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ABSTRACT  

Using a He3  cryostat, measurements of superconducting transition 

temperature (T ) or critical field (H) have been made on three types 
c. 

of alloy system. 

(1) Results of Tc measurements on La1-xx  R Al2  alloys (R is 

a rare earth element) have been correlated with the crystal field 

levels of the R+++  ion deduced from magnetic' susceptibility measure-

ments on La
.98

Tm
.02

Al
2. 

Experiments relating to the theory of 

Abrikosov-Gorkov (32) for magnetic impurities in superconductors are 

discussed and this theory is then used to calculate the effect of the 

lower crystal field levels on T. Good agreement with theory is only 

obtained when the expected isolation of the lowest level is large (2.2„10°K). 

When this ist3oK there is evidence that fluctuations in the magnetic 

moment of the ground state must be considered. 

(2) The results of measurements of T
c 
(or of an upper limit 

to Tc) for a series of MgCu2 
structure XCo

2 
compounds (X=Ce, Ti, Zr,Sc, 

Hf and Nb) are briefly discussed with reference to their enhanced 

paramagnetic susceptibilities. There is evidence that Fe in 

3 4 o 
CeCo2 causes an extremely strong depression in Tc(e:10 -10 	Vat./). 

(3) Hc
(T) measurements have been made on AlZn AlMn and 

AlCr alloys all with T Ly1oK. Within the accuracy of measurement 

(I 0.003 in Hc(T)/Hc(0) ) there are no deviations from the theory of 

BCS (1) which can be attributed to localised spin fluctuations, 

Pauli 
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INTRODUCTION 

The systematic studies of Matthias and co-workers (23) 

first showed that:- 

(a)` except for rare earth impurities in a very limited concen-

tration range, magnetic order and superconductivity were incom-

patible. 

(b) if magnetic impurities retained a magnetic moment in solid 

solution in a superconductor, they caused a strong reduction in 

the superconducting transition temperature (Tc). 

Since then T
c 

has been measured for many alloys and inter- 

metallic compounds containing transition metals. 	In conjunction 

with measurements of normal state properties such as specific heat, 

magnetic susceptibility and electrical resistance,this information 

has given a better understanding of their magnetic properties 

and of the factors which suppress superconductivity'. 

For example, it was the absence of superconductivity at 

the end of the 4d and 5d transition series, despite the increased 

electronic density of states,there, which led to the concept of 
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spin fluctuations in the d-band of Pd metal (Doniach (20)1966 ) 

Furthermore the presence of short range magnetic moment 

correlations betwee:- rare earth impurities above the magnetic 

ordering temperature has been deduced from Tic  measurements (40). 

In the work described in this thesis, attempts have been 

made: 

(a) to obtain information about the properties of magnetic 

impurities, in particular the strength and temperature dependence 

of their interaction with the conduction eledtrons, from their 

effect on.the superconducting host metal. 

(b) to correlate this with the results of resistivity and sus-

ceptibility measurements made in this laboratory on these alloys 

and similar non-superconducting ones. 

In chapter 1 the superconducting properties of interest 

and the types of alloy system measured are classified, and in 

chapter 2 the relevant theories are mentioned. 	The predictions 

of the theory of Abrikosov-Gorkov (32) for localised magnetic 

impurities in superconductors are stated and the experimental 



15 

tests-  of them are reviewed. 

Chapters 3 and 4 are devoted to rare earth impurities 

and some results of T
c 
measurements on LaAl-rare earth alloys 

are interpreted in terms of crystal field splittings deduced 

from magnetic susceptibility measurements. 

Some critical field measurements have been made on 

superconducting alloys of aluminium containing dilute.  concentra- 

tions of 3d transition elements. 	These are described in chapter 

5;: in addition the design and construction of an adiabatic demag-

netisation stage for the He3  cryostat is also described there, 

Finally, in chapter 6, the results of some T
c 
measure-

ments down to 0.4°K on intermetallic XCo
2 

compounds are given 

and briefly discussed. 
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CHAPTER 1 

SUPERCONDUCTING  PROPERTIES AND SYSTEMS OF INTEREST  

1.1 	Introduction  

Since the discovery of the Meissner effect in 1933 it 

has been recognised that the superconducting state is a definite 

thermodynamic phase of many metallic and, more recently, of some 

semiconducting systems. 	Therefore at a constant temperature T 

the equilibrium response of a superconductor to a static magnetic 

field H is fixed by the condition that the total Gibbs free 

energy of the system is a minimum. 	This response is that of 

expelling some or all magnetic flux and is equivalent to a certain 

magnetisation M(H,T) per unit, volume. 	If M(H,T) is known for 

both the normal,(n), and the superconducting,(s), phases from T.0 

to T
c 
(the superconducting transition temperature) then the "equation 

of state" is known and so the free energy difference for the two 

phases,G
s
-G
n
,and all other thermodynamic functions of state, can 

be found. 	In fact M
n 

is usually negligible compared with M
82 

although for some high field superconductors the Pauli paramag-

netism of the 'electron gas' gives a contribution to Gn 
which is 
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sufficient to limit the upper critical field, Hc2. 	In the 

presence of paramagnetic impuritiesiwhich also polarise the 

electron gas, this can be one of the mechanisms leading to non-

monotonic H
c2
(T) curves. 

