proximity of 

Mn ions with respect to each other. 	Hence to explain the 

susceptibility results and the existence of a remanent magne- 
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tisation Tholence and Tournier (1974) have proposed that at 

T « T
m 

the alloy is spontaneously divided into independent 

regions due to a local uniaxial anisotropy energy. 	Within 

these regions the magnetic moments are coupled via the R.K.K.Y. 

interactions and at T = 0 the resulting moment of each region 

is frozen in the direction - of its anisotropy axis. 	These 

moments are claimed to be the cause of irreversible properties 

whereas individual moments in low molecular fields play a part 

in the reversible properties. 	Indeed Tholence and Tournier 

suggest that if the magnetisation is measured in a magnetic 

field smaller than a critical field H
m' 

(H
m 
being concentration 

dependent) it is reversible and there is no remanence. 	The 

susceptibility measured in this manner has a thermal behaviour 

identical to that measured using a small A.C. field (see 

Cannella (1973)). 	If applied field exceeds Hm  at T < Tm  an 

isothermal remanent magnetisation is obsreved and it is found 

to. decay with time. 	The corresponding susceptibility is 

larger and has a broad maximum as a function of temperature. 

If, however, the sample is subjected to a field H < Hm  above 

T
m 
and is then cooled to below this temperature, a thermo-

remanent magnetisation is observed and this causes the sus-

ceptibility to be almost independent of temperature below Tm  

(see Hirschkoffet al. (1971)). 

The analysis of magnetism in rocks.by Neel (1955) in 

terms of the magnetic behaviour of granular particles is the 

basis of the above model. 	The common features allowing con- 

centrated Cu Mn alloys to be compared with "Rock" magnetism 

are that in both cases the thermoremanent and the isothermal 
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remanent magnetisations saturate to the same limit and vanish 

at the same temperature Tm, indicating a common origin, while 

the thermoremanent magnetisation saturates in a smaller field. 

In addition to this, the decay with time of the remanent 

magnetisation in spin glasses lends further support for the 

existence of independent granular regions in such alloys. 

(b.3) Specific Heat 

For the temperature range extending from 2 to 4°K 

specific heat results for the high concentration alloys are 

as shown in fig. (10). 	From this data it is evident that the 

magnetic contribution, CM, to the specific heat has a linear - 

temperature dependence. 	However, for increasing concentration, 

it is also apparent that there is a concentration dependence 

which leads progressively to a smaller intercept at T = 0. 

Du Chatenier and Miedema (1966) have reported on a 1.15 at % 

alloy for which they find below 0.3°K a magnetic specific 

heat term linear with temperature but the coefficient of this 

term is almost one half of that found by Zimmermann and Hoare. 

.This discrepancy is interpreted by Du Chatenier and Miedema 

(1966) as being due to the fact that below 0.3°K the minimum 

in P(H) at H = 0 contributes to the linear term, whereas above 

2°K the maximum in P(H) at H 	0 leads to the linear term. 

It is probably a fair assessment to say that the data 

available does not extend over a large enough temperature 

range for a complete picture of the specific heat to emerge. 

The onset of effects due to paramagnetic clustering in higher 

concentration (2 < c < 10) alloys at high temperatures have 
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Also not been investigated so far. 

(b.4) 	E.S.R.  

Measurements of microwave power absorption by Cu Mn 

alloys in the concentration range of 1 to 10 at % Mn were 

first reported by Owen et al. (1957). 	They found, at tempe- 

ratures between 77 and 300°K, the absorption line profile to 

be Lorentzian and the line width to increase with increasing 

temperature. 	In the temperature range 2 to 4°K the line re- 

tains its shape but the line width becomes independent of 

temperature. 	The field at which resonance occurs shifts to 

lower values in this low temperature region and in fact this 

behaviour resembles that for an antiferromagnetic resonance. 

The nature of the absorption process seems to change 

when the above experiment is carried out on samples cooled 

in an externally applied magnetic field. 	Griffiths (1967) 

has reported the changes observed for a 4 at % Mn alloy. 

As can be seen in fig. (16) the signal amplitude shows a 

pronounced minimum at 21°K after field cooling in a 5K0e  field; 

below 17°K the shift of the resonant field to lower fields is 

inhibited. 	However, a plot of area under the absorption 

curve as a function of temperature indicates very little 

change between field cooled and zero field cooled cases. 

Kouvel (1961) has found the remanence for a 5.5 at % 

Cu Mn alloy to vanish above 20°K. 	Implication of this result 

is that "freezing" of the resonant field can be associated 

with the onset of ferromagnetic interactions. 	Consequently 

one would expect a more regular magnetic structure which might 
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lead to a corresponding reduction in the line width and as 

shown in fig. (16) this effect is observed. 

(b.5) Mossbauer Effect  

By studying the spectrum of Sn in Cu Mn alloys 

Window (1969) has produced evidence for the existence of a 

distribution of internal magnetic fields in these alloys. 

For alloys with concentrations of Mn ranging from 3 to 9 at 

% a clear well defined Mossbauer spectrum appeared below the 
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temperature of the susceptibility maximum. 	This sudden 

onset is regarded by Window to be caused by some form of long 

range. order being established. 	Indeed a computer fit of the 

spectra requires most of the Tin nuclei to experienc.e internal 

magnetic fields ranging from 10 to 50 KOe  and these results 

can possibly be explained by a well defined magnetic ordering 

of the conduction electrons and Mn impurities. 	An implication 

of this measurement is that although the internal field has 

random orientation, it has in general a very large magnitude 

at any particular site hence there are very few Mn ions, which 

sit in a region of zero internal field. 

II.- SILVER-MANGANESE 

In general alloys of Mn in silver exhibit characteristics 

which are very similar to those already discussed for Cu Mn 

alloys. 	The following few sections are a review comparing, 

where possible, experimental results with relevant theoretical 

work. 

(a) Dilute Ag Mn Alloys (0 < C < 1 at %) 

(a.1) Resistivity 

Effects due to single impurity-conduction electron 

interaction and impurity-impurity coupling are evident in 

the concentration range (0 < C < 1 at %) at low temperatures 

(0.3 .1 T < 20°K). 	For instance, in an alloy containing 0.558 

. at % 'of Mn, Jha and Jericho (1971) have found that as the 

temperature is reduced the resistivity increases logarithmically 
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with temperature; at a temperature, TM  = 1.90K, this rise 

is suppressed and below T
m 

the resistivity decreases. 	The 

fall of resistivity below Tm  is well represented by a sum 

of two terms, one being proportional to the temperature and 

the other to TLnT. 

The initial logarithmic rise of resistivity is considered 

to be a manifestation of conduction electron local impurity 

scattering via the s-d interaction. 	A calculation by Kondo 

(1964), in the second order Born approximation and using the 

s-d Hamiltonian, has shown the resistivity to have a logarithmic 

dependence on temperature. 	As in the case of Cu Mn dilute 

alloys, the suppression of this term in A2 Mn can again be 

explained by either a redistribution of impurity Zeeman levels 

(Harrison and Klein (1967) or an increase in the width of the 

impurity level due to relaxation via the R.K.K.Y. interaction 

(Riess and Ron (1971)). 	Both theoretical models are in 

general agreement with the data. 

(a.2) Magnetic Susceptibility of Dilute Ag Mn Alloys  

Similarity between'Al Mn and Cu Mn alloy systems is also 

reflected in susceptibility measurements. 	The susceptibility 

as a function of temperature is Curie-Wiess like at high 

temperatures but at low temperatures it has a broad maximum 

(Van itterbeek et al. (1960))which increases in magnitude as 

the concentration of Mn is increased. 	Sharp peaks in the 

susceptibility (Cannella Mydosh (1973a))have also been observed 

when measurements were carried out in a small time dependent 

magnetic field. 	There are, however, some details which are 
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different in the two systems. 	Firstly, the maxima in the 

susceptibility occurs at different temperatures for nominally 

the same concentration of Mn, the anomaly in Ag.  Mn being at 

a lowe'r temperature than in Cu Mn, secondly, the effective 

Bohr magneton number for Cu Mn varies from 4.35 to 4.54 

whereas that of Al Mn is in the range 5..65 to 6.03 (see Hurd 

(1969)). 

(a.3) Specific Heat 

Figure (17) represents the work of Du Chatenier and 

De Nobel (1966). 	As can be seen the specific heat of dilute 

111 Mn alloys is anomalous with a linear temperature dependence 

at the lowest temperatures. 	Souletie and Tournier (1969) 

FIG.(17) SPECIFIC-HEAT DATA ON 
As lAn ALLOYS FROM to ChATEMER & t NOBEL 

(IS 61=) 
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have used this data to show that the excess specific-heat 

divided by the concentration is a Universal function of 
T
/
c 

to a very good approximation. 

(b) High Concentration Alloys of Ag Mn 

In earlier sections it has been emphasized that dilute 

Cu Mn and Ag Mn have very similar properties and again in the 

following section it will become evident that high concen-

tration (1 < c < 25 at % Mn) alloys do not deviate from this 

general trend. 

(b.1) Electrical Resistivity  

The characteristic resistance versus temperature relation 

of a Kondo minimum followed by a maximum ,due to "spin-glass" 

freezing is altered as the concentration of Mn increases above 

1 at %. 	Indeed (Gerritsen and Linde (1951)), the low tem- 

perature resistivity rises linearly with increasing temperature, 

followed by a change of slope spread over several degrees and 

then the resistivity again increases with temperature. 	More 

recent work by Kouvel (1961) confirms the above results. 

(b.2) Susceptibility and Magnetisation  

Van Itterbeek et al. (1960) find that at the highest 

temperatures the susceptibility of these alloys is Curie-Wiess 

like with the Curie temperature varying from -13.7°K for the 

1.24 at % alloy to 19
o
K for the 5.30 at % alloy. 	Upon gradually 

lowering the temperature a maximum in the susceptibility was 

observed. 	There is excellent agreement between the value of 

spin of a Mn ion in Ag calculated from the above data and that 

derived from specific-heat measurements (Du Chatenier and 



De Nobel (1966)), both results indicate spin = 5/2. 	However, 

for Cu Mn, specific heat results give the spin value as 5/2  

in contrast with susceptibility data which suggests the spin 

value to be 2. 

Hysteretic effects and remanent magnetisation of these 

alloys have been studied by Kouvel (1961), who found the 

hysteresis loops displaced asymmetrically in a manner similar 

to Cu Mn, with the remanent magnetisation passing through a 

maximum as a function of temperature before decaying to zero. 

For nominally the same concentration of Mn in Ag the maximum 

in the remanence and in susceptibility appear at lower tem- 

peratures than in Cu Mn. 	Also the magnitude of the remanent 

magnetisation measured after field cooling is significantly 

larger for Cu Mn alloys. 	Well defined sharp peaks in the 

a.c. susceptibility have also been seen (Cannella and Mydosh 

(1973b)) using an a.c. method and again the peaks occur at 

loWer temperatures than in the corresponding Cu Mn alloys. 

III. PALLADIUM-MANGANESE 

It was the possibility of observing negative thermal 

expansion in Pd Mn alloys which prompted our interest in this 

system. 	Since palladium is an exchange enhanced metal, 

Manganese atoms sitting in a Palladium rich environment induce 

a long range spin polarisation in the Pd host. 	The overlap 

between these polarised regions leads to an effective 'ferro- 

magnetic interaction between the spin clouds. 	If the con- 

centration of Mn is such that there is a high probability of 
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Mn atoms being nearest neighbours then competing with the 

ferromagnetic interaction would be an antiferromagnetic inter- 

action between the Mn atoms. 	In Fe Ni alloys it is known 

(Hatherley et al. (1964)) that we have competing interactions 

and the coefficient of expansion due to magnetic properties 

is negative (G.K. White (1965)), so by analogy the same might 

be expected of Pd Mn. 	The coefficient of thermal expansion, 

however, was found to be positive for the one alloy we have 

measured. 	A brief survey of known properties relating to 

Pd Mn alloys will now follow with a view to illustrate what has 

been stated so far. 

(a.1) Electrical Resistivity  

Dilute alloys in the concentration range 1 to 3 at % 

Mn have been measured down to 0.41°K (Williams and Loram (1969)). 

The incremental resistivity was seen to have several notable 

features: 	a sharp kink associated with the transition to a 

ferromagnetically ordered state, a linear decrease with tem-

perature below the transition and finally a limiting T3/2  

temperature dependence (see fig. (18)a). 	Long and Turner (1970) 

have shown that as T tends to the transition temperature the 

molecular field approximation applied to these alloys yields 

a resistivity which is linearly dependent on temperature. 

For temperatures approaching zero they find contributions from 

the magnetisation and spin-waves both to be proportional to 
3 

T 2. 	Their approach, involving polarisation of Pd d-band 

holes, gives results which are in good qualitative agreement 

with the experimental data. 
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FIG118) EXCESS RESISTIVITY OF PS t1 ALLOYS 

FROM COLES Lid (.J976) 

Alloys with concentration of Mn greater than 3 at % have 

a different character. 	 The resistivity as a function of 

temperature has no sharp kink (see fig. (18b) and in fact the 

overall behaviour is similar to that of a spin glass (Coles 

et al. (19.75)). 

(a.2) Susceptibility and Magnetisation  

Evidence of ferrmagnetic ordering in alloys of Mn in 

Pd in the concentration range 	to 8 at % has been found by 

Rault and Burger (1969). 	Their susceptibility'results(fig. (19a)) 

indicate that the transition temperature increases with the 

concentration but above 2.5 at % it goes down steadily. 	This 
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reduction in the ordering temperature is assumed to be caused 

by the increase in the number of nearest neighbour Mn atom 

pairs. 	Above 8 at % these authors believe that antiferro- 

magnetic ordering phenomena is observed. 	Recent results 

(Coles et al. (1975 .)) however indicate that it is a spin 

glass type of ordering which takes place at such high concen-

trations, this conclusion being based on the fact that the 

susceptibility has a rounded maximum and that the thermo-

remanent magnetisation behaviour is of a typical spin glass. 
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(a.3) Specific Heat  

The most remarkable feature of the specific heat of 

PdMn•  alloys is the sharp peak, observed for the concentrations  

1.35 at % and 2.45 at % (see fig. (19b)). 
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For other ferromagnetic systems such as Pd Co or Pd Fe the 

specific-heat is quite unlike this, being a broad well rounded 

anomaly (Boerstoel (1970)). 	Boerstbel(1970) has suggested 

that the sharpness of these peaks is an indication that the 

interactions among magnetic entities are uniform. 	Because 
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of the random distribution of the Mn atoms one is forced 

to conclude that the host polarisation is uniform away from 

the Mn sites. 
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CHAPTER III  

THE CLASSICAL LATTICE THEORY OF THERMAL EXPANSION  

I. INTRODUCTION  

Thermal expansion is defined as the dimensional change 

which occurs with a change of temperature. 	It is the an- 

harmonic nature of the crystal potential, surrounding an 

atom, which causes the dilation to occur. 	A perfectly harmonic 

crystal has potential energy proportional to the square of 

the ionic displacements and would show no thermal expansion. 

In fact in such a crystal all pairs of atoms either attract 

or repel each other with forces proportional to the distance 

between them and it, would require an appropriate external 

pressure to keep the solid stable (Barron (1957)). 	However, 

a model involving this type of potential energy is found to 

be adequate for considering the low temperature specific heat 

and, by allowing the frequency of the lattice modes to become 

volume dependent, the low temperature thermal expansion of 

the crystal lattice can also be accounted for. 

After a brief preamble concerning the thermodynamics 

of crystals, there will be a discussion in which the inter-

relationship between thermal expansion and specific heat of 

crystals will be developed, followed by a description of those 

aspects of thermal expansion relating to the presence of con-

duction electrons and magnetic impurities in solids. 
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II. THERMODYNAMICS OF CRYSTALS  

This section provides an outline of certain features 

of equilibrium thermodynamics pertinent to the study of solids. 

We begin with a statement of the basic laws of thermodynamics 

t4 =  cat + otw 

et0 = Td s 

first law 

second law 

where dQ is the quantity of heat which goes into the crystal, 

dW is the work done by the crystal, T is the absolute tem- 

perature and U & S are respectively the internal energy and 

the entropy of the crystal; dQ and dW are inexact differentials. 

By combining (III.1) and (III.2) and equating dW to PdV, where 

P is the isotropic pressure and V the volume of the crystal, 

we get 

= Tds -Piv 

Since by definition the Helmholtz free energy F is 

defined as F = U - TS we have 

dF = - ScIT — Pol/ 
Equations (III.3) and (III.4) imply that U and F can be written 

as: 

Cy 	F=. F (v,T) 
	

(III.5) 

Now equilibrium requires that externally applied pressure P 

be balanced by the thermal pressure of the crystal, that is 
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_ (:U)s 	_(aaF)T. 	Implications of this condition are that • 

P, V and T are not all independent variables and that in 

equilibrium the equation of state of a solid can be written 

as 

( V,T) = 

Using equations (III.1) - (III.5) we can now define 

thermodynamic functions of particular interest to this work. 

The heat capacity is defined as 

C = aLQ = -rdS 
A(7- 	dT 

Since di') is inexact C depends on the path of the process and 

so 

-rips) 4 	7-/?s) two (III.8) 

').7.1P 	
t?TlyaT 

The entropy can then be obtained by the following integral 

5 ( 7),T) =f -r  Cp  (7),71)  
0 

and the adiabatic and isothermal compressibilities are defined 

as 

Ks ) 
" 	D/S 

KT  = 	(av 

(III.10) 
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respectively. 	The volume thermal expansion coefficient is 

given by the following expression 

-- /// (DV) 	 (III.11) 

Using equations (III.1) - (III.11) we arrive at two results 

which will form the basis of the discussion to follow in the 

remainder of this chapter. 

Cie  = — -r//7
-r  a
f 

a/v 

isfy 	2F _ 0 ) 
"Kr 

T,v 

(III.12) 

(III.13) 

III. THE GRUNEISEN APPROACH TO THE ANALYSIS OF THERMAL EXPANSION  

(a) Lattice Contribution  

The free energy, F, of a system is an additive function 

of state hence we can discuss contributions to the thermal 

expansion from the lattice, conduction electrons and magnetic 

carriers in "isolation" from each other. 	Chronologically the 

lattice contribution was explained first because early experi-

mental technique allowed one to observe only that; it is only 

recently (White (1961a), (1962)) that the electronic and magnetic 

contributions have been observed. 