The response of a super-conductor to many other pertur-

bations has now been measured experimentally and calculated 

theoretically from the BCS pairing theory (1) and its subsequent 

extensions. 	Among the more interesting perturbations are electron 

transfer (tunnelling measurements), lattice vibrations (ultrasonic 

attenuation),electromagnetic radiation (microwave and infra-red 

absorption),and transport currents. 	The response to these per-

turbations gives much more information, especially on a micro-

scopic scale,but will not be considered in this thesis. 

1.2 	Theoretical M(H,T) Curves  

Theoretical magnetisation curves were first derived by 

Abrikosov (2) from the Ginzburg -Landau (GL in future) equations. 

These have been derived by Gorkov (3) from the BCS theory although 

they were suggested before this by GL from general considerations 

of second order phase changes. 	From the equations, which are'  

only valid within a certain temperature range.  near Tc, (this. 
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range is called the GL regime and becomes larger as the elect-

ronic mean free path of the metal is reduced), it follows that 

the shape of the Ms(H,T) curve is determined by the GL parameter 

hi(T), 

This parameter is defined by the relation 

lc 	_  	 1.1 
(T) 

where, in the conventional notation, 2l(T) is the low magnetic 

field penetration depth and I(T) is the superconducting coher-

ence length at a temperature T. 

The scale of the M(H) curve, for a given 	, is deter-

mined by the thermodynamic critical field Hc(T) since, from 

elementary thermodynamics, the area under the curve equals H
2/879, 

He is defined in terms of the Gibbs free energy difference per 

mole by the formula: 

— v
mol 

875 	
= G

n
(H

c
,T) G

s
(0,T) 

H
2 
c , 	 1.2 

Gn(0,T) - Gs(01T) 

where Vmol is the molar volume. 
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It also follows from the GL theory that the upper critical 

fields H
c2

and- H
c3' 

for the occurrence of bulk and surface super-

cond.:activity respectively, are related to He and k by the formulae 

= 0.417 
H
c3 = 0.707 

H
c2 

H 	H C 	C 

Therefore there are three ranges of IS" for which different types 

of magnetic behaviour (type I, I-II, and II) occur,and typical 

curves for these three cases are shown in Figs 1.1 to 1.3. For 

type II superconductors the structure of the mixed state, (which 

occurs when the lower critical field for flux penetration H
01 
< 

H<H
c2
) was shown theoretically by Abrikosov (2) and later verified 

experimentally (8), to consist of normal filaments of radius 	I 

occupying a triangular lattice structure. Supercurrents circulate 

around each normal core and the total flux associated with each 

vortex is 00' the flux quantum. 00= 2.07 x 10-27  gauss cni2. At Hc2, 

where the bulk superconductor becomes normal, the cores are packed 

as closely as possible giving H
c2 

= 	°10 	IG also affects 

dM 
dH 

Hc2 

1 

 

1.16(2e-1).47i' 

2A(3(T) )2  
the shape of the magnetisation curve through the relation: 



He 
0 

Hs 

  

FIG. 1.3 

Ideal M(H) curve for a 

Type II superconductor 

 

k4.707 

FIG0  1..2 

Ideal 11(H) curve for a 

Type I--II superconductor 

20 

-FIG, 1.1 

Ideal L(H) curve for a 

Type I superconductor 

H 

Hcl 
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This theory has now been extended away. from the q't. 

region, that is for all electron mean free paths and all temp- 

eratures, by various authors. 	Ho drastic changes occur but 

different aspects of the ideal M(H) curve are now used to define 

various t1(T), I 2(T) 	parameters which, although they 

all have a different temperature dependence, have the same lim- 

iting value, 	at T
c
. 	For example from the work of Maki (4): 

/G(T) = 0,707  c2  
1 - 
	 H (T).., 

Hc(T) 
1.3 

dry 	1  

dH 	lot (.2 
c2 

(I3=1.16 for a triangular vortex 
lattice) 

f(K(T)) 
	

1.5 
He (T) 

where f (IG3) 	(ln /G.
5  )Air -T. 3) for 	1G3 1 , 

As a general rule increases in ki  and 	2 of between 

20 and 60% occur as T falls from Tc to 0°
K, as shown by Eilenberger 

Hc1(T) 
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(5) for weak-coupling superconductors containing non-magnetic 

impurities. 	Therefore only in exceptional cases does the char-

acter of the. M(H) curve change with temperature, although minor 

changes in shape occur because of the temperature dependence of. 

the various k-parameters. 

For the purposes of this thesis the changes in the 

thermodynamic properties which occur on alloying can be classified 

as: 

(i) changes in T
c 

(ii) changes in free energy, i.e, in Tic 

(iii)changes in M(H) curves, i.e. in Ife 

It is from these changes that attempts have been made to obtain 

information about the properties of various magnetic impurities 

in superconductors. 