Debye (1912) regarded a solid as a continuous, isotropic 

and elastic medium and calculated the specific heat for such 
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solid. 	His calculation yielded a T3  dependence and below 

0
D/12 (where ep is the Debye characteristic temperature) the 

- agreement between this theory and experiment is within 1%. 

GrOneisen (1926) showed that for a Debye solid the coefficient 

of thermal expansion should be approximately proportional to 

the specific heat. 	We shall outline below the GrUneisen 

formulation in a slightly more general form based on the quasi- 

harmonic approximation. 	The lattice of N ions is regarded as 

a system of 3N loosely coupled harmonic oscillators whose 

vibrational frequencies are volume dependent. 	The energy of 

such a system in a state X can be written as 

1v 

E = EO N) f 	40i* rij . - 
where Eo(V) is the sum of the zero point energy and the static 

configurational energy of the crystal, wj  is the frequency of 

the j
th 

oscillator and nj  defines the energy level occupied 

by that oscillator. 	Using (III.14) one can write the partition 

function Z of the system as 

== 	-4)4/2 (' 7-  E 	- codi )7, 	(11 .1 5 ) 

adl nd'y 	 /17 
Now by definition the free energy is related to the partition 

function by the following expression 

F = _ 	Z 
From (III.15) and (III.16) one obtains 

3iv 
F = E 0  + r X 14/ -e 

cfrf 

(III.16) 

(III.14) 
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We are now in a position to state what is known as the 

Graneisen relation 

p Cy 	 (III.18) 

V 
and this is obtained from (III.12), (III.13) and (III.17) if 

one makes the following identification, 

31V 

2f(T) 	y_ 71.a c )6N 	 (III.19) 

atn wi  
Here y - -( 	 T 

and and C
j 

is the  contribution to the 
aLn V 

specific heat C
v 
from the j

th 
 mode. 

= 	(ii" C)j,)2. 	t)1°  ( C (.3;34T)  (III.20) 

(R-)cpt/Ou'il 
` 'KT/ 

In the GrLneisen approximation ait is assumed that y(T) 

is. independent of temperature and so.. is is proportional to the 

specific heat. 	In fact as can be seen from (III.19) y has 

two limits: for T » e
D.

all modes contribute equally to the 
3N 

1 
specific heat and y = y. = 	yi  whereas for T « ep  the 

'1" j=1 
specific heat obeys a Debye T3  law and y approaches 

3N 	3N 
y = E y. v73/ E 	V

73 
(V. is the velocity of the j

th 
mode). o j=1  j j j=1  J 

To characterize the behaviour of y between these two 

limits requires detailed information concerning the interparticle 

forces and their volume dependence in a solid. 	Lack 'of such 

knowledge is a hindrance but estimates have been made and for 

a rock-salt structure by using a potential of the form 



Z
2 

'1(r) = ± e 
	A /

r 
n 

r 
(111.21) 
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where the Coulomb interaction is between all ions and the 

repulsive term is either taken between nearest neighbours or 

all neighbours both Blackman (1957) and Barron (1957) have 

shown that ym  is between 1.5 and 2 for n = 8 to 10 and that it 

reduces by 25% to yo  as the temperature is lowered. 	Blackman 

(1957) has further shown that at low temperatures yi's associated 

with transverse modes are negative and if for a particular solid 

the weighting for these yi, in the sum for yo, is large then 

a negative thermal expansion would be observed. 

In a similar vein Horton (1961) has .considered an fcc 

solid with central forces between nearest and next nearest 

neighbours. 	By solving the secular equation for the lattice 

he worked out the phonon dispersion relations which in turn 

allowed him to work out the individual yi:s. 	He then related 

these, yj, to the elastic constants and their temperature 

derivatives. 	Using Overton and Gaffney's (1955) data on 

elastic constants Horton has shown that y from his calculations 

is in very good agreement with that measured experimentally 

by Rubin et al. (1954), Simmons and Ballufi (1957) and White 

(1960). 	In general, a phenomenological model such as that 

used by Horton is difficult to justify because it neglects 

contribution of the conduction electrons and secondly the 

assumption that the temperature variation of elastic constants 

is due entirely to the expansion of the solid may not be valid. 

Experimentally the situation is better understood for metals 
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and it is known that for most of them Y. changes by 10 to 25% 

to a lower value yo  as the temperature is lowered. 	Listed 

in table I are values for y and ai, the lattice contribution 

to the linear coefficient of expansion, for Cu, Ag  and Pd. 

Table I  

Cu 

y(290°K) 

2.00 

y(T <-4, e D)  

1.69 

1011 	x 	< 	eD) al/T3(T 	-12.0  

2.7 

Ag  2.40 2.23 11.4 

Pd 2.30 2.30 4.3 

( These results are taken from White and Collins (1972)  and 

Collins and White (1964).)  

(b)  The Electronic Contribution  

• Conduction electrons in a metal, because of their 

temperature dependent entropy Se, contribute to the expansion 

of the lattice. 	To evaluate Se one must consider the change 

in energy, Ee(T), of a system of electrons as the temperature 

rises from 0°K 

I, 00 
E e  (79 = VJ (c- F ) -I n CO de 

ef  

F  
y 	(6F  _ e)(1-ir(0)11(4) d 	(111.22)  

0 

where f(c) is the Fermi-Dirac distribution function, CF  the 
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Fermi energy and n(e) the density of states per unit volume. 

From (III.7) and (111.22) the specific heat is 

("L _ CaEe) 
— 

00 
a- V nCE-F ) fd6 (6- £F ) 

aT 
(111.23) 

Equation (23) is valid only for temperatures in the range 

kBT < 0.01 eF. 	Evaluation of (111.23) leads to the following 

result.  

Ce  = 	V -77-2  n ((F )kBT 
3 

and from (III.9) 

(111.24) 

Now 

Se  = Vii 	l7 C 6i ) 	(111.25) 

ra Se)= Cs_ 	I 	r, 	ce,)) 
av V 	k 	v 	/7- 	

(111.26) 

and so from (III.13) 

pe  = Ce  Oe K-r  
V 

(111.27) 

where = p "CeF) 
hi V 	)7-  

(111.28) 

Equation (28) represents the explicity dependence of the elec-

tronic Grheisen parameter on the density of states at the 
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Fermi level. 	If one considers the single-band free electron 

case then n(E)= A El where A is a constant and, since 

eF . 1 / V 1 / 3 / 	(Kittel (1968)), the value of ye  = 2/3. 	For a 

more complicated band structure the explicit dependence of 

n(EF) on volume and Fermi energy is required. 	Varley (1956) 

has expanded the expression for ye  in terms of partial deri-

vatives of n(E
F
) and N, the total number of electrons in all 

the partially filled bands in the crystal, with respect to 

volume and eF and has discussed the possibility of there being 
negative thermal expansion in transition metals, where the 

band structure is very complicated. 	N remains constant with 

change of volume therefore 

ry f FY? C 	= a 
otv L. Jo 

Using Leibnitz's rule 

OSA = _ N 	 (2LV k/p 	V nCed 	nCeF) 	/eF)T 

and 	de = (31) d V .1- ( 
2$7"  
?±) dr 

?VIT 	 v 

(111.29) 

(III.30) 

(III.31) 

From (III.30) and (III.31) we get the following relationship 

F) = — A/ 	— (?_g2!) 	_ / 	
(221) 	

(111.32) 

V 	1/ -a C€ F ) 	\- 	 a'd 	eF ,T 

We also have 

(2s,?,,,C,) 	(III .33) 

?t, 	EF  v  Dv 	V ex,7- 
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2 

(Cei 

	

and (Wilson (1953)) M 	IvrIcepd C?ayieC:F)/v) 

	

Or v 	

( III .34) 

By substituting (111.32), (111.33) and (111.34) we get 

[ I 4- ( .€41 71 	(022cs)) (I+ DevIN) 

	

DIA v 	eF ,T n Cc02-  Dep 	.1.01//cF)-T 

..1- Ce 	a n Ce9 
73 v(Y? cep)) 3  ((a CF 

(111.35) 

The significance of equation (111.35) for transition 

metals is that the third term involving 
N
/(n(eF))2 

 may, in 

competition with the second, lead to a negative ye. 	However, 

experimental evidence (White (1963)) suggests that in most 

cases (chromium being the exception) y
e 

is positive. 	Indeed 

for Cu and Ag below 10°K y
e 

is found to be 0.9 which is very 

close to the free electron value of 
2
/3  and for Pd the measured 

value is 2.1. 

(c) Magnetic Contribution  

Again if the magnetic interaction contributes an entropy 

S we will have an additional term am for the thermal expansion. 

If the free energy of the magnetic system can be written as 

T x F(Em/T), where E
m 

is the interaction energy, then one can 

relate om  to the magnetic contribution to the specific heat by 

defining a magnetic Grrineisen parameter ym  (White (1962)). 

The above mentioned form for the free energy resembles that 
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for lattice modes assumed in the Mie-Gruneisen theory and 

therefore by analogy 

where 

ig mw = Y  Cm KT 	(111.36) 

V 

_ LK Ew, 
2Left V 

Yvvl 

White (1962) has used the above formulation for a 	at % 

Cu Mn alloy and found y
m 	

3. 	Values of this parameter have 

been found for several other materials; White (1965) reports 

that. for Fe (b.c.c.) and Ni (f.c.c.) ym  is 2.3 and 2.1 respec-

tively but for a 35.1 at % Ni, 64.2 at % Fe, 0.3 at % Mn alloy 

(f.c.c.) ym  is -20. 	This large negative value for ym  is 

interpreted as being due to antiferromagnetic alignment of Fe 

atoms on f.c.c. lattice sites. 	Chromium, too, exhibits a 

large negative ym  = -8.5 but the situation is not very clear 

because this could be a density of states effect (Varley (1956)) 

or due to the antiferromagnetic ordering. 

In all cases discussed above am  is found to be proportional 

to temperature. 	Theoretically one expects a T
3/2 

term from 

ferromagnetic spin waves (Meincke and Graham (1963)) but no 

such dependence has been found in the experimental data. 

IV. SUMMARY 

In this chapter we have attempted to lay down the guide 

lines on which current interpretation of low temperature thermal 

expansion data is based. 	The energy contributions of lattice 

vibrations, conduction electrons and magnetic carriers (which 
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can be spin waves, local moments or itinerant d electrons) 

are considered separately, with a Grtneisen parameter being 

assigned to each of these sources of entropy. 	In the 

following chapters relating to the experimental results of 

this work we shall assume the validity of the definitions 

made in this chapter - in particular equation (111.36) will 

be used in the analysis of the data. 
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CHAPTER IV  

EXPANSION APPARATUS 

I. INTRODUCTION  

The choice of technique employed in this investigation 

At 
is governed by the sensitivity required (T— 	10

-9 
 ), the 

temperature 'range (2 - 40°K), and finally the existing skills 

in the research group here. 	There are at the moment at least 

two possible designs (Yates (1972) which meet the first two 

requirements but only.one which covers all three. 

Methods involving optical interferometry, where the 

specimen is used as a spacer between optical flats Meincke and 

Graham (1965), have resulted in sensitivities of the order 

4 x 10
-9 

using specimens of length 2 inches. 	The transducer 

in.  this .  case, however, requires very careful handling and 

constraints of mechanical stability are particularly severe 

on this approach. 	Yates (1972) describes an apparatus based 

along the same lines and again the dilatometer is a very com-

plicated device in which restraining collars and brass springs 

are used to prevent lateral movement of the optical flats. 

An electrical method developed at Iowa State University 

using a variable transformer as the dilatometer has achieved 

slightly higher sensitivity but the sensor (McLean et al. (1972)) 

is again mechanically a very delicate device and is susceptible 

to vibrations. 	In principle both of the methods mentioned 

above lead to an absolute measurement of the expansion because 
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An both cases the sample is thermally isolated from other parts 

of the dilatometer and it is this aspect which redeems the 

involved engineering of the dilatometers. 

White (1961) took advantage of techniques developed by 

Thompson (1958) for measuring very small capacitance (10
-6

pF) 

using ratio-transformer bridges and built a dilatometer as a 

three terminal capacitor. 	Mechanically this is a robust 

device compared with the others and its construction is more 

straightforward but measurement of the expansion is differential: 

the capacitor is made from copper and all data is taken relative 

to the expansion of copper. 

Reliable expansion data for Cu, however, exists to very 

low temperatures (White & Collins (1972)) and so we decided to folio,  

White and build an apparatus similar in design. 	In the 

following few pages we shall give detailed information con-

cerning the construction of such an apparatus. 

II. THE TRANSFORMER RATIO-ARM BRIDGE  

(a) General Description and Operating Principles  

This is an AC bridge which utilizes the excellent 

stability and linearity (1 part in 106 ) offered by inductive 

voltage dividers to measure very small capacitance. 	A schematic 

of the bridge used is shown in fig. (20). 

At balance the current through Cx, the unknown capacitance 

is equal in magnitude to that through CR, the reference capacitor, 

and if we represent the voltage across Cx  as 	and that across 

the reference capacitor as VR  then the balance condition is 
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(IV.1) 

CR 	‘11(  
In equation (IV.1) we have ignored the effects of Rx, ZsL.  and 

Z
SD 

and in fact (IV.1) represents the ideal situation. 	For 

a true null reading we balance out the current through Rx  

(i.e. the component of current which is in quadrature with 

that through Cx ) by introducing a current via network Q 

(see Appendix (A) for further details). 	The impedance ZsL.  

shunting the auto transformer has in fact neglegible effect 

on the balance conditions because by connecting the supply 

across AL we have ensured that the ratio of voltages between 

AL and LB becomes independent of Zsi.  (see Lynch (1957)). 	ZSD 

alsO has minimal effect on the balance because when the detector 

is reading null no current can flow through this shunt impedance. 

The network Q as mentioned above acts as a conductance 

balancing arm and within it we have provided a 100 potentio-

meter which if altered changes the amplitude of the quadrature 

current and hence only affects the quadrature balance. 

Similarly AC is a small capacitance (10-4pF) which is switched 

in and out of the bridge circuit to check that it only affects 

the in phase balance (loss angle of AC being of the order 10-8  

radians). 	Both AC and Q are used self consistently to ensure 

that the balance of the inphase current is independent of that 

of quadrature current. 	After an initial balance is achieved 

by adjusting the transformer-ratio arm setting and the ten turn 

potentiometer incorporated in Q, the capacity AC is switched in. 

The sole effect of this should be to alter the in phase balance 
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and not the quadrature. 	If however, it affects both currents 

then the phase of the reference channel on the ASL 110 detector 

is altered until switching in of AC affects only the in phase 

balance. 	The next step is to find out if the current coming 

from Q is in quadrature. 	This test is carried out by altering 

the potentiometer on Q. 	If again both in phase and quadrature • 

balances are altered then the trimming capacitor of Q is 

adjusted till the current from Q only affects the quadrature 

balance. 	A final check is then carried out by switching in 

AC and altering the current from Q to see if decoupling has 

been achieved. 

Being faced with a situation which requires the detection 

of a small signal we decided to use a phase sensitive detector. 

This basically consisted of a triode input preamplifier followed 

by a tuned amplifier stage, the output from this amplifier is 

taken to a multiplier where the signal is multiplied by a 

reference voltage of the same frequency and phase, and then 

finally this product is low-pass filtered to yield a D.C. level 

proportional to the signal amplitude. 	There are two such 

channels provided on the ASL 110 model used, so that in phase 

and quadrature signals can both be simultaneously detected. 

(Note: details of AC, Q and a full schematic of the bridge 

circuit are given in appendix A.) 

(b) Construction of the Reference Capacitors  

Two capacitors of nominally 10pF capacitance each were 

made using invar as the material of construction because of 

its extremely low coefficient of expansion at room temperature 
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(a. 
invar =3ppm/ o 
	o 
K at 293°K). 	Two concentric cylinders form 

the electrodes and these are mounted inside another invar 

cylinder by means of sapphire balls which also insulate this 

outer guard cylinder from the electrodes (see fig. (21)). 

Both capacitors CR  and CR1  are mounted in brass cans which 

are flushed with dry N2  and then sealed. 	The brass can 

containing CR, the capacitor in the reference arm of the 

bridge, is put inside a large copper enclosure which is in 

turn surrounded by several inches of expanded polystyrene and 

finally this whole assembly is housed in a glass dewar in an 

aluminium casing. 	The container of the other reference 

capacitor, CRI , is placed in an oil bath within a glass Dewar. 

The capacitance of both CR  and CR1  was determined by 

using a Wayne-Kerr bridge, whose accuracy of 0.1% was checked 

by means of a standard capacitor, 

C
R 

= 10.852pF 

(IV.2) 

C
R1 

= 11.66pF 

These values have been found to be self-consistent in that 

both used individually as the reference in our bridge give 

the dilatometer capacitance to within 1 part in a 1000 of its 

measured capacity (i.e. measured on the Wayne-Kerr bridge). 

A direct check of the temperature stability of CR  is not poss-

ible because we do not possess of standard capacitor of known 

stability we could only assess the quality of our reference 

capacitors by putting them both in the bridge and observing 

the bridge drift - although any such drift is not necessarily 
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generated by changes in these capacitors. 	Over a period of 

twelve hours this was found to be within 2ppm. 	A similar 

test carried out by keeping Cx  at 4.2°K indicates that overall 

long term drift of CR  is not greater than 4 parts in 107  per 

hour. 	These checks, however, assume that the rest of the 

bridge is free from drifts. 	This assumption can only be an 

idealisation since the other drifts can counterbalance the 

capacitor drift and so the numbers do not represent a true 

limit. 

(c) The Expansion Cell  

The design of the cell is based on that described by 

White (1961b). We have used high conductivity copper, five 

nines pure, (Resistance at 295°K/Resistance at 4.2°K = 150 ± 10) 

as supplied by Metals Research Ltd. 	The constituent parts of 

the cell as shown in Fig. (22) were first machined out of the 

ingot on a lathe. 	All the parts were then given a stress 

relieving heat treatment in the following fashion: the copper 

was out-gassed at 400°C in a pyrex tube which was pumped below 

4'x 10
-5 

torr for a day; the pyrex tube was then sealed off 

and left overnight at 200°C. 	The temperature was then, over 

a period of several days, gradually reduced to ambient in 

order to prevent stresses being re-introduced. 

Electrodes 1 and 2 were then attached, under vacuum, 

to their respective guard rings 3 and 4 using Araldite. (CY219 

resin; HY219 hardener) and some 0.01" thick fibre-glass matting 

for location. 	The darkened area between 1 and . 3 or 2 and 4 

in fig. (22) is a composite of Araldite and fibre-glass and is 
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FIG. (22) 
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capable of withstanding 110 volts of D.C. applied across it. 

The electrode assemblies were then faced on a lathe and polished 

on a metallographic polishing machine so that surfaces A and B 

were made clean and optically flat. 	At this stage a layer 

of Au, 0.001" thick was electrically deposited on each of the 

surfaces A and B and these surfaces were re-polished to a 

flatness of the order X/10  (where A is the wavelength of sodium 

light). 	Similarly the cylinder shown in the diagram was gold 

plated where it contacts A and B and polished optically flat 

at these ends ensuring that the two surfaces are parallel to 

within 20 seconds of an arc. 	Having so constructed the 

individual parts of the dilatometer we then assembled it 

together with the specimen using brass studs, nuts and springs 

made out of stainless steel. 	The torque applied to each nut 

was pre-determined by a torque wrench to be below that which 

might shear the threads in the cylinder. 

Note: 	(1) The Gold-plating process is described in appendix B. 

(2) Polishing techniques used in the construction of 

the dilatometer are discussed in the chapter on 

sample preparation. 

(d) Detection Limits  

Here we shall be concerned with the overall performance 

of this bridge. 	Ideally it should be the intrinsic noise of 

the detector which should limit the resolution of the bridge 

but in a real experimental situation we have found that the 

temperature stability of the dilatometer controls the sensitivity. 
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' The noise contributed by the detector, as specified by 

the manufacturer, is 30nV iF; and since the bandwidth used in 

• all experiments was 0.3 	this this represents 16.4 nanovolts in 

the input of the detector. 	Consider the following circuit 

fig. (23) 

ICIFF=Cx  
H 

2 00 p F = Z s 
(CABLE . STRAYS) 

L 
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and note that at H appears 16.4nVof noise and this at A would 

be 21 x 16.4 = 344 nV. 	If we assume 6C to be minimum resolv- 

able capacitance then we have 
6C

/r  = 
344

/25  x 10
-9 

= 1.4 x 10
-8
. 

"X 
Therefore for a 10pF unknown the smallest capacitance the 

detector can resolve is 6C = 1.4 x 10
-8 
 x 10 x 10

-12 
= 

0.14 x 10
-18 

Farads. 

In real measurements we have not been able to see changes 

of this order and the observed limit on 6C is 1.5 x 10
-18 

Farads 

peak to peak therefore the root mean square value is 0.3 x 10-18  

Farads. 

And to establish what 6C = 1.5 x 10
-18 

Farads means in 

terms of a length change of our sample we have to consider the 

rate of change of capacitance with respect to the gap length 

for our expansion cell. 	For an ideal parallel plate capacitor 

of plate area ur2  cms2  and separation d cms in a medium of 

dielectric constant c 

Cx 	e - rr r27 , 74,77-dxo-f 	pP 

(IV.3) 

r/ 
/3.6xd 	P F  

(We have taken c = 1; 	the pressure of Helium in the cell is 

kept below lmm Hg see White (1961b)). 

Even in the presence of a guardring the electric field 

near the edge of the plate is distorted. 	This in effect means 

an additional capacity must be added to expression (IV.3) 

CX 	'/3.6 x ci 	)<3.61r1 141+0•22  X) (IV.4) 
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(Maxwell (1881)). 	For a gap of width x cms this capacitor is 

equivalent to having plate area of a strip extending over half 

of the width of the gap and a plate separation of d 	0.22W cms. 

For the dilatometer shown in fig. (22) x = 0.00592 cms, 

2r = 1.00707 cms and d = 0.01 cms. 	Therefore C x  = 7.114pF 

and A 
CX/

Ad = 1.2 x 10
-6

pF/10
-8 

cm. 	Consequently for a speci- 

men of length 2.375 cms and bridge resolution of 1.5 x 10-18  

Farads we get 

tide/ — 	x to-9 
	

( IV .5) 

III. THE CRYOSTAT 

This has been designed to provide a controlled and well 

defined environment for the dilatometer cell. 	It basically 

consists of two vacuum tight cans and five stainless steel 

tubes which connect these cans to the cryostat cap. 	Two of 

the steel tubes terminate in the outer vacuum can and the 

remaining three in-the inner can. 	These pipes serve as 

vacuum pumping lines, outer conductors for the coaxial connections 

to C
X 
and shield for the main wiring harness. 	The cans in 

their turn are used to provide a vacuum jacket between the 

expansion cell and the liquid He
4 
bath surrounding the outer 

can. 

(a) Construction Details  

The dilatometer end of the cryostat is illustrated in 

fig. (24). 	The outer can shown is cylindrical and is made 
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from brass. 	The vacuum seal between it and the flange is 

made by an indium '0' ring clamped by twelve uniformly pitched 

8BA mild steel nuts and bolts tightened by a preadjusted 

torque wrench; a groove of rectangular cross-section 1 mm 

wide and 	mm deep is used to locate the 1 mm diameter indium 

wire (see inset to fig. (24)). 	A light coat of low temperature 

high vacuum grease is applied to the indium in order to make 

the dismantling of the seal easier. 	The inner can has a 

similar vacuum seal. 	The main difference between the two 

cans is that the cylindrical body of the inner is made of 

copper. 	We have used copper in preference to brass because 

copper has higher thermal conductivity and therefore acts as 

a better isothermal shield for the dilatometer. 

All the stainless steel pipes used have 0.006" thick 

walls. 	The two going to the flange of the outer can are 

shown by the dotted lines in fig. (24). 	The one with the 

larger diameter is the pumping line for the outer can and the 

other acts as a spare outlet. 	Tubes A, B and C extend through 

to the inner can; A and B are the coaxial connectors to C <, 

in the case of A the inner conductor is simply a stainless 

steel pipe with nylon spacers mounted on it, for B the inner 

conductor is a pair of 43 SWG copper wires threaded through a 

polythene sheath; C carries all the thermometry wiring down 

to the expansion cell and also serves as the pumping line for 

the inner can. 	The copper block inserted into pipe C acts as 

a thermal break for the wiring. 	All the wires coming down 

through C are wound around the copper plug shown and then go 
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down to the pin-board attached to A. 

At the top end of the cryostat the pumping lines ter-

minate in standard vacuum fittings and the wiring harness is 

brought out via conventional vacuum seals. 	The way the 

coaxial cables are brought out is, however, novel and involves 

the use of specially modified BNC plugs, (see Griffiths and 

Coole (1973)). 

IV. THERMOMETRY AND TEMPERATURE CONTROL  

A basic requirement for the measurement of thermal ex-

pansion is that the temperature of the specimen be accurately - 

. known. 	To facilitate this we have used a doped germanium 

resistance thermometer and a platinium resistance thermometer. 

Additional to this requirement is the necessity to alter the 

temperature of the sample and to control it within certain 

limits. 	We have made provision for this by incorporating 

an electronic two-term temperature controller into the apparatus. 

(a) Thermometers • 

Our main temperature sensing element is a Ge thermometer 

(serial no. 3083). 	It was bought with a calibration from 

. 	Cryocal Ltd. 	The manufacturer's calibration extends from 

1.5°K to 100°K, with a claimed uncertainty in the calibrated 

points near 1.5°K being 5 mK and lu°K for those near 100°K. 

We have placed the thermometer inside a hole in the copper 

post which is a part of the upper electrode assembly of the 

cell. 	The sensor is thermally anchored by means of some 
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low temperature vacuum grease and furthermore its leads are 

wrapped around the grooved post allowing an even more intimate 

- thermal contact to the Ge element via the thermal path formed 

by the leads (fig. (25)). 

As a secondary sensor we have placed a home-made plati-

nium resistance thermometer in the third post available on 

the electrode assembly. 	The resistance element was drawn 

into a 0.0035" diameter wire from a five nines pure Pt ingot 

using tungsten carbide and diamond dies. 	It was then kept 

red hot by passing an electric current for twenty four hours. 

This process allows iron to precipitate out of the solid-

solution to form oxide.s and hence improve the low temperature 

electrical conductivity. 	As a result of this treatment the 

resistance ratio was found to be 600. 	The Pt wire is bifilar 

wound on a Pt former with insulated copper wire of the same 

diameter. 

Finally we have used Au Fe versus chromed thermocouples 

to indicate relative temperatures. 	There are two such sensors 

and the reference junctions of both are kept in the copper plug 

in pipe C and hence at the He4  bath temeprature. 	The other 

junction of one is placed on the top of the expansion cell 

. 	and is firmly clamped to it. 	This particular thermocouple 

acts as the transducer for the temperature controller. 	The 

second has its sensing junction attached to a copper post, 

which is brazed on to the top flange of the inner can, and 

therefore senses the temperature difference between the inner 

and the outer cans. 
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(b) Measurement of Temperature  

A standard four terminal potentiometric technique is 

used. 	The Ge thermometer is placed in series with a stable 

standard resistor. 	A power supply, capable of delivering 

currents in the range 
1
pA to 330 pA with long term stability 

of 1 in 103, is used to drive current through this combination. 

By alternately connecting the Ge and the known standard 

resistor across a Tinsley type 4025 potentiometer the voltage 

across and the current through the thermometer is determined. 

A current reversing switch allows this measurement to be made 

for both directions of current flow and hence eliminate the 

effect of thermal emfs. 	Also we have used a Kiethley Model 

155 microvoltmeter as the null detector in the potentiometer 

circuit, because we can read its scale directly to within a 

1 TD  pV and because it can withstand almost any amounts of over-

load as compared with a standard moving coil galvanometer. 

The same procedure is employed for the Pt resistance thermo-

meter except that a different current supply (-s  mA to 33 mA) 

and standard resistors are used. 

(c) Temperature Control  

We have discussed devices and measurement technique 

used for evaluating the specimen temperature, now we shall 

describe how the temperature is varied and held stable at each 

point over the range 2 to 40°K. 	An electronic temperature 

controller based on operational amplifier circuits has been 

designed and built for this purpose. 
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In terms of a block diagram this device can be illus- 

trated as shown in fig. (26). 	The input section of the con- 

troller consists of the thermocouple and a mercury cell in 

series - the Hg cell is used to generate a well defined 

reference error voltage. 	The next stage is a low noise and 

drift, chopper stabilised D.C. amplifier (Ancom 15C-3) with a 

gain = 10
4
. 	The output level from the Ancom 15C-3 is large 

enough (1 mV for a T
1
o- uV input) to be then amplified by an 

operational amplifier (741) with gain ranging from 1 to 100 

giving an overall gain of 10
4 
- 10

6
. 	An integrator with time 

constants ranging from 0.3 to 300 seconds integrates the output 

from the amplifier and its output is then summed with that of 

the amplifier. 	A square-rooting circuit then takes the square 

root of the summed output and feeds the base of a medium power 

transistor (BFY51) which controls the power dissipated in a 

100s1 manganin heater wound around the top electrode assembly 

of the cell. 

By using a controller incorporating an integrator we 

have ensured a fast response to variations in the load dependent, 

input "offset" from the thermocouple. 	Another feature of 

note in this controller is the use of the square-rooting circuit; 

it allows the power delivered to the heater to be proportional 

to the output of the summing amplifier and therefore the loop 

gain of the servo is kept independent of power level in the 

heater. 

The performance achieved by this temperature controller 

has been found to be satisfactory. 	Its long term (- 5 minutes) 
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stability is such that the temperature of the cell can be 

determined to within the calibration accuracy of the Ge 

thermometer. 	Indeed, the fluctuations in the thermocouple 

voltage at a data point have been found to be within Tu  pV 

which is comparable with the internally generated noise of the 

Ancom amplifier. 

To control and measure temperatures below 4.2°K the 

He
4 
bath temperature is reduced by pumping on it and is elec- 

tronically stabilised. 	In this way the reference junction of 

the temperature controller and the cell are taken below 4.2°K 

and then the servo is operated in the normal fashion to raise- 

. the temperature of the cell. 	The stability of the bath tem- 

perature is established by using another control circuit whose 

description will be presented in the next section. 

(d) Liquid Helium Thermostat  

• The sensor for this regulator is a 42 Ohm Allen-Bradley 

carbon resistor, R.A fixed voltage of 1.03 volts is developed 

across it and changes in its resistence with varying tem- 

perature cause the current through it to alter. 	This current 

is also made to pass through a reference resistor, Rx, and 

voltage across it is sensed by a differential input amplifier. 

The output of the differential amplifier is summed with 

the inverse of the voltage appearing across R. 	Therefore the 

input to the summing amplifier is proportional to (Rx-R)/R  and 

so the loop gain of the servo is kept constant despite the 

wide variation in the value of R over the temperature range 
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1.5 to 4.2°K. 	The gain of the summing amplifier can be 

selected to give maximum output for 1, 3, 10, ... etc. percent 

change in R. 	The output from this amplifier is used to drive 

a current of up to 100 mA through a 70 0 manganin wire coil, 

which is placed in close proximity to R. 

The operating procedure for this regulator is straight- 

forward. 	The liquid helium bath is pumped until the required 

temperature (- 2.3°K) is reached. 	Next a value of R
X' 

smaller 

than R at 2.3, and the summing amplifier gain are selected. 

The regulator power is then channeled through the heater coil.. 

Pumping speed of the helium bath pump is adjusted until at 

least half the maximum available power is delivered into the 

coil. 
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CHAPTER V 

SAMPLE PREPARATION  

I. INTRODUCTION  

The need for large specimens, 1 inch long by 	inch 

diameter, dictated the process used in their making. 	The 

procedures used are sufficiently non standard to merit dis- 

cussion in some detail. 	It is possible to sub-divide sample 

preparation into three stages. 	The first one involves 

metallurgy, where we convert accurately weighed out portions 

of the alloy components into a cylinder by melting. 	Next 

the rough cylinder is machined on a precision lathe (resolution 

of cut - 0.0005") to very nearly the final dimensions. 	We 

in fact leave the cylinder sufficiently oversize so that the 

final stage of polishing removes the extra length. 	Polishing 

of soft metals (..< 3 on MOH hardness scale) is an involved 

process and requires a great deal of care and the use of the 

right materials, otherwise the resulting finished product is 

not satisfactory. 	We shall set out below a detailed description 

of our technique which yielded samples adequately finished 

for our purpose. 

II. METALLURGY 

In the preparation of our alloys we used: 99.999% pure 

copper supplied by the American smelting and refining company; 

specpure silver and 99.99% palladium supplied by Johnson Matthey 
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chemicals limited; 99.995+ % pure manganese obtained from 

Koch-light laboratories limited. 	Before weighing out the 

metals for a particular alloy the "as received" material was 

chemically cleaned. 	Silver was allowed to soak for half an 

hour in a solution made from equal parts mixture of solutions 

A and B where A consists of one part 0.88% Ammonia and three 

parts water, and B is 20 vols H202. 	For copper we used a 

10-25% solution of aqueous Nitric acid with water and palladium 

was cleared in 'aqua regia' (75% Hydrochloric acid with 25% 

Nitric acid). 	After the chemical treatment each material was 

washed in running hot water then with acetone and finally dried 

with tissue paper. 	Manganese reacts with moisture therefore 

it was dipped for only a few seconds into a weak Nitric acid 

solution, quickly washed with hot water followed by acetone 

and then dried. 

After weighing out the constituents of an alloy, for 

the nominal concentrations shown in table (II), they were melted 

together in an argon arc furnace. 	Both copper and silver was 

bought in rod form and equal parts of Mn were melted into two 

separate pieces of the rods. 	For the first melt the Mn was 

placed below the copper or silver on the hearth to prevent it 

being blown away by the arc. 	The melts were repeated three 

times, each time presenting a different side of the alloy to 

the arc. 	The weight loss after these melts was always found 

to be within the range 0.1 to 0.01%, hence no serious loss took 

place in this preliminary melt. 

We next placed these pieces into a clean (cleaned by 

'aqua regia'), 14 mm diameter quartz tube which was then mounted 
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on a.pumping trolley. 	A wire wound furnace was used to raise 

the temperature of the tube and contents to 400°C to help the 

outgassing of the metals and after approximately three hours 

of pumping the alloy pieces were sealed off under a good 

vacuum (3 x 10
-5 

torr) using a gas torch. 	For both Cu Mn 

and Al Mn the phase diagrams indicate that 1100°C is a suitable 

temperature for completely melting the alloys (Hansen (1958)). 

Therefore the quartz tube, mounted in a harness of nichrome 

wire, was next placed in a vertical furnace set at 1100°C. 

Half an hour was allowed to elapse, during which time the 

glass tube was agitated by gently tugging on the wire. 	The 

tube was then pulled out and slow quenched in a bucket of cold 

water. 	To prevent a hole forming down the middle of the 

sample a certain fraction of the alloy was kept molten by 

keeping it above the water line as shown in fig. (27). 

Mot:ren ALLOY 

  

FIGC27) 
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As the material near to the glass wall solidifies and contracts 

it leaves a central empty core which is filled in by the 

molten alloy above. 

Pieces of alloy cut from the top and bottom of the 

ingot were sent for analysis. 	Results for the 1.25 at % 

Cu Mn alloy from an electron microprobe analysis indicate that 

for this system we were getting reasonably well homogenised 

alloys. 	We, however, found that 12 Mn alloys made in the 

above manner had an ill defined concentration, for instance 

in a 0.5 at % alloy it was found the top portion contained 

1 at % Mn and the lower a negligible amount (< 0.1%). 	From 

the equilibrium phase diagrams (Hansen (1958)) it is clear 

that up to 10% of Mn into Cu or Ag will form solid solutions 

and there is no clue as to why the segregation of Mn in 12 Mn 

took place. 	One can only hazard a guess, bolstered by the 

fact that the top was always found to be Mn rich, that Mn 

being about twice as light as Ag floated up during the molten 

phase. 	Following this line of thought we tried to circumvent 

the problem by inverting the quartz tube before quenching. 

Values given in table (II) of the electron microprobe results 

show the success we achieved by this simple trick. 	As a 

reminder of the problem consider the results for the 5.08 at % 

alloy; they are 6.41 at % and 4.46 at % for the top and bottom 

respectively. 	In the case of this alloy the tube was only 

tilted to the horizontal before quenching and as a result the 

segregation is reduced but not eliminated. 
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Since the melting point of quartz is very near to that 

of Pd Mn (1600°C) we could not use a quartz tube to form the 

Pd Mn ingot. 	In fact the alloy was first melted in small 

parts and then an R.F. furnace was used to fuse it all 

together. 	A water cooled copper boat stopped with alumina 

was used to hold the alloy. 	The alloy material was suspended 

above the boat by exerting a force on it of electromagnetic 

origin (D. Hukin, private communication (1975)). 

We have described above means by which we produced 

ingots of alloys and of pure Ag, Cu and Pd. 	The next two 

processes to be described convert these rough pieces of 

metal into samples ready for measurement: 

TABLE II: Manganese content of the alloys studied is given in 

atomic percent. 	Where applicable results of electron-microprobe 

analysis are given. 

Nominal Concentration 

at % 

Cu Mn 

0.54 

1.25 

2.13 

4.74 

7.59 

A2 Mn 
1.02 

2.90 

5.08 

6.57 

Pd Mn 

2.8 

f top of specimen 	1  
`bottom of specimen' 

1.31 
{ 1.20 1  1.26 

{ 1 .09}  

	

1.01 	
1.05 

2.91 

	

{2.871 	2.89 

	

{4.46
6.41

} 
	5.44 

	

{6.41
6
'
61

} 	6.51 

Electron Microprobe Analysis 

at % 	Average at % 
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III. MACHINING OF SAMPLES  

At the end of the quenching we were left with a cylin-

drical specimen of 14 mm diameter and about 3.6 cms in length. 

Sections from both ends were sawn off using a Cu Be bladed 

saw and were used in the electron-microprobe analysis as dis- 

cussed in an earlier section. 	Next this rough cylinder was 

turned on a lathe to produce a sample ready for polishing. 

Machining on the lathe had to be very accurate because 

we had to ensure that the ends of the cylinder were parallel 

to each other and the length of the turned specimen had to be 

left about 0.001" larger than the desired final value. 	Also 

owing to the softness of the alloys we machined, extra care 

had- to be taken about the speed of rotation, the depth of cut, 

the cutting tools and the rate of the longitudinal and cross 

feeds. 

High speed lathe tools made from tool-steel were used. 

The cutting edge was honed and the tool made round nosed while 

the front and side rake angles were ground to be of the order 

30°  and the clearance angles - 10°. 	As a result a continuous 

piece of swarf was removed from the work leaving a good surface 

finish. 	The depth of cut at the rough machining stage was 

0.015", which was reduced to •c 0.005" at the final stages. 

The speed of rotation of the job was adjusted to be 540 revo-

lutions per minute, in accordance with the, recommended cutting 

speed for copper, and the longitudinal feed 0.002" per revolution 

and the cross-feed was 0.0007" per revolution. 
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With the tools and settings mentioned earlier one end 

of the cylinder, held in a three-jaw chuck, was turned to 

0.5" diameter. 	Then using a 0.5" collet for holding the 

sample the other end of the cylinder was reduced to 0.5" 

diameter. 	The top-end, as defined by the quenching process, 

was then faced off and a chamfer 0.020" wide put on its circum- 

ference. 	Next a combination centre-drill and counter sink, 

mounted using a drill chuCk on the lathe tailstock, was used 

to drill and countersink a starting hole in the centre of the 

top end. 	A iu deep hole was then drilled out using a number 

43 drill. 	We have used a 43 rather than 44 drill to make 

the tapping hole for a 6BA thread because less material is 

left to be removed by the taps hence preventing any snagging 

of the taps in the work. 	A taper tap was used to start the 

thread and a second tap to finish, approximately seven to 

eight full depth threads were made. 	We then polished the 

hole bearing end of the sample on a cloth lap with 6 p diamond 

abrasive and so removed any traces of the lathe finish from 

this end. 

The next stage of machining, perhaps the most critical, 

involved reducing the length of the sample accurately down 

to 0.949" with a tolerance of 0.0005". 	Throughout this phase 

a check on the length had to be kept, in fact after each facing 

cut a length measurement was made. 	As shown in fig. (28) we 

used a specially made 0.5" collet to hold the specimen and a 

dial gauge, mounted on the fixed lathe carriage by means of a 

magnetic chuck, was used to measure the difference in length 
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between the gauge block and the sample. 	The final cut was 

made on the sample to make L = 0.122 (see fig. (28) for 

definition of L) and the machining was finished off by chamfer- 

ing the edge. 	A suitable lubricant (machine cutting oil) 

was used in all the lathework. 

This completed the lathework part of the preparation 

but before proceeding to the final polishing stage it was 

necessary to remove the internal stresses induced by quenching 

and machining. 	The process we have used for all the samples 

was to heat up the specimen in an alumina crucible placed 

inside a furnace. 	The sample was kept at about 250°C for 

about half an hour and then allowed to cool down over two 

hours. 

IV. POLISHING OF SAMPLES 

At the very outset all traces of lathe tool scratches 

were removed from both ends of the sample by polishing on a 

cloth lap using 6 p diamond abrasive. 	The ends were made 

sufficiently bright, almost mirror like, so that a Fizeau 

interferometer (Appendix C) could be used to align the sample 

end face parallel to the plane of the polishing plate. 	The 

cylinder of the dilatometer is 0.9506" long and therefore to 

get a gap of 0.002" to .003" long we had to polish and remove 

approximately 0.001" from our 0.949" long sample. 	To, carry 

out this process we have used a PM2 polishing machine plus 

accessories, wax polishing plates and a PP5 adjustable polishing 

jig as supplied by Logitech Ltd. of Scotland. 	Optical flats 
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and lenses supplied by Ealing Optical Ltd. of London have 

been used in the alignment of the specimen with the polishing 

plates and in the construction of the interferometers. 

Below we shall describe in detail various stages of the 

polishing and relegate to appendix C the description of the 

interferometers. 

(a) Stage I  

It has been our normal practice to polish the thread 

bearing end of the specimen first. 	The first step was to 

mount the specimen into a specially constructed brass jig 

(fig. (29)) using a molten mixture (75:25) of pale resin and 

beeswax. 	A glass block and metal washers were used as 

spacers so that only in of the sample protrudes from the jig. 

Every effort was made to ensure that the plane of the surface 

of specimen (AB) was parallel to the plane of the three feet 

of the jig (CD). 	This helped in alignment later because the 

angular adjustment allowed for in the Logitech polishing jig 

is very small (- 2°). 

The brass jig with the sample was bolted onto the PP5 

and then an optical flat was placed in intimate contact with 

the drive ring surface (see fig. (30)). 	The whole assembly 

was next placed in the Fizeau interferometer and fringes due 

to reflections from surfaces AB and EF sought. 	A useful 

thing to do at this point was to seek out point images of the 

refle.ctions from AB and EF by placing the eye well away from 

the focal plane of the collimating lens. 
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The mounting plate angle on the PP5 was then adjusted 

until the point images coincided. 	The fringe system was then 

easily observed by the eye placed at the focal plane of the 

collimating lens. 	Circular fringes were observed due to the 

rounded finish of the specimen (polishing on a cloth lap gives 

a rounded finish) and the sag in the optical flat. 	The 

mounting plate angle was finely adjusted till the fringe 

system was symmetric about the hole in the sample. 

Before polishing of the sample could start we had to 

select the speed of rotation of the lapping plate, the arc 

length of the sweep of sample on the polishing plate and 

finally adjust the lubricant and abrasive conditions. 	Failure 

to optimise these parameters leads to most unsatisfactory 

results and every care should be taken to work methodically. 

For these soft alloys 60 rpm was found to be the ideal rate 

of rotation for the polishing plate; an even finer finish 

could be obtained by lowering the rate but the polishing time 

rapidly becomes excessively long. 	The fixture drive arm 

(see fig. (31)) was adjusted so that the sample swept out an 

arc not greater than 3 cms long on one side of the centre of 

the polishing plate. 	The wax plate was next covered uniformly 

with lubricant (DF402S supplied by Logitech Ltd.) by blowing 

it through a perfume atomizer and then the polishing jig, with 

the sample raised above plate level, was placed on it. 	The 

polishing machine (PM2) was then run for a few seconds and the 

rate of feed of lubricant from a drip feed was adjusted 

(20-30 drops per min) until the jig rotated smoothly on the 
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wax plate. 	The PP5 was then removed and approximately 
1
/10' 

to 2/10 carats of diamond powder of appropriate u size was 

dispersed onto working area of the plate using a camel hair 

brush, making sure that the diamond did not form clusters. 

The machine was run, for about a minute, with the polishing 

jig on, in order to settle the diamond into the wax. 	By 

undoing the collar nut on the PP5 the sample was lowered onto 
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the wax plate. 	Since our samples were made from soft materials 

and we required a good surface finish, a low work pressure 

(50-100 grm/cm
2
) on the sample was found to be suitable; 	in 

practice this meant rotating the collar nut on the PP5 through 

about one full turn after the specimen first reached the wax 

plate. 	Polishing of the sample is started by switching on 

the PM2. 	The surface of the specimen was examined periodically 

underneath a X600 microscope and an assessment of the finish 

made. 	If necessary the plate was replenished with abrasive 

and polishing continued. 	This initial stage lasted for about 

two hours of polishing time and the abrasive used during it 	_ 

is 23 p diamond powder. 	The observation that the whole of 

the surface of specimen was being polished and that no major 

scratches from the machining stage were left heralded the end 

of this polishing phase. 

The working area of the polishing jig and sample were 

wiped clean and then subjected to an ultrasonic cleaning 

process for about half an hour. 	The medium used in the 

ultrasonic tank was water because chemicals tend to attack 

the resin and beeswax cement. 	After cleaning and drying the 

wax plate it was replaced by one impregnated with a finer 

abrasive size (6 p). 	The lubrication conditions were es- 

tablished as before and polishing was started. 	When it 

became obvious that scratches from the previous stage of 

polishing had disappeared we moved onto the next grade of finer 

abrasive (1.5 v). 	The ritual of cleaning plates, the jig and 

the drive arm had to be repeated at each change of lapping plate. 
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Another aspect we should mention was that we have stepped 

down by a factor of four in abrasive size in changing plates 

and it might be prudent as well as time saving to reduce 

this factor to two. 

Polishing normally lasted for approximately half an 

hour each on the finer abrasive plates. 	At the end of the 

1.5 p grade polish the brass jig was removed and then submerged 

in a bath of toluene. 	The temperature of this bath was raised 

to 30°C enabling the beeswax plus pale resin cement to dissolve 

in ten minutes. 	The sample was then cleaned in an alcohol 

ultrasonic bath and dried using selvyt cloth and camel hair 

brushes to wipe the polished surface. 

(b) Stage II  

In stage II the other end of the sample was polished 

using the procedure above but there was an additional compli- 

cation in aligning the specimen this time. 	It is an experi- 

mental necessity that the lower and upper surfaces of the 

specimen be parallel to each other. 	We had to devise a 

technique, described below, which at least ensured that the 

angle the planes containing the two surfaces made with each 

other was less than twenty seconds of an arc (to keep the tilt 

correction of the dilatometer capacitance < .0.1% see appendix 

E). 

What was essentially required was that planes AB and EF 

(refex to previous section) be maintained parallel whilst the 

second surface of the sample was polished. 	Since all our 

samples were opaque we attached a silvered optical flat 
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(flat to X/20)  to AB (fig. (32)). 	Contact between AB and 

top of the optical flat was achieved by first claning them 

with a selvyt cloth and then sliding a lens cleaning tissue 

between them. 	If necessary the two surfaces were pressure 

contacted, any slight damage suffered by AB was of little 

consequence. 	The fact that there was good contact was checked 

by the white light interferometer (appendix C) and usually 

a single fringe covered the whole contact area. 	The sample 

was then attached to the flat by using some molten wax cement 

taking care that the contraction of the cement on solidification 

did not upset the contact. 	The brass jig was also cemented 

on and, as shown in fig. (32), a Mylar spacer was used to 

provide cle'arance between the flat and the mounting plate. 

The planes GH and EF were made parallel to each other 

by using the Fizeau interferometer. 	The fringes were again 

circular (due to the sag of the upper optical flat) and one 

adjusted the mounting plate to make them as symmetric as 

possible about the specimen. 	Polishing of the second face 

proceeded in exactly the same way as before. 	We have on 

occasions used a lap impregnated with 0.5 p size diamond 

abrasive for the final polish. 	This completed the processing 

and we ended up with a specimen ready for the dilatometer. 

Inevitably some damage must be suffered by the wax plates 

either by accident or by accumulation of debris during the 

above mentioned polishing operations. 	We have therefore 

• described in appendix D the necessary steps taken to maintain 

the laps and also to make new ones if the damage is beyond repair. 
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CHAPTER VI  

EXPERIMENTAL TECHNIQUE AND THE ANALYSIS OF DATA 

I. 	INTRODUCTION  

In this final chapter we shall endeavour to specify 

the manner in which the experimental results were obtained 

using the apparatus described earlier (Ch. IV). 	The con- 

version of raw data to the coefficient of thermal expansion 

as a function of temperature will also be discussed. 	Some 

computing was necessary in order to generate tables for the 
Mb 

data analysis and the details of the program used are presented 

in appendix (E). 

The behaviour of the coefficient of thermal expansion, 

associated with the presence of Mn impurities in the alloys 

measured in this work, as a function of temperature is similar 

to that of the excess specific heat as measured by Zimmerman 

and Hoare (1960) for Cu Mn alloys, Du Chatenier (1964) for Ag Mn 

alloys and Boerstoel (1970) for Pd Mn. 	We have limited the 

discussion of our results by assuming that a proportionality 

between the expansion and specific heat exists. 	The Gri!ineisen 

constant for each alloy system has been determined. 	The 

numerical value of this constant has an important bearing on 

the volume dependence of the interaction energy between Mn ions. 

There is some evidence in Cu Mn alloys that at Mn concentrations 

> 4 at %, long lived spin excitations are present. 
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II. EXPERIMENTAL TECHNIQUE 

Above all else the integrity of the apparatus has to 

be maintained whilst data is obtained from it. 	This meant, 

in our case, that the cryostat was thermally cycled at a rate 

which did not harm the calibration of the Ge thermometer or 

put undue differential stresses on the expansion cell. 	Also 

during an experimental run the temperature of the cell was 

again altered at a rate which prevented large thermal gradients 

being set up. 	These and other precautions taken will be 

discussed in the following paragraphs. 

After the sample is mounted and the inner vacuum can 

bolted 	on, the thermometer and temperature regulator cir- 

cuitry is checked for continuity. 	Next the second vacuum 

can is bolted on and the cryostat is put inside a set of glass 

dewars. 	The vacuum cans and the liquid helium dewar are 

flushed out with dry N2  gas and then evacuated to a pressure 

of approximately 10-2  torr. 	Then liquid N2  is poured into 

the space between the helium dewar and the nitrogen dewar 

and the crystat is left to cool down overnight. 	An automatic 

liquid N2  topping up apparatus is used to keep the liquid N2  

level from falling overnight. 

The cell normally reaches approximately a 100°K after 

the overnight cool down. 	Dry helium gas is introduced into 

the vacuum cans surrounding the cell so that their pressure is 

brought up to 0.1 mm of Hg and the helium dewar vacuum space 

is also softened using N2  gas. 	This allows the cell to cool 
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down to 77°K. 	The helium dewar vacuum is then hardened to 

< 10
-3 

mm of Hg and cold helium gas is introduced into it 

via the transfer syphon at a very small over pressure. 	An 

hour later the cryostat usually reaches 4.2°K and then 

approximately three litres of liquid helium is transferred. 

The vacuum between the inner and outer can is hardened 

to < 10
-3 

mm of Hg and the inner can evacuated to between 

3-2 x 10
-2 

mm of Hg. 	In the case of the inner can we believe 

that the mean free path of helium gas is comparable with the 

radius of the pumping line (2.38 mm). 	Therefore the pressure 

read at the Pirani gauge, used for reading the inner can 

pressure, is at least three times larger than the pressure in 

the can (see Roberts and Sydoriak (1956)). 	With the above 

room temperature pressure of 3-2 x 10
-2 

mm of Hg the cell was 

arranged to be in a vacuum of 10-2  mm of Hg and hence changes 

in the dielectric constant of helium gas as a function of 

temperature (White (1961b)) can be neglected. 	Secondly, a 

pressure of 10-2  mm of Hg allows different parts of the cell 

to be in good contact with each other but is sufficiently low 

to keep the heat input to the cell low. 

With all the vacua established at the pressure values 

mentioned above, the transformer ratio arm bridge is balanced 

and the quadrature and in phase balances decoupled. 	It has 

become normal practice to check if the reference gap length 

changes on thermal cycling the cell between 4.2 and 30°K. 

- This check is initiated by switching in the temperature regulator 
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and gradually heating the cell to 30°K. 	The cell is then 

allowed to cool down to 4.2K and the voltage from the inductive 

divider read. 	We have found that after about four to six 

such cycles the bridge reading at 4.2K does not change by 

more than 1 in 105  following a run lasting 8 hours (i.e. 

typically a change of 20 R units over that period). 

We regard the cell. and the sample as then having reached 

a mechanically stable contact with each other and proceed to 

take down data. 	The temperature regulator is kept switched 

on even for the 4.2°K point to make sure that all data is 

taken under the same experimental conditions. 	The decouplin 

of inphase and quadrature bridge balance is checked and a 

note of voltage across Cx  (Cx  is expansion cell capacitance) 

and the temperature made. 	The temperature of the cell is 

incremented in steps of 50mk until its temperature is raised 

byi°K. 	The new voltage and temperature are noted and the 

next i0K step is then generated. 	At temperatures above 12°K 

the interval is increased to 1°K and above 20°K to 2°K. 	Any 

strong deviations in the data from the overall trend are noted 

and the data retaken at and around that particular temperature. 

At least one further run on any specimen has always been found 

necessary in order to take more low and high temperature data 

points and to check some intermediate points. 	The second run 

normally took place on the following day and the temperatures 

on the second run were so chosen as to fall in between those 

on the previous run. 	A general point has emerged in following 
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the above experimental procedure and this is that if tem-

perature steps are reduced to < i°K the scatter in the data 

becomes unreasonable (due to our temperature resolution) and 

so the majority of the data we have measured is for temperature 

intervals ?. i°K. 

III. ANALYSIS OF RAW DATA  

The apparatus yields a set of voltage readings, taken 

from the seven decade inductive voltage divider, as a function 

of temperature. 	The topic under discussion, in this section, 

is the conversion of these voltage readings into a set of 

length changes. 	The basis of our analysis.is that the 

capacitance formed by the expansion cell is calculable and 

takes the form (see White (1961b)) 

02.  { 	+ W ( I 4-  id/ir 	 (vi .1)
ti'3 ÷ 0.2.2.u.ve / 

Equation (VI.1) represents the capacity of the cell plus the 

corrections due to the guard ring. 	We have found that 

corrections due to non parallelism between electrode surfaces 

are at least a factor of 10 smaller than the guard ring 

corrections and hence have neglected them (see appendix (E)). 

For the case w = 	r = 1.00379/2 cms (at 4.2°K) and w = .00592 

cms equation (VI.1) reduces to 

C= 	V' 2- X 1.0097 	pF 	 (VI.2) 

s3.L 
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Contributions to the gap length i and hence changes in length 

of sample as a function of temperature have been evaluated 

by relating changes in C to increments in bridge voltage 

(see appendix (E)). 	Length changes directly attributable 

to the presence of Mn impurities in the alloys have been con-

verted to an effective coefficient of thermal expansion, 

a(Mn). 

IV. DISCUSSION OF RESULTS  

(a) Introduction 

We have reached the stage where it becomes necessary 

to present the results and to make an attempt at understanding 

them. 	The cornerstone of our discussion will be the assumption 

that the behaviour of the host crystal lattice is not radically 

changed by the addition of Mn impurities and that the Grnneisen 

rule can be generalized to relate the magnetic energy contri- 

butions to the specific-heat and thermal expansion. 	This 

appears to be a reasonably well supported assumption because 

the magnetic energy contribution to expansion and specific-

heat display remarkably similar temperature dependence. 

As discussed in Chapter I an understanding of these 

alloys has been developed in terms of an interaction of the 

R.K.K.Y. form. 	Predictions of this model are aimed at 

describing the specific-heat; we shall show if any of these 

predictions apply to the expansion contribution. 	Values of 
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the magnetic Grheisen parameter, ym, for the alloys have been 

obtained from the data and found to be much larger than the 

electronic GrUneisen parameter (0.7). 

(b) Cu Mn: Thermal Expansion Results 

We have plotted the - excess coefficient of linear ex-

pansion, .(Mn), divided by temperature as a function of 

temperature (figures 33, 34, 35). 	Our data for the 0.54 at % 

alloy is in good agreement with that of a 0.56 at % alloy as 

measured by White (1962). 	It is evident from the graphs 

that as the concentration is increased above 2 at % that the 

anomaly seen in these alloys broadens. 	We believe that in 

the high concentration range, due to the increased probability 

of there being more nearest neighbour Mn atoms, the spin-glass 

character of the alloys is modified by the formation of 

"clusters". 	(See below for further discussion.) 

(b.1) 	0.54 at %, 1.26 at % and 2.13 at % Cu Mn alloys 

These alloys are sufficiently dilute in Mn concentration 

so that the contribution of the impurities to the coefficient 

of expansion is assumed to be dependent upon a long range 

interaction of the R.K.K.Y. form. 	The appearance of an 

anomaly in these alloys is associated with the fact that as 

the temperature is lowered the number of spins in small effective 

fields is reduced due to the R.K.K.Y. interaction consequently 

reducing number of spins contributing to the entropy and at 

• high temperatures all possible spin configurations are occupied 
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hence no further increase in the magnetic entropy is possible. 

Theoretical predictions concerning the excess specific 

heat, Cm, in the dilute limit (Klein (1968)) require it to be 

concentration independent and linearly dependent on temperature 

as T 	0. 	A rounded maximum at a temperature proportional 

to the concentration and the value of Cm/T at the maximum to 

be independent of concentration were also features of that 

theory. 	We have plotted Cm/T  in fig. (36) (see also fig. 

(10) Chapter II) and as can be seen a rounded maximum is 

observed but there is no confirmation of any of the other 

predictions. 	Marshall (1960) has also attempted an explanation 

and he came up with an additional feature i.e. the high 

temperature tail of AC should go down as 1 / T2. 	Specific- 

heat data does not extend to high enough temperature for a 

check to be made of this expectation. 

These theoretical conjectures should also apply to the 

thermal expansion results shown in fig. (33), subject, of 

course, to the assumption of a substantially temperature 

independent Grlineisen parameter. 	A rounded maximum in a(Mn)/
T 

and a behaviour similar to that of specific-heat as T 	0 is 

observed. 	The temperatures at which maxima in the expansion 

occur correspond to those of the specific-heat maxima. 	At 

1 high temperatures there is no simple 72  dependence and as the 

concentration goes above 2% the character of the anomaly 

changes radically and it becomes very broad. 	There are at 

least two possible explanations for this. 	It is possible 

that the change in "lattice" expansion upon alloying (Waldorf 
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(1960)) is not adequately allowed for in the procedure adopted 

in deducing the expansion attributable for the impurities. 

It is.  also possible that the broadening of the anomaly with 

increasing impurity concentration is due to the increase of 

clustering whereby, owing to the statistical fluctuations and 

increasing number of n.n. 	Mn atoms, the measured anomaly 

is the sum of a 'spread' of anomalous contributions. 	We 

tend to prefer the latter view as a more likely reason for 

the observed broadening because even for a 10% change in the 

lattice contribution the shape of the anomaly would not alter 

by very much. 

From chapter III we know that one can write the magnetic 

GrOneisen p'arameter as ym  = - altn Em/aknV where Em is the 

interaction energy of the magnetic system. 	A measure of ym  

from the experimental data (provided strict proportionality 

between expansion and specific-heat is observed) gives the 

volume dependence of Em. 	In table (III) we have listed ym  

values for the 0.54% and 1.26% Cu Mn alloys, also tabulated 

are the values for the bulk modulus, the molar volume at 0°K 

and the specific heat used in evaluating ym. 	The uncertainty 

in the calculated ym  values is of the order ± 0.2 due to 

differences in concentration and the error involved in 

obtaining Cm values from the graphical data of Zimmerman & 

Hoare (1960). 	Our value of ym  for the 0.54% alloy is in 

good agreement with that (3 ± 0.2) obtained by White (1962) 

• for a 0.56% alloy. 	There is little evidence for a variation 
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Table 	III ym  for Cu Mn alloys 

10 °K  Cu Mn 	T 	4 6 8 

0.54% 	Ym 	2.9 3.0 2.8 2.7 

0.56% 	
CmIT(mJ/ 	5.34  

5.49 5.12 4.23 

• mole 	deg 	K2) 

Cu Mn 	T 	• 	4 ' 6 7 8 9 °K 

1.26% 	Ym 	2.9 3.0 3.1 3.1 3.0 2.9 

1.16% 	Cm/T  

mJ 	
5.5 5.68 5.81 6.06 6.29 6.29 

"mole deg K2 ) 

Bulk modulus = 1.4203 x 10
12 

dynes/cm
2 

Molar volume (0°K) = 7.03 (cm)3  

in ym  with temperature and its value does not appear to change 

upon increasing the concentration of Mn from 0.5% to 1.26%. 

. 	We have remarked earlier that the magnetic properties 

of such alloys have been interpreted in terms of the R.K.K.Y. 

interaction. 	Since the interaction energy depends on the 

value of ym  it should be possible to check the consistency 

of the R.K.K.Y. model with our measured value of ym. 	In its 

simplest form the interaction energy is written as 

E-ry, = 	A Co.5(aleA ) Si S - 

	

—61 
	(VI .3) 

where A depends on the Fermi-energy. 



- 126 - 

There are two forms A can take, one due to the direct exchange 

between conduction electrons and the impurity, the other due 

to double resonance scattering. 	In the direct exchange 
Z2  J2  

case A = 9x 
 EE* 

 kd 
 3 where Z is the excess charge of the 

 F 
impurity compared with the host. 	Whereas for the double 

25r  _ 1 14 2v)o where no  is the resonance scattering case A 
= Er F 

phase shift suffered by a conduction electron upon scattering. 
1 /3  

By assuming a spherical model for our alloys i.e. rid = sib . V 

we can find out the explicit dependence of (VI.3)on the volume. 

Since the GrUneisen parameter, ym, gives the value of 	
atn Em  
atn ' 

we can compare the measured dependence with the currently 

accepted theoretical model. 

For the free electron model the Fermi energy, EF, has 

the following volume dependence EF  . 
1
/v

2 / 3 and so for the 

direct exchange case 

E, cc V "3 
	

(VI.4) 

and the double resonance case 

Ern cc 1/v 2/- 
	

(VI .5) 

From table (III), however, our measurements indicate 

(VI.6) 

In an earlier paragraph we have stated that ym 
 = - atn Em 

2 therefore equation (VI.4) gives a negative ym  value (- /3). 
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This result has been invalidated because a negative 
1m 
 would 

result in negative thermal expansion whereas experimentally 

we find the impurity contribution to the expansion to be 

positive. 	Alth6ugh equation (VI.5) leads to a positive 

1m 
value (

2
/
3
) and therefore a positive thermal expansion, 

its value is equal to the expected magnitude for ye, the 

free electron Grbneisen parameter. 	There is little doubt 

that the measured 
1m 

 (equation (VI.6)) is incompatible with 

calculated values for it would take an error of the order 70% 

in the measured value for there to be agreement. 

In fig. (37) we have plotted the temperature at which 

the anomaly occurs against the concentration of the alloy. 

It is apparent that the theoretically expected behaviour 

of this temperature being proportional to the concentration 

is not observed (T(max).= c0'7 ). 	Cannella and Mydosh (1973a) 

have published a similar plot for the peaks observed in the 

A.C. susceptibility. 	There seems to be good agreement 

between the two sets of data and we therefore believe that 

the sharp peaks observed in the A.C. susceptibility must be 

associated with the bulk behaviour of the sample. 	It thus 

seems that any adequate model developed to explain the 

properties of spin-glass alloys is now required to predict 

anomalous a.c. susceptibility and thermal expansion behaviour 

at the same temperature. 

Measurement of the thermal expansion has also proved 

to be a good way of checking the scaling hypothesis concerning 
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these alloys. 	In fig. (38) excess expansion divided by 

concentration is plotted against T/ c. 	We find, to within 

the experimental accuracy, that the data would scale below 

2°K/at % but above this temperature variations similar to 

those seen in the specific-heat data (fig. (11)) are observed. 

In view of the fact that our GrUneisen parameter value seems 

to invalidate the model on which scaling is based, i.e. the 

R.K.K.Y. interaction, it is surprising that these alloys do 

show some scaling features. 	There is strong evidence for 

a concentration independent linear term in the temperature 

contribution to the coefficient of expansion in all of these 

alloys. 	And this is another feature which any new model of 

these alloys must be able to explain. 

(b.2) 4.74 at % and 7.59 at % Cu Mn alloys 

We measured these alloys with a view to seeing if the 

concentration dependence shown by the specific heat (fig. (10)) 

would be found and also if any contributions due to long lived 

excitations were evident in these alloys. 	As illustrated in 

fig. (34) the low temperature expansion coefficient is lower 

in value as compared with those shown in fig. (33), in agree- 

ment with the specific heat behaviour. 	We believe the change 

in slope below 9°K for the 4.74% alloy and below 12°K for the 

7.59% alloy is due to contributions from long lived excitations. 

Currently there is no theoretical framework available which 

could explain this. 	We have tried to eliminate the possibility 

that the effect seen could have a metallurgical origin. 	Since 

the effect seen in 7.59% alloy was smaller, heat treating it 
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would therefore possibly eliminate it. 	After a 24 hour 

homogenizing heat treatment at 750°C we re-measured the 

alloy and found all the features still present (fig. (35)). 

The only significant change between the two measurements is 

the increase in the value of a(Mn), above 30°K, of the order 

4%. 

Data on these alloys has also been used in figures 

(37 and 38). 	In general comments applicable to the low 

concentration alloys also apply here. 	At low temperatures 

there is a linearly temperature dependent and concentration 

independent term present in the expansion and temperatures 

at which the anomaly occurs in these alloys also scale as 

0.7 
- c 	• 

There are other features present in the temperature 

dependence of the coefficient of expansion of these alloys 

which are not observed for the low concentration range alloys 

probably due to the fact that we did not measure at low enough 

temperatures. 	For the 4.74% alloy we find that a(
T
Mn)  rises 

initially and then becomes almost linear between 10 and 24°K. 

similarly a(Mn)/T rises up to 12°K and is then linear between 

12 and 32°K for the 7.59% alloy. 	The implication of the 

linear dependence of a i-Mn)  on T is that a(Mn) has, in addition 

to the linear term, a concentration dependent term proportional 

to T
2
. 

(c) Ag Mn: 	Thermal Expansion Results 

In view of the fact that the measured ym  in Cu Mn turned 

out to be so large we decided to investigate the possibility 
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this would also be the case for Mn in some other simple 

metal host. 	Ag seemed to be the ideal choice for it has an 

f.c.c. structure with a lattice spacing of 4.086 R and Fermi- 

wavevector 1.19 cm
-1
; 	corresponding values for Cu are 

3.615 	and 1.35 cm-1 . 	From the equilibrium phase diagram 

Hansen (1958) the solid solubility of Mn in Ag is 14 at % at 

room temperature and so there seemed to be no obvious reason 

to expect any difficulties in making specimens suitable for 

the expansion cell. 	Experimentally there was a ready made 

problem present in that the Debye temperature of Cu (343°K) 

is very much higher than that of Ag (226.2°K) and this, at 

low temperatures, the expansion of the silver sample would 

be very much larger than that of the cell, leading to a 

situation where the expansion contribution of Mn impurities, 

at temperatures > 10°K would be .1 10% of the cell and host 

lattice correction. 

(c.1) 	1.05 at % and 2.89 at % A2 Mn alloys 

Several obvious differences from the Cu Mn system 

are immediately apparent as can be seen from fig. (39). 	The 

anomalies are sharper; the values of a(")  at the maximum 

are at least 3 times those of nominally the same concentration 

Cu Mn alloys; anomalies occur at lower temperatures in Ag Mn 

system (see fig. (37)). 	If we consider the specific-heat 

data (fig. (40)) we see that the anomalies are sharper as 

well as larger than the comparable Cu Mn alloys. 	Specific 

heat data is available for the 0.41 at % and 1.01 at % alloys 
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of Ag Mn and it would have been appropriate to measure the 

thermal expansion of these alloys to calculate the GrUneisen 

constant. 	We, however, came up against an unexpected 

problem which cut severely into the time available for this 

project. 	We found that on making a 2  at % 	Mn alloy the 

top end of the sample was Mn rich and the lower end Mn depleted. 

The segregation was found to be so severe that expansion 

results for the z  at % alloy and a 1 at % alloy were found to 

coincide and the anomaly in both alloys seemed to be below 

2°K. 	We subsequently found that this segregation was reduced 

by completely inverting the molten alloy before casting. 

In the end we made expansion measurements on a 1.05 at % 

Ag Mn alloy and in conjunction with Du Chateniers specific heat 

data for the 1.01 at % alloy we calculated the Grineisen constant. 

The resulting ym  and data used for evaluating it are given in TableIl, 

Table IV ym  for Aq yin alloy 

T 	2 
	

3 	4 	5 	6 	7 	8 

Ym 	4.0 	4.1 	4.3 	4.0 	3.8 	3.7 	3.4 

Cm/T 

(mJ/mole 10.762 11.905 12.381 12.571 11.905 10.667 9.095 
deg K2) 

Bulk modulus = 1.087 x 10
12 

dynes/cm
2 

Molar volume (0°K) = 10.15 (cm)3  

The average value of ym  is 3.9 which is considerably larger 

	

than those obtained for Cu Mn alloys. 	The interaction energy 

of Mn in Ag has a dependence on volume given by V-3.9 and 
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therefore interaction between Mn spins in Ag are of much 

shorter range than in Cu Mn. 	A consequence of this would 

be that anomalous behaviour should occur at lower temperatures 

in experimentally determined properties for Ag Mn as compared 

with Cu Mn. 	This does agree with observations such as the 

a.c. susceptibility results of Cannella and Mydosh (1973b) 

and also fig. (37) where we have plotted the temperature at 

which the expansion anomaly occurs against concentration for 

both Cu Mn and Ag Mn alloys. 	The range of interaction has 

an important bearing on the shape and size of the anomaly 

seen in the excess heat-capacity. 	In figures (36) and (40) 

we have plotted Cm/T against temperature and the area under 

the curves represents the entropy of the magnetic system. 

If we compare the 1.01 at % Ag Mn alloy with the 1.16 at % 

Cu Mn alloy we find the value of Cm/T at the maximum of the 

anomaly to be two times larger and as a function of temperature 

Cm/T decreases much faster above the maximum. 	These features 

support our results which indicate that due to the shorter 

range interaction in Ag Mn the impurity spins break free from 

each others influence at a lower temperature than in Cu Mn and 

so the contribution to entropy goes down rapidly as compared 

with Cu Mn. 	Du Chatenier and De Nobel (1966) have shown 

that the spin values for the Ag Mn and Cu Mn systems are very 

nearly the same within their experimental accuracy. 	Therefore 

contributions to the spin disorder entropy are the same for 

the two alloys. 	The difference in size of the anomalies 
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must therefore be associated with the ease with which the 

magnetic state is disordered as the temperature is raised 

and we believe it is a reflection of the fact that inter-

action in Ag Mn is of a shorter range that the entropy 

contribution is piled up near the anomaly whereas in Cu Mn 

it is spread out over a wider temperature range. 

We have plotted a(Mn)/c  vs T/c  in fig. (41) for these 

alloys and we find that the data scales just as well as in 

the Cu Mn system. 	The data for the 1.05 at % 	Mn alloy 

below 4°K was difficult to obtain since we were unable to 

control the Helium bath temperature to better than 10mk and 

the results presented are an average over four runs. 	We 

believe that it is because of this fact that the graphs for 

1.05 and 2.89 at % Ag Mn alloys do not coincide in fig. (41) 

at low temperatures. 	Again in agreement with the Cu Mn 

alloys the temperature at which the anomaly occurs goes up 

as - c2/3  (see fig. (37)) rather than the expected theoretical 

dependence of - c (see Klein (1968)). 

(c.2) 5.44 at % and 6.51 at % 	Mn alloys 

These alloys were measured to investigate the possibility 

that the features observed in 4.74 and 7.59 at % Cu Mn alloys 

might also be observable in these alloys. 	Though the 5.44 

at % Ag Mn alloy has a large concentration gradient (concen-

tration varies from 4.46 at % to 6.41 at % going from one 

end of the sample to the other) the anomaly seen (fig. 42) 

is comparable in its definition with the lower concentration 
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alloys. 	Above the maximum the decrease with temperature is 

faster than corresponding Cu Mn alloys. 	The 6.51 at % 

alloy has a much better defined concentration and the results 

are shown in fig. (39). 	The curve of a(Mn)/T  for the 6.51 

at % Ag Mn alloy falls below those of the more dilute alloys 

at temperatures < 10°K in agreement with the behaviour of 

the high concentration Cu Mn alloys. 	There is also present 

a term proportional to T
2 

with the coefficient decreasing 

with increasing concentration. 	It perhaps requires a measure- 

ment on a 10 or 12 at % Ag Mn alloy to clarify the situation 

but that concentration would be too close to the solubility 

limit. 

(d) 	Pd Mn:Thermal Expansion Results 

The host metal in this case has an f.c.c. structure, 

as have Ag or Cu, but the electronic structure is very 

different. 	It is known that in Pd (Mott (1964)) the density 

of states at the Fermi level is very large because the d-band 

is so narrow compared with the s-p conduction band. 	In 

conjunction with the repulsion between up and down spin 

itinerant electrons this narrow d-band leads to the enhancement 

of Pauli spin susceptibility of the Pd. 	If a magnetic 

impurity in Pd causes the repulsive interaction to increase 

in the vicinity of the impurity then this local moment induces 

a large polarization of spin on the nearest Pd atoms; 	that 

is a net transfer of electrons from the dcwn-spin to the up spin 

states at these Pd atoms takes place. 	In elemental Mn the 



- 141 - 

magnetic moment per atom is in the range 2 to 22 Bohr magnetons 

whereas for Mn alloyed in Pd it has been measured to be 7.5 

pB  per Mn atom (Star et al. (1972)) and this clearly supports 

the view that giant moments have been induced at the Pd 

sites by the magnetic impurities. 	At low enough concen- 

trations of Mn (c < 2 at %) it is probable that interaction 

between impurities is via the overlap of these giant spin 

polarization clouds so any ordering of Mn spin directions 

would be ferromagnetic. 	Boerstoel (1970) has reported specific 

heat data on two alloys of Pd containing 1.35 at % and 2.45 at % 

Mn, showing sharp peaks at 40K and 6°K respectively for the 

two alloys. 	On the basis of these results and those of 

Rault & Burger (1969) it is claimed that these alloys are 

ferromagnetic (see Coles et al. (1975)) and the interactions 

between the magnetic carriers uniform. 

We became interested in Pd Mn because of the possibility 

that, if a sufficient number of Mn are alloyed into Pd for 

there to be a large number of Mn-Mn nearest neighbour pairs 

in the alloy, there would be competition between ferromagnetic 

interaction due to the Pd clouds and antiferromagnetic inter-

action due to the nearest neighbour Mn atoms (Moriya (1967)). 

Fe Ni alloys with Ni content of about 35 at % are similar in 

many respects to the Pd Mn system; they have an f.c.c. 

structure and as the Ni content is decreased from about 40 at % 

to 35 at % the magnetic moment per atom is reduced from 1.8 pB  

to 1.2 pB  (Mott (1964)). 	The reduction in moment per atom 
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is associated with the increase in Fe-Fe pairs which align 

antiferromagnetically in an f.c.c. structure, while the 

Fe-Ni and Ni-Ni pairs are considered to interact ferromag- 

netically. 	The measured magnetic thermal expansion of such 

alloys (White (1965)) is negative from the Curie temperature 

(600°K) down to 4°K. 	We wondered if a similar expansion 

behaviour would be observed in the related Pd Mn system and 

made measurements on a 2.8% Pd Mn alloy. 	The reason for 

choosing the concentration to be 2.8% was simply that for 

such an alloy there is a large probability (- 30%) that a 

Mn atom would have another Mn atom as a nearest neighbour. 

(d.1) 	2.8 at % Pd Mn alloy 

The magnetic contribution to the expansion for this 

alloy divided by temperature as a function of temperature 

is plotted in fig. (43). 	The first and foremost feature 

to be noted is that this excess expansion is a positive 

quantity; secondly, a maximum in a(Mn)/T is present at 7°K. 

If the expansion had been negative then the results on Cu Mn 

and Ag Mn would have been difficult to interpret because we 

have established for those systems that the interaction 

energy decreases upon increasing volume whereas a negative 

expansion would require the opposite for Mn in Pd. 	That 	the 

maximum in a(Mn)/ T  should occur at 7°K is perhaps not too 

surprising since Zweers (1976) saw a peak at 714°K in the 

low field susceptibility of Pd 3 at % Mn; furthermore 

Williams & Loram (1969) saw a sharp kink in the resistivity 

of a 2.91 at % alloy at 7.71°K. 
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From the specific-heat data we have calculated the 

excess specific heat divided by temperature and were surprised 

to find that this function does not show a maximum in its 

temperature dependence - at least, according to the results 

of Boerstoel (1970) for a 2.45 at % alloy and Zweers & 

Van den Berg (1975) for 2.7 and 3 at % alloys, although there 

is just the possibility of a maximum for this last alloy 

at 2°K. 	In view of these specific-heat results we could 

view our expansion data as being evidence for the breakdown 

of the GrUneisen rule; that is, the ratio of the thermal 

expansion to the specific heat is not independent of tem- 

perature. 	As a consequence the free energy of the magnetic 

system cannot be represented by a function of the form 
Em  

F
m = Tf(T-). 	We can, however, still define a GrOneisen 

, function y
m(V,T) = 	

V
/ 

-c - 
r  and find out its temperature 

m 	x 1/  

dependence. 

In table (V) we have presented the calculated values 

of ym  using the specific heat data of Zweers & van den Eerq (1975) for 

the 2.7 at % alloy. 	We have assumed that the Bulk modulus is 

not altered by the alloying or, for that matter, becomes 

strongly dependent on temperature. 

Table 	V 

T 4 	5 6 7 8 9 10 12i 15°K 

Cm/T 
(mJ/mole 
oKz 

36.034 	28.276 21.264 17.241 13.879 11.494 9.655 6.345 4.046 

1m  1.4 	2.7 4.7 6.4 7.3 7.9 8.2 9.9 11.4 

Molar volume at T = 0°K = 8.8 cc 

Bulk modulus = 1.954 x 10
12 

dynes/cm
2 
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A pictorial representation of the results is also made in 

fig. (44). 	We find, in addition to the rapid rise from 1.4 

to 11.4 over the temperature range 4 - 15°K, that a marked 

change in behaviour of -I'm  as a function of temperature occurs 

at approximately 72°K in common with resistivity (Williams 

& Loram (1969) and low field susceptibility (Zweers (1976)). 

A similar rise in the yz  for the Ge lattice is interpreted 

(Barron (1970)) using the fact that at low temperatures 

transverse acoustic phonon modes contribute to y whereas at 

high temperatures high frequency modes, dependent on a different 

force constant, also contribute and hence raise the value of 

yz. We assume that an analagous explanation for our magnetic 

system is possible but at the moment we do not even possess 

a model Hamiltonian for the system, let alone the form of 

excitations. 

Recently we have managed to measure a.5 at % Pd Mn 

alloy and found that the anomaly in a(Mn)/T  vs T coincides 

with that in Cm/
T vs T of a 5.5 at % Pd Mn alloy (Zweers &vai cbn Berg 

(1975)) (see fig. (45)). 	ym(V,T):'in this instance varies 

from 6 ± 0.3 at 2.5°K to 5 ± 0.3 at 15°K and therefore is 

taken to be a constant. 	It seems that for this alloy we can 

write the free energy in the form we have used for Cu Mn and 

Ag Mn systems whereas for the 2.8 at % we cannot do this. 

Evidently the 5 at % alloy magnetic system has an excitation 

spectrum which is well behaved in a manner similar to the 

transverse acoustic modes in a lattice at low temperatures 

(< o
0
/
30 ) but as soon as the concentration of Mn is reduced 
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to 2.8 at %,in effect reducing the number of nearest neighbour 

pairs, we find 	varies by a factor of 10 over the tem- 

perature range 4-15°K implying that different terms in the 

Hamiltonian and hence different parts of the excitation 

spectrum have unequal weighting in determining the properties 

of this alloy over the temperature range 4-15°K. 	Since at 

the present time there is no detailed theory for such alloys, 

we are unable to present a better interpretation than the 

one given above. 
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APPENDIX A 

AC 

This is a home-made capacitor designed to yield a 

capacity of the order 10-4pF. 	It basically consists of two 

copper wires (18 SWG) mounted inside a die-cast box and screened 

from each other by means of an aluminium partition. 	To get 

a capacity of order 10
-4

pF a hole in by a" was made in this 

partition. 

A flap made from copper sheeting and mounted on a brass 

stud is used to swithc in and out this capacitance by respec-

tively uncovering and covering the hole in the aluminium screen. 

The die-cast box acts as the guard screen for the capacitor 

and the copper flap is grounded to it by means of flexible 

copper wire (see Fig. (A1)). 	With the flap closed the 

capacity between the electrodes was less than could be resolved 

with our bridge (< 10
-7
pF). 

Q 

As explained in the text (Chapter IV) Q is a network 

used to balance out the conductance of the capacitor C. 	A 

circuit diagram representing Q is given in fig. (A2). 	Input 

to the network is from the 0.4 and 0.2 tappings of the inductive 

voltage divider. 	A transformer wound on a p metal core steps 

this down in the ratios 1000:300, 1000:100 and 1000:30. 

Ganged switch S is used to feed the rest of the network from 

the secondary of this transformer. 
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FIG (Al) 

For conductance balance it is required that the voltage 

at P be in quadrature to that across Cx  or CR. 	The phase 

of the voltage at P is altered by means of a variable capacitor 

C
3 

to get these voltages in quadrature. 	Indeed, for a unique 

setting of C3  the impedance represented by this network is 

purely resistive (Thompson (1958)) and so the current through 

it is in phase with that through Rx. 	The amplitude of this 

current can be adjusted via the combination of the 10 n 

variable resistor and the 1 K2 ten turn potentiometer. 
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. In the absence of stray or leakage impedances the 

conductance circuit can be represented as (see Thompson, 1958) • 

 

	o
H 

 

where 2G- 
1  

1 	391(n 	
C
1 

= 0.10 pF C2  = 33pF and C3  is a 

variable capacitor. 	The delta, abc, can be transformed;. by_ 

applying a delta to star transformation and we get the following' 

equivalent circuit 

where A = jwC3  2G1  + jwC1  2G1  - w
2 
 C1  C3. 	The admittance 

between N and H, Y
NH, 

can be evaluated by a further trans-

formation given by the following equations- 
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YAM = 	Ya Yb / ( Yci  + Yb+ VC) 
	

(1) 

where 

Ya 
- t 

l = ya G., + .cp CV p , Yb-i= yiltoCz.  -43C5/A 
., \ic  = Al2a, 

(2) 

From 1 and 2 we get 

,,,, = l/ti,c2 iit.3cvfl+i/26-,÷ataciA 4- vaa.,Ntac2 Awc3)(1/2at i-at,,c,/,) 	( 3) 

, , 
Y iv n = - a/ G.) Cz + i 4) C 1  F 91v. i- yza ( -1-k.3c.A jie  -I- 1/2.e ,NlYcac:j k3C3) (1/21,i'dciljn)(4) 

The admittance between N and H has to be real and so the 

imaginary part of Y" must vanish. 

Im(Y NH )  = 0  

Hence 

3C C (C +C) 

	

1C2  C / 	0 	3 	2- 3  C 2-C / 	- I/ (63--ClE2 	I  + (_‘.--,C1) - la 	3 	I 1--- 0 ( 5  ) 
I/ r +0  3 y Riz÷ 	/ 	tiAl 	241 aG ioC2.  zt 

41,2. 	I 
IRO' 
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and 2  C3 	(2- 6-.) 4,2-cc i+c,_) (6) 

Equation (6) represents the value of C3  for which the circuit 

Q becomes tuned to the bridge supply frequency, and the 

	

admittance Y
NH 

real. 	Expression (6) substituted into (3) 

gives the following real value for YNH  

	

%/pig = 	Cr' C2 / GI+ 	1/2.c5) 
	

( 7 ) 

For w = 271-  x 3 x 10
3 

radians/sec  and the values of Cl, C2  and 

G
1 
used in Q we get 

C
3 

= 20 pF 

and 

YNH 
1 

= 170 MMgt. 
 

Finally the next two figures (A3 and A4) show the way 

in which the capacitance bridge is connected up. 
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APPENDIX B  

GOLD PLATING 

Introduction  

The process described below was used to provide corrosion 

proof surfaces in the dilatometer. 	Layers of the order 0.001" 

thick were required so that they could be mechanically polished 

to an optical finish without exposing the substrate. 	We 

used a process recommended by Imasa Ltd., Slough, Buckingham- 

shire. 	This involved cleaning, electrolytically, the surface 

on which Gold was to be deposited then "charging" the surface 

in a dilute acid dip to prepare it for the final electroplating 

stage. 

Cleaning of Surfaces  

Afte.r the preliminary polish the specimen surface was 

cleaned in an ultra-sonic tank, using alcohol as the medium, 

for approximately two hours. 	The next stage of cleaning 

involved cyanide based chemical salts sold by Imasa Ltd. under 

the brand name Greasex C. 	The salts were diluted to a con- 

centration of 50 grms per litre in a glass beaker and then 

using a stainless steel (18:8) electrode and a six volt power 

supply the surface was electrolytically cleaned. 	This process 

was carried out for about five minutes (current direction was 

defined by taking the specimen as the cathode). 	After a rinse 

in de-ionised water the job was dipped in a 10% HC9 solution 

and a further rinse left it ready for electroplating. 
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Electroplating 

(a) Equipment used: 

(1) A glass tank; 	lower portion of a very large glass 

beaker. 

(2) Hotplate with a magnetic stirrer to provide correct 

heating and agitation. 

(3) Perspex cell used for containing the gold solution. 

(4) Anode made from highly polished EN58J stainless 

steel has an area equal to half of the surface to 

be plated. 

(5) A programmable Solartron power supply (50 volts, 

amp) and an ammeter capabla of reading up to 100 mA. 

(b) Initial preparation: 

Those portions of the specimen which do not require 

gold plating were masked off using several layers of GE7031 

varnish. 	The Perspex cell was leached for twenty-four hours 

with a 5% solution of Phosphoric acid. 	And, most important 

of all, an antidote for swallowing cyanide was made up in 

liberal quantities. 	This has two components A and B; A is 

made by adding 158 grms of FeSO 4  7H20 and 3 grms of citric 

acid to a litre of distilled water; B by mixing 60 grms of 

anhydrous sodium carbonate Nat  CO3  with a litre of distilled 

water. 

(c) Operating procedure: 

As shown in the schematic (fig. (81) of the apparatus 

used, the glass tank containing water was heated to 60°C on 
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FIG (B1) GOLDPLATING APPARATUS 

the hot plate. 	Then the Perspex cell containing sufficient 

Orotemp Vat Gold solution (7.8 grms of Gold/litre) - for twice 

the thickness of deposit needed - was placed in the tank and 

allowed to reach thermal equilibrium. 	A test specimen and 

the anode were then placed in solution and the power supply 

adjusted so that the current density was 5 amps/sq.ft. 

(5.5 mA/cm
2
). 	Next the test specimen was replaced by the 

actual sample whilst keeping the power supply on so that 

current flows throughout the time the sample was in the solution. 



"160" 

For a uniform deposit the inter electrode separation 

was arranged to be a few times the anode diameter. 	Secondly, 

a magnetic agitator was used to prevent any gas bubbles from 

adhering to the sample surface. 	The process was allowed to 

go for two hours, keeping the current as well as the temperature 

constant. 	Finally the sample was removed and then rinsed 

several times with water. 	The depleted solution was disposed 

of and any object, such as the anode, contaminated by cyanide 

was also thoroughly cleansed in water. 

Note: 

(1) The current density we used (5 amps/sq. ft.) was necessary 

to give a heavy deposit in the shortest possible time. 	For 

a bright and uniform deposit the optimum current density is 

in fact between z  to 1 amp/sq. ft. 

(2) We used an excessive amount of Gold solution in order to 

prevent Gold depletion during the process. 	Secondly the pH 

of the solution was checked and maintained between 6.5 and 7. 

The concentration of the Hydrogen ions present was determined 

by using a set of pH papers. 

(3) It is essential to prevent any contact between cyanide 

and living tissue. 	Therefore we used surgical gloves, lab 

coat and a Welders mask to reduce the probability of this 

taking place. 	Furthermore 50 mis of component A and 50 mis 

of component B of the antidote were kept close by; in the 

event that some cyanide was swallowed these two were to be 

mixed and taken immediately. 
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APPENDIX C 

We have found it necessary to use interferometric 

techniques for aligning the sample during the polishing phase 

of its preparation. 	Two interferometers were made, one 

incorporating a white light source (fig. (C1)) used for 

establishing contact between sample and optical flat and the 

other a Fizeau type (fig. (C2)) with a laser as the light 

source. 

The white light instrument is a simple device consisting 

of a half silvered mirror and a lamp bulb surrounded by tissue 

paper. 	In operation we look for interference between light 

reflected from the specimen and the top surface of the optical 

flat. 	When there is good contact between the two we see a 

central dark region (IT phase change due to reflection from the 

specimen) and concentric colour fringes. 	Flatness of the 

specimen can also be gauged, the flatter it is the larger the 

dark fringe area. 	Of course flatness is assessed with reference 

to the optical flat which itself is flat to no better than x /20 -  

The Fizeau interferometer is a more intricate instrument 

in operation, requiring care in setting up. 	Since we need 

to observe fringes from a wedge at least an inch thick we are 

constrained to use a laser source. 	A beam expander placed 

at the focus of the collimating lens enlarges the laser beam 

and also removes the speckle. 	The half-silvered mirror allows 

observation of the fringe system from a side window. 

The setting up of this interferometer basically revolves 

around the correct adjustment of the beam expander. 	The very 
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first stage requires the optical axis to be defined {fig. (C3)a) 

A ~" focal length mi croscope objecti ve is next introduced in 

the' beam path and its position altered until light through it. 

goes along 'the optical axis .{fig. (C3b).' A 10 1.1 diameter 

pinhole is then mounted on the beam expander and placed at two 

to three times the working distance of the objective. By 

placing a mirror on the white cardboard for observation purposes 

and adjusting the position of pinhole laterally the beam is 

brought to bear on the pinhole. The distance between the 

objective and pinhole is gradually' reduced and the size of 
t 

the light spot should increase to its maximum value when the 

pinhole reaches the point where the light beam is focussed by 

the objective (fig. (C3)c). lhroughout this reduction of 

separation between objective and pinhole the light spot is 

kept symmetric about the optical axis and at maximum brightness 

by usmallll adjustments in the lateral position of the pinhole. 

The very final setting up requirement of this instru~ent is 

to position the collimating lens so that the pinhole is at 

its, f 0 c us (fi g. ( C 3) c) . 

In passing it should be mentioned that the pinhole d,ia­

met e r s h 0 u 1d bet 5 60 x f. (w her e f i s the f 0 calle n g tho f the 

collimating lens). Secondly, the optical flats used should 

have diameter to thickness ratio of no more than 6:1 to give 

minimum sag and they should be sufficiently flat (A/20) to 

check the flatness of the samples. 

Note: The He-Neon laser bought from 'Spectra-physics' degrades 

if not used regularly. This problem is serious and the cure 

i s t ole a vet h e 1 a s e ron for a \'1 h ole 'd a y a t 1 e a s ton c e, a for t n; g h t . 
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APPENDIX D  

WAX LAPPING PLATES  

These are made from 'OKERIN 100' (Multiwax ML 445) - wax 

supplied by ASTOR chemicals ltd. 	A seven millimetre layer 

of wax is cast on a metal backing plate.to form the lap. 	Wax 

being such a delicate material requires extreme care in handling, 

debris from polishing or insufficient chamfer on the sample 

can lead to instant ruin for the polishing plate. 	We shall 

describe below ways of preventing damage to plates and also, 

if totally ruined, the way to recast a new plate. 

After a polishing run on a lapping plate the debris is 

removed by cleaning with a tissue. 	Sometimes there is so 

much of it that the tissue is soaked in acetone to wipe off 

. the plate. 	It is then necessary to recondition the plate by 

running on it a device known as a 'stroller'. 	This object, 

shown in fig. (D1), is made from steel and has sharp tips which 

have been lapped flat. 	The 'stroller' must be used with 

plenty of lubricant in order to avoid it becoming snagged with 

the wax surface. 	In a relatively short time (15-30 minutes) 

the wax becomes flattened and highly polished. 

FIG (DI) 
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If, unfortunately, the lap is damaged beyond recovery 

by the use of either the 'stroller' or by machining on a lathe 

then it has to be re-cast. 	The following is a step by step 

recipe for making a new lap. 	Old wax is removed from the 

backing plate by heating over .a BUNSEN. 	Plastic tape is 

then stuck around the circumference of the metal backing 

plate. 	Next the plate is heated to about 60°C and molten 

'Okerin' 100 is poured onto it to form a layer 7 mm thick and 

then the plate is allowed to cool down slowly (see fig. (D2)). 

The as-cast lap has to be flattened and this is initially 

done by facing on a lathe. 	At a slow speed of revolution 

(105 revs/min), cross feed of 0.0016" per revolution, depth of 

cut 0.005" and using high rake angle tools, the machining is 
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carried out. 	To prevent any surface contamination a solution 

of distilled water and soap is used as the lubricant. 	For 

the retention of lubricant whilst polishing, a set of circular 

grooves in the plate surface is needed and these are next cut 

into the surface, placed at every 0.200" along the diameter 

and 0.025" deep, using a narrow sharp nosed tool. 	Finally 

the 'stroller' is run on the plate and if it is known that 

the lathe used for facing gives a small degree of either con-

cavity or convexity then the running centre of the 'stroller' 

is adjusted to be out or in respectively. 
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APPENDIX E  

(1) DATA ANALYSIS  

We shall present below a detailed account of the analysis 

and computing necessary to convert data from the expansion 

apparatus into the coefficient of thermal expansion. 	Our 

starting point, as mentioned in the text, is the following 

expression for the capacitance of the cell 

C 	r-273.6tt + v44_ ( 14  ‘11/21-) 	+_ 	) 	( 1 ) 

For W = 0.00592 cms 

2r = 1.00379 cms @ 4.2°K and 

= W equation (1) reduces to 

C = r 2/Q. • I  ""4 6 
	

(2) 

We use (2) to work out the length of the sample, 	at at 4.2°K 

in the following manner: 	the value of C is worked out from 

the balance equation for the bridge and the measured value of 

the reference capacitor, t the gap length is then calculated 

from (2) and is subtracted from the length of the Cu cylinder 

at 4.2°K, to yield the specimen length. 	This cylinder is 

0.9506" long at room temperature and therefore it is 0.9475" 

long at 4.2°K. 

Next we differentiate (2) to work out the dependence 

of changes in C on r and 2.. 

(3) 
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If the total voltage read from the inductive divider minus 

that across the reference capacitor is represented as B and 

changes in it as AB then, using the balance condition, one 

can show that 

_ LI.13/13.  
(4) 

From (3) and (4) we get 

Q843 
	pv-/y._ + 	_ET/ ft 	

( 5 ) 

In equation (5) or represents the increment in radius of the 

top electrode in the cell and Ak the increase in gap length 

for a temperature rise of AT in the cell temperature, T. 	Now 

or is given by 

L1r 	r 6T (3{, (c,4 ) 	 (6) 

where C4(Cu) is the value of the linear coefficient of thermal 

expansion of copper at temperature T. 	(It is taken to be 

T 	AT A 
constant over the temperature range T - r- to T + 	There 

are several contributions to M..; AR,'  comes from the insulating 

material and the gold layers in the expansion path; Ak g  from 

the uncompensated copper in the gap; Azsc  from the difference 

in expansion between the copper cell and the specimen. 

4613 	-e AT 07e-cc.) 
_es Rc c.067-  ,es  c)--E (S) L1T- 
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In equation (9) ;(S) represents the expansion coefficient of 

the specimen. 	Equations (6 - 9) substituted in (5) yield 

,111r 4-- £ 6-7-R.ca.04-,es o-c-cwa-r -.es  0-ecs),Ar 

a r 6 -ToCCGAVr  4_ ,e A3/3 	 (10) 

a.ez/  : 7._ ...... - (t- Qs) oc Cat) 4- (71C N is  + -e4 6%-r  

We shall next demonstrate how equation (11) is applied 

in working out the expansion due to Mn in an Ag Mn alloy and 

show that analysis of the data for Cu Mn is a special case 

of this. 	Equation (11) for a pure Ag sample can be written as 

LIRTAT  :-_- (e—es )c7c (cu) -I- -es  &c ms ) 4 -.e/3  6,-8/47. 

and for an Ag Mn alloy sample of length q 

6-ez/n-r  = lei- .e);CCGA)÷.esi  o" (Rg ) 4-  4 , gi.... Ap, 
yi--.0 

where Ak
Mn 

is the increase in gap length due to the presence 

of Mn. 	From (12) and (13) we get 

AA Mn z_ (e-- 2) L7c(ca) - (e1 _ e)e(a)i- (esi-es)o-c03)-f-/S'i211-g. .01( 14) 
AT 	 6,  AT 5 LIT 

(12)  

(13)  
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Special features of equation (14) are that if the R.H.S. is 

negative then Mn impurities increase the length of the sample 

as a function of temperature and therefore we get a positive 

expansion; secondly, if the lengths of the two specimens were 

equal then the first three terms on the R.H.S. would vanish; 

also, if we were comparing Cu Mn against copper then the second 

and third correction terms would disappear. 	In general we 

have found that the first three terms on R.H.S. of eqn (14) 

for all the alloys we have measured to be negligible compared 

with the fourth term (i.e. - 1%). 

Mention should perhaps be made of a couple of corrections, 

of a different kind, which have been ignored in the above 

analysis. 	In assuming equation (1) as the basis of our dis- 

cussion we have ignored the fact that there are corrections 

to that equation due to the surfaces of the cell electrodes 

being slightly nonparallel. 	It has been experimentally deter- 

mined that at the most 8 Fizeau fringes cover the electrode 

area for interference between light reflected from the lower 

and upper ends of the sample. 	This implies that one point 

diametrically opposed to another in the top surface is 4x higher 

with reference to the lower surface of the sample. 	Rosa and 

Dorsey (1907) have shown that the correction due to the tilt 

is given by 

bc/c  -=. 	( 5/2  k ) = 1/3 	 (15) 

where s = 1 x 4x = 2 x 6000 x 10-8  cms 

and 	9., = 0.006 cms a typical gap length. 
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The magnitude of this correction is such that we can 

safely neglect it. 	The next correction which we have also 

neglected, perhaps with less justification, is due to the 

finite temperature intervals used in obtaining the data. 	We 

have found it necessary, due to experimental constraints, to 

maintain the temperature interval per data point to AT ?. °K. 

This in effect means that in working out the coefficient of 

expansion at a temperature T, we are making the assumption 

that a  is a linear function of temperature over the temperature 

interval AT. 	Consider the following diagram where the gap 

length 2 is plotted as a function of temperature. 

We have used the slope of the line PQ to define the coefficient 

of expansion at the temperature To. 	By using Taylor's theorem 

expansion one can show that 

cr- 	(r.„ 4-92.  )— 	ro— 6%) — 017-)21e//() (16) 

oT 	 c24 
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where ' represents differentiation tort temperature and 

7— 
AT 	AT 

To  - 7— 	E < To  + I. 	The ratio of the two terms on the 

RHS of equation (16) gives the error in ignoring the local 

curvature of A(T). 	If we assume 2.(T) = aT
4 

then this ratio 

is given by 

R 	025 ( 677—)2 
	

(17) 

Therefore for AT = 1 and T = 4, R is just over one percent. 

It is possible to minimize the effect of this correction 

by plotting £(T) as a function of temberztuic and interpolating 

using ,;ubic splines in between data points, thus allowing one 

to choose a small enough AT. 	Indeed all one would have to 

do is to plot (from equation 1) 

t 	etz 	21/4 c-r) 

gcC-Oct-ri +- 
where r(T) +0(4.2),( Alis the temperature dependent radius of 

the top electrode of cell and a(T) is the linear coefficient 

of expansion of copper, for a pure sample and an alloy and carry 

out the rest of the data analysis in a manner similar to that 

discussed earlier. 	Our view is that this approach to analysing 

data is not warranted on two counts; firstly, a great deal of 

labour is involved and, secondly, the accuracy of currently 

available data on the thermal expansion of copper is of the 

order 2%. 

(18) 
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(2) COMPUTING REQUIREMENTS OF THE DATA ANALYSIS  

In order to reduce the labour involved in data analysis, 

tables were generated of resistance against temperature and 

AB 
of 	against temperature using the calibration data supplied 

by Cryocal for the Ge thermometer and data obtained by us on 

the pure materials (Cu, Ag and Pd) respectively. 	The inter- 

polation was carried out by using computer sub-routines deve- 

loped at UKAEA Harwell. 	The fit obtained at the data points 

is better than the claimed accuracy and corresponds to the 

best possible curve drawn through the data points. 	The 

alogorithm used, in fact, tries tQ\ emulate what a person with 

a trained eye would consider as the best fit. 

Polynomials of degree three i.e. cubic splines, are 

fitted piecewise at several points, known as knots, and their 

first and second derivatives made continuous at these points. 

A least squares criterion with added constraints relating to 

the discontinuities in the third derivative of the cubic 

splines at the knots is used to find the best possible fit 

(for further details see MJD Powell (1967)). 	The theory of 

this interpolation scheme is comprehensively documented by 

Powell in the above mentioned report. 	We shall, therefore, 

limit ourselves to presenting the Fortran IV program and the 

control cards necessary to use the subroutines from the Harwell 

library, which is stored at ULCC. 
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(a) JOB CONTROL CARDS 

JOB (UMAPX10, J9, T120, CM30000, LC5000, MT1) J.A. KHAN 

REQUEST (HARWELL, VSN = HARWEL) * HARWELL INHIBIT * HARWEL LIBRARY TAPE* 

UPDATE (Q, P = HARWELL, L = Al) 

MAP (PART) 

ATTACH (LIB, MNF, ID = TRIAL) 

LIBRARY (LIB) 

MNF (I = COMPILE, L = OUTPUT, B = BGO) 

RFL (70 000) 

MNF (T, L = OUTPUT, B = BGO) 

BGO. 

EXIT. 

DMP. 

END OF RECORD 

*COMPILE VB03A, VB06A, TGO1BA 

*I, TGO1BA.5 

EPSLON = 1.0E-6 

END OF RECORD.  
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(b) PROGRAM CALIB 

PROGRAM CALIB (INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
DIMENSION TITLE(100),R(200),T(200),WD(200),RD(200),XN(200),FN(200) 
1,GN(200),DN(200),THETA(200),W(2000),SS(10),SSS(10),RRD(200),XXN(20 
20),TT(200),RR(200),TRUE(200),TR(200) 
READ(5.1) (TITLE(I),I=1,20) 

1 FORMAT(20A4) 
READ(5,2) N,M,IPRINT 
WRITE(6,2) N,M,IPRINT 

2 FORMAT(3I3) 
READ(5,3) 	(TT(J),RR(J),J=1,N) 
WRITE(6,3) (TT(J),RR(J),J=1,N) 

3 FORMAT(2F10.3) 
DO 4J=1,N 
T(J)=ALOG(TT(J)) 
WD(J)=ALOG(100.0) 

4 R(J)=ALOG(RR(J)) 
CALL VCO3A(N,M,T,R,WD,RD,XN,FN,GN,DN,THETA,IPRINT,W) 
PRINT 5 

	

5 FORMAT(1 1 1 ,1  TEMP 	GIVEN R FITTED R DIFF 	SENS') 
DO 10 J=1,N 
I=-1 
TR(J)=EXP(TGO1B(I,M,XN,FN,GN,T(J))) 

11 FORMAT (F10.4,2F12.3) 
PRINT 11, TT(J),RR(J),TR(J) 

10 CONTINUE 
L=1 
PRINT 41, (TITLE(I),I=1,20) 

41 FORMAT('1',///,20A4,///) 
DO 100 J=1,10 

100 SS(J)=J/100.0-0.01 
PRINT 42,(SS(J),J=1,10) 
DO 20 	1=1,500 
S=I/10.0+4.7 

22 L=L+1 
DO 30 	J=1,10 
SS(J)=J/100.0-0.01 
II=-1 
SSS(J)=ALOG(S+SS(J)) 
TRUE(J)=EXP(TGO1B(II,M,XN,FN,GN,SSS(J))) 

30 CONTINUE 
IF(S.GT.2.80) 	GO 	TO 101 
PRINT 24,(S,(TRUE(J),J=1,10)) 

24 FORMAT(F7.2,(10F11.2)) 
GO TO 103 

101 PRINT 41,(TITLE(K),K=1,20) 
102 FORMAT(F7.2,(10F11.4)) 
103 IF(L.EQ.27) GO TO 23 

IF(L.EQ.27) GO TO 23 
GO TO 20 

23 PRINT 41,(TITLE(K),K=1,20) 
42 FORMAT(9X,10(2X,F6.4,3X)//) 

L=7 
20 CONTINUE 

STOP 
END 
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The above program requires three inputs for it to 

function. 	A title of the program has to be read in; N 

the number of data points, M 	0 the number of knots and 

IPRINT > 0 have to be specified; finally the experimental 

data is fed in ascending order with Temperature E TT(J) and 

Resistance E RR(J). 	The output is a tabulation of resistance 

against temperature for temperature intervals defined by the 

user. 	One word of warning to the user, the data fed in must 

be uniformly spaced and if there is a change of interval then 

this new interval must be maintained. 	If this is not the case 

then the fit will have a ripple where the density of data is 

greatest. 	A simple cure, found to be effective when fitting 

a thermocouple calibration, is to leave out some of the data 

in the high density region. 
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APPENDIX F 

GENERAL DATA AND TABLES 

Here we shall present tables of data on the alloys 

measured in this work and other relevant data needed in the 

analysis. 	The temperatures 	were calculated using the following 

standard resistors in conjunction with the Ge thermometer. 

Standard Resistors: 

(a) 3041.1 Qs  

(b) 935.40 os  

(c) 302.50 Qs  

(d) 94.18 Qs  

(e) 29.99 

These values were measured by using a potentiometer and two 

resistance boxes. 

The length of the cylinder in the expansion cell was 

measured, using a dial gauge and a 0.900" gauge block, to be 

	

0.9506" at room temperature. 	The diameter of the top electrode 

in the cell and the guard ring gap were measured using a travel-

ling microscope and were found to be 1.00707 cms and 0.00592 cms 

respectively. 

At 4.2°K length of cylinder = 0.9475" 

radius of top electrode = (1.00379)/2  cms. 

Apart from the data already mentioned the value of the reference 

capacitor CR  is needed in the analysis. 	This was measured 

by using a Wayne-Kerr bridge accurate to 1 part in a thousand. 

C
R 

= 10.852 pF 
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Initially the data was plctted as a/T  vs T assuming all 

the samples were of equal 1 ngth. 	In order to correct and 

1 	AB 
convert it to 7 T TT  we have had to multiply 

T 
 by 

.41 2  
x  0.2162 x 10

8 
= 2.42. 	For all the alloys we have done 

this and divided the difference (4. 	14' - 	IPT.)  by the 

length of the sample QS to get a(T11)  vs T. 	However, for pure 

Cu, Ag and Pd samples the data is presented in the original 

form. 

To carry out corrections on the data for the alloys we 

require values of -.7 given in table I at all temperatures from 

2 to 50°K. 	For the Cu and Ag samples we carried out a cubic 

spline fit, discussed in appendix E, for the temperature range 

shown in table I. 	However, for extrapolation below 4.2°K we 

used a simple power law fit given by 

for the pure Cu sample with 

respect to the cell 

for the pure Ag sample with 

respect to the cell 

For the pure Pd sample we decided to use such fits for the whole 

temperature range and did not attempt a cubic spline fit: 

4 < T < 10°K 

108  x 	= 0.1194 x T°.8937  

10 < T < 14 

108  x 1= 0.1682 x T0'7477  for pure Pd sample with 

14 < T < 19 	respect to the cell 

108  x 	= 0.2599 x 1.0'582 

10
8  

x 	= 
T 

0.02091 x T1 '2597  

108  x 	= 0.0146 x 
T1.9845 
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19 < T < 26 

108  x 	= 1.355 x T0'°259  

26 < T 

108  x 	= 1.6059 x T0'9699  

We recognise the fact that such fits are an oversimplification 

of the actual temperature dependence of i but for interpolation 

these will do. 	Similar fitting to data from White and Collins 

(1972) was carried out to enable corrections due to sample 

length differences to be carried out. 

T < 12°K 

108  x a(Cu) = 0.021 x T + 0.00276 x T3'021  

12 < T < 34 

108  x a(CU) = 0.021 x T + 0.00152 x T3'262  

where 	a(Cu) 	is 

and 

3 	< 	I 	< 	12 

the 	linear coefficient 	of expansion 	of 	Cu 

108 	x 	a(Ag) = 0.019T + 	0.0108 T3'0384  

10 < 	T < 	18 

108 	x 	a(Ag) = 0.019T + 	0.0117 T3'032  

18 < 	T < 	25 

108 	x 	a(Ag) = 0.019T + 	0.018 x 	T2'9099  

25 < 	T < 	32 

108 	x 	a(Ag) = 0.019T + 	0.0918 x 	T2'403 
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where a(Ag) is the linear coefficient of expansion of Ag and 

similarly for Pd 

T < 10 

10
8 

x m(Pd) = 0.37T 4- 0.0042 T
3 
	

Collins and White 
(1964). 

Using the data set out so far in this appendix corrections 

due to differences in sample lengths have been carried out for 

Cu 0.54 at % Mn alloy and Ag 1.05 at % Mn alloy and these were 

found to be of the order 1 part in a thousand. 	Such corrections 

have therefore been ignored for the other alloys and their data 

is presented in the uncorrected form. 

In table V we have presented data for a single Cu Co 

alloy. 	As seen in the accompanying graph the contribution 

a(C0)  
to 	 varies from 0.1 x 10

-8 
to 0.03 x 10

-8 
 in the temperature 

range 4 - 18°K. 	Two aspects, related to the physical behaviour 

of the alloy, emerge from this measurement: 	ageing reduces 

the contribution to expansion, secondly a(Co) can be expressed 

as the sum of a constant and a term linear in T. 	Data for 

below 4.2°K indicates that there is an anomaly which may be 

present but the reliability of this data is questionable. 

Finally this measurement demonstrates what the apparatus is 

capable of resolving. 



Pure Cu specimen vs cell. Pure Ag specimen vs cell. Pure Pd specimen vs cell. 

=6826473 
C 4.769 pF 
1 =0.0148 ems 
1 =2.392 ems 

B =1938067 
C =16.7962 pF 
1 =0.00421 ems 
1 =2.402 ems 

B =1782532 
C =18.264 pF 
I =0.00387 ems 
1 =2.403 cns 

- 1 8 3 - 

TABLE 1 : OC vs T for pure Cu, Ag and Pd samples against the 
1 

expansion cell. 

T oC x10 
7 

oc A10
41 

1 
x  10 

T 	. 
4.724 .143 2.813 .121 5.356 .528 
5.725 .191 3.609 .163 6.974 .69T 
6.816 .245 4.377 .263 8.026 .766 
8.063 .295 4.638 .341 9.061 .845 
9.102 .328 5.355 .449 10.089 .943 
10.132 .381 6.077 .557 11.099 .913 
10.830 .422 6.903 ..707 12.092 1.088 
11.838 .454 7.529 .784 13.082 1.165 
12.837 .483 8.137 .915 14.067 1.200 
13.886 .514 8.997 1.091 15.045 1.253 
14.882 .537 9.592 1.225 16.039 1.339 
15.852 
16.856 

.549 

.576 
10.256 
11.619 

1.433 
1.751 

17.102 
18.085 

1.369 
1.388 

17.881.  
19.016 

.595 

.607 
12.449 
13.462 

2.000 
2.314 

19.023 
20.532 

1.437 
1.466 

20.099 .611 14:443 2.679 23.361 1.500 
20.967 .611 15.427 3.076 27.501 1.430 
22.018 .628, 16.440 3.500 
23.116 .634 17.421 3.962 
24.210 .622 18.419 4.283 
25.212 .633 19.463 • 4.721 
26.261 .637 20.445 5.170 
27.467 .631 21.406 5.535 
28.416 .645 22.437 5.929 
30.404 .635 23.504 6.339 
32.653 .617 24.576 6.802 
34.964 .607 25.60 7.125 
37.25o .601 26.724 7.517 
40.650 .592 27.802 7.850 
44.983 .563 28.886 8.124 
49.502 .534 30.116 8.397 

30.840 8.703 
31.581 8.718 
32.337 8.926 
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TABLE 11 : Cu Mn data, where of  (Mn is the linear coefficient of 

due to the presence of tin in Cu. 

Mn content in at% 

0.54 
	1.26 
	 2.13 

B =2646043 B:=3485112 11=6289683 
C =12.304pF C =9.3415pF C =5.176pF 
1 =0.00574 ens 1 =0.00756 ems 1 =0.01365 ams 
1 =2.401 ens 1 =2.399 cns L =2.393 Gins 

cC(Mn),(10.1g  
-r 

ogUn)x10 
T 

oc(an)Aio 
T=  

4.848 0.525 5.083 0.568 8.415 0.721 
5.759 0.559 5.697 0.638 9.542  0.756 
6.656 0.503 6.295 0.615 10.650 0.7774 
7.531 0.497 6.895 0.633 11.748 0.782 
8.106 0.459 7.483 0.667 12.840 0.782 
8.672 0.436 8.053 0.618 13.923 0.773 
9.236 0.428 8.631 0.622 15.003 0.767 
9.793 0.378 9.204 0.616 16.091 0.757 

10.355 0.363 9.769 0.539 17.175 0.739 
10.901 0.347 10.332 0.605 18.818 0.735 
11.450 0.290 10.886 0.555 20.477 0.710 
12.015 0.283 11.713 0.538 21.595 0.690 
12.566 0.278 12.533 0.509 22.726 0.661 
13.102 0.246 13.082 0.465 24.448 0.602 
13.917 0.229 13.634 0.473 26.208 0.619 
15.009 0.201 14.171 0.448 4.541 0.522 
16.101 0.168 14.978 0.429 5.145 0.567 
17.197 0.150 16.065 0.400 5.747' 0.668 
18.847 0.126 17.157 0.576 6.348 0.649 
21.061 0.108 18.257 0.344 18.480 0.711 
6.893 0.542 19.362 0.326 19.492 0.689 

20.464 0.303 20.502 0.685 
21.567 0.297 28.429 0.593 
22.711 0.263 30.618 0.564 
23.882 0.261 32.838 0.545 
4.854 0.571 
5.753 0.586 
6.345 0.611 
6.941 0.624 
7.522 0.623 

- s.o9 0.647 
8.657 0.611 

24.941 0.258 
26.388 0.242 
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TABLE 11 continued : 

4.74 7.59 
as cast 

7.59 
annealed 

B =1416682 31 =2679528 B =2786700 
C =22.980pF C =12.1499pF C =11.683pF 
1 x.00307 ens 1 =0.00582 ems 1 =0.00605 ems 
1 =2.404 cns 1 =2.401 ems 1 =2.4006 ems 

T oC ( Mil ) x  106  
T 

T cgiln),(10 
T 

T oc (11n)f,10 
T 

4.541 0.398 4:8627 0.380 4.551 0.360 
5.141 0.485 6.06 0.447 5.180 0.379 
5.743 0.531 7.242 0.507 5.784 0.438 
6.340 0.543 8.390 0.538 6.381 0.441 
6.931 0.595 9.516 0.590 6.981 0.471 
7.508 0.602 10.63 0.644 7.573 0.517 
8.078 0.639 11.726 0.674 8.152 0.513 

21.875 0.937 12.814 0.705 8.726 0.558. 
22.896 0.926 13.906 0.734 9.303 0.572 
23.961 0.954 14.994 0.778 9.868 0.603 
24.842 0.979 16.085 0.805 10.414 0.606 

25.735 0.963 17.135 0.855 10.962 0.645 
27.303 1.015 18.279 0.8997 11.513 0.656 
26.804 0.972 20.513 0.938 12.06 0.674 
27.874 0.982 21.634 0.981 12.610 0.699 
.28.972 0.983 23.340 1.035 13.161 0.712 
30.083 0.976 25.666 1.097 13.706 0.735 
31.181 0.978 4.586 0.285 14.521 0.759 
32.285 0.991 5.5..)8 0.404 4.809 ' 0.382 
33.411 0.971 6.692 0.452 5;937 0.454 
34.53 0.960 7.859 0.519 7.012 0.495 
35.652 0.975 9.003 0.576 8.082 0.549 
36.806 0.967 10.117 0.623 9.122 0.579 
4.349 0.458 11.216 0.652 10.182 0.611 
6.064 0.549 12.306 0.689 11.231 0.642 
7.246 0.677 13.393 0.724 12.249 0.679 
8.3)9 0.664 14.486 0.757 13.263 0.724 
9.528 0.711 20.523 0.953 14.244 0.743 

10.633 0.747 25.961 1.105 15.226 0.771 
11.733 0.764 - 29.376 1.196 16.237 0.803 
12.824 0.790 32.714 1.214. 17.256 0.838 
13.905. 0.812 36.128 1.304 18.263 0.870 
15.000 0.821 39.521 1.332 19.285 0.904 
16.o34 0.846 42.89 1.358  20.312 0.932 
17.171 -0.853 46.299 1.349 21.326 0.956 
18.266 0.879 22.326 1.000 
19.363 0.897 23.33 1.02 
20.477 0.918 24.406 1.085 
21.602 0.941 25.474 1.089 
22.736 0.974 26.552 1.128 

27.641 1.160 
28.727 1.1996 
30.391 1.229 
32.620 1.285 
34.837 1.312 
38.659 1.367 

1.376 
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TABLE 11 continued : 

7.59 (continued) 
annealed 

T 	04.(11i-n)x10g 

43.181 1.392 
45..455 1.390 
47.675 1.380 
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TABLE Ill: Az;lin data wherebC(nn) is the linear coefficient of 

expansion due to the presence elan in Ag. 

lin content in at 

1.05 	2.89 	5.44 

B =2920911 
C =11.146pF 
1 =0.00634 ems 
1 -=2.400cms 

T. 	x(114,(10$ 
T 

B =2251628 
C =14.4597g 
1 =0.00489 ems 
1 - =2.402 ems 

T 	oc(11n)x10 

B. =5013 511 	. 
C =6.494pF 
1 =0.01088 ems 
1 =2.396 ems 

T 	oC(Mn)K 10 
ir 

4.55 1.540 A:663 1.775 4.541 1.614 
5.157 1.449 5.398 1.782 5.14 1.674 
5.759 1.414 6.110 1.795 5.741 1.689 
6.353 1.303 6.833 1.782 6.343 1.782 
6.944 1.211 7.557 1.860 6.940 1.849 
7.53 1.081 6.832 1.818 7.514 1.860 
8.372 0.885 4.635 1.772 8.084 1.798 
9.511 0.731 4.622 1.764 8.644 1.850 

10.616 0.647 5.367 1.852 9.211 1.956 
11.694 0.467 6.089 1.814 9.774 1.904 
12.784 0.405 6,822 1.843 10.313 1.981 
13.870 0.337 7.546  1.898 10.862 1.931 
14.952 0.228 8.257 1.996 11.407 1.907' 
16.027 0.175 8.967 1.949 11.957 1.78 
17.643 0.065 9.65 1.871 12.504 1.86 
2.638 1:343 10.319 1.851 13.036 1.81 
2.398 1.453 11.018 1.781 . 13.042 1.76 
3.27a 1.468 12.319 1.629 13.581 1.76 
3.613 .1.610 12.988 1.549 14.126 1.744 
3.929 1.625 13.653 1.470 14.672 1.76 
4.054 1.586 14.303 1.372 15.214 1.71 

11.663 1.703 15.753 1.71 
15.543 1.193 16.299 1.691 
16.229.  1.088 20.946 1.491 
16.905 1.042 21.615 1.42 
17.569 0.989 
18.245 0.945 
18.921 0.794 
19.619 0.801 
20.474 0.756 
21.475 0.662 
22,511 0.607 
23.562 0.538 
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TABLE 111: continued 

6.51 

B =4653394 
c =6.9962pF 
1 =0.01009 one 
1 =2.397 cms 

T 0C(MmOg10 
T 

4.565 1.380 
5.177 1.516 
5.784 1.530 
6.380 1.514 
6.971 1.669 
7.55 1.717 
8.123 1.66¢ 
8.690 1.796 
9.256 1.756 
9.816 1.886 
4.568 1.505 
5.186 1.561 
5.797 1.617 
6.397 1.645 
4.571 1.449 
5.183 	. 1.539 
5.790 1.561 
6.746 1.562 
7.322 1.654 
7.896 1.689 
• 8.465 1.756 
9.035 1.770 
9.615 1.760 

10.108 1.795 
10.593 1.876 
11.145 1.872 
11.705 1.878 
12.256 1.858 
12.798 1.798 
13.348 1.771 
13.899 1.732 
14.789 1.66 
15.796 1.672 
16.808 1.602 
17.819 1.672 
18.824 1.600 
19.843 1.563 
20.857 1.577 
21.850 1.530 
24.639 1.394 
26.498 1.395 
23.002 1.463 
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TABLE 1V : Pd lin data whereoC(1Ln) is the linear coefficient-

of expansion due to Mn in Pd.. 

Mn content in at 

2.8 

B =3285500 
C =9.909pF 
1 =0.00713 cms 
1 =2.399 ems 

T oC(lin) X 10 
T 

4.469 1.437 
4.959 1.311 
5.062 1.566 
5.935 2.0099 
6.421 2.0785 
6.887 2.134 
7.354 2.162 
9.159' 1.811 
9.605 1.705 

10.048 1.575 
10.485 1.555 
10.919 1.463 
11.364 1.296.  
12.385 1.204 
12.935 1.065 
4.529 1.236 
5.146 1.423 
5.763 1.815 
6.371 2.173 
6.471 2.144 
7.057 2.129 
7.619 2.047 
8.185 1.944 
8.749 1.807 

11.399 1.353 
11.941 1.249 
12.748 1.0101 
13.834 0.991 
14.912 0.859 
16:542 0.725 
18.730 0.535 
20.949 0.425 
23.210 0.349 
25.539 0.244 
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TABLE V : Cu Co data where 14Co) is the linear coefficient of 
expansion due to Co in Cu. 

Co content in at 746, 

0.67 • 	 0.67 
as cast 	 aged at 400 C for 19 hours 

B =2798962 
C =11.632pF 	- 
1 =0.00607 ams 
1 =2.400 ems 

ua Cor 

1 =2.400 

OC(Co)ijogT 

B =2870649 
C =11.341pF 
1 =0.00623 ems  

ems 

uc Cor oC(Co)x IO 

T T 
.4.842 .271 .148 .124 5.388 .239 .175 .065 
5.963 .3.6 .202 .104 6.128 .275 .210 .066 
7.039 .336 .252 .085 6.847 .299 .244 .055 
8.088 .382 .299 .084 7.558 .342 .275 .068 
9.103 .407 .342 .0654 4.666 .240 .146 .095 
10.138 .453 .384 .0695 8.975 .380 .336 .04.4 
11.187 .489 .424 .0654 5.425 .248 .177 .072 
12.197 .521 .459 .0624 6.149 .273 .211 .0624 
13.197 .534 .491 .043 6.893 .308 .246 .0624 
14.197 .559 .518 .041 7.603 .347 .278 .0695 
15.188 .576 .542 .034 9.498 .402 .358 .044 
16.173 .596 .563 .033 10.508 .452 .399 .053 
17.166 .614 .579 .0353 11.55 .476 .437 .039 
18.171 .629 .594 .0353 12.574 .503 .471 .032 
19.202 .643 .605 .0383 13.563 .531 .501 .030 
21.242 .654 .621 .033 14.543 .546 .527 .019 
4.801 .246 .146 .101 15.527 .553 .549 .004 
5.901 .301 .199 .103 16.541 .585 .569 .016 
6.987 .327 .250 .078 3.058 .105 .085 .020 
8.067 .379 .298 .082 4.239 .158 .129 .029 
9.11 .416 .342 .075. 3.00 .098 .083 .015 
2.89 .128 .08 .046 3.971 .135 .119 .016 
3.706 .187 .109 .079 4.253 .15o .130 .020 
4.494 .248 .139 .110 5.38 .220 .175 .045 
2.92 .153 .081 .073 8.493 .375 .316 .0594 
3.75 .213 .111 .103 
4.52 .238 .140 .099 
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