1.3 	M(H) Curves Observed Experimentally 

These are always irreversible to some extent and so, • 

strictly speaking, applidation of the preceding thermodynamics 

is invalid. 	Some irreversibility, for example that associated 

with supercooling in type I materials and with surface screening 

currents in type I-II (and possibly type II) materials,can be 
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understood in terms of the GE theory and still represents ideal 

behaviour. 	Superheating effects are nearly always negligible 

for t:f_p21 superconductors (6) and so, for these, the determin- 

ation of H
e is reasonably simple. 	To check that inhomogeneities 

or strains are not broadening the transition at H
c 
it is better 

to have a specimen with a known demagnetising factor. 	The sup—

ercooling field measured is rarely the ideal one (1103) unless 

special methods are used, so that no )- parameters can be det-

ermined for type I superconductors. 

For type I--II materials, He  can be found from the M(H) curve 

by the construction shown in Fig. 1-2, or for extremely accurate 

measurements (7) the surface sheath can be suppressed by plating 

with a magnetic metal. 	H
c3
(T) and hence I' can be measured 

although sensitive apparatus and a good specimen surface are required. 

1. 	Non-Ideal behaviour in M(H,T) curves for type II superconductors  

In practice it is difficult to obtain accurate values of 

H
c(T) for type II superconductors from the area of the M(H) curves. 

This is because defects in the specimen act as traps for the vortex. 

lines (especially near Hei  where the specimen surface may also 

have an effect) and prevent them from taking up the thermodynamically 
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favoured structure. 	Unless a particular flux pinning model is 

assumed, irreversibilities from this source cannot be estimated 

from the GL equations. 	For the arc melted specimens which we 

have measured these defects were probably small cavities and 

regions of a normal phase remaining at the grain boundaries. 	The 

radius of a vortex line is approximately 'Y (T) which. increases 

considerably as T-H>T0, therefore a defect of a given size should 

become less effective as a trap near Tc  and the flux trapping 

in zero field (a measure of the irreversibility) should decrease. 

Near Hc2, as already mentioned, the flux lines are closely 

packed, despite the defects. 	Reasonably defect free, homogeneous 

specimens therefore usually exhibit reversible behaviour near 

Hc21 enabling it to be measured reasonably accurately, and 
h.; 
2 

can be found from the slope(dM/dH) 
2
, according to equation T.4. 

Hc 

Anomalous values of H
c2 

and H
c3 

will be found if different 

regions, especially the surface, have different impurity concen-

trations or electronic mean free paths and hence different if, values. 

2.. Non-Ideal behaviour in T
c 
 and  H

c2 

A small amount of superconducting second phase multiply- 

connected throughout the sample can screen out applied fields 
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(both AC and DC) from the bulk material, giving erroneous values 

of Tc and Het. 	Some workers have overcome this by remeasuring 

T
c after powdering the alloy. 	Care has to be taken that, the 

particle size is less than the grain size (typically 100p, or 

more) and yet still considerably greater than the penetration 

depth :N(T)' at a few millidegrees K. from Tc  (this is not likely 

to be greater than 10 /' even for the dirtiest superconductors). 

Erroneous values of Tc  havebeen found to arise from 

surface inhomogeneity in some measurements made here and will be 

discussed in chapter 3.. 

Specific heat measurements have several advantages in 

this respect:- .  

(i) The superconducting properties of the bulk system 

are definitely measured. 	If two or more phases are present their 

transitions can often be unambiguously identified because their 

magnitudes are proportional to the relative volumes present. 

(ii) tic can be determined, even if there is irreversible 

magnetic behaviour, by use of the thermodynamic equations, such 

as 1.2. 

Cn the other hand such measurements are more tedious and 
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larger samples, often of expensive materials,are needed.. 

1.4 	Types of Alloy System Studied 

In order to classify the effects of alloying on the sup-

erconducting properties/ it is useful to distinguish between the 

localised or itinerant nature of the extra electron (or hole) 

states introduced when the impurity atom is substituted for a 

solvent atom. 	If the correlations which exist between electrons 

in a particular shell of the free atom are retained in the metal.  

then these states are 'localised'. 	Conversely, if the outer 

electronic structure of the impurity atom is similar to that of 

the host metal then the impurity electron states can be considered 

to be part of the conduction band of the host metal, they:are 'itinerant! 

It is not possible to classify all systems this way but there 

are good examples of each,type which are usually quite well described 

by the existing theories.. 

Rare earth impurities are the best example of the 'localised' 

category. 	Although the dominant effects on superconductivity arise 

from the magnetic moment of the 4f shell, the, small 4f-shell race us 

(0.4 A), combined with the shielding effect of the outer s5p
6
and 5s

2 

closed shellsl enables the conduction electrons (responsible for 
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superconductivity) and the 4f electrons to be considered separ- 

ately. 	The 4f states are believed to form real bound states 

(that is states below the bottom of the conduction band in 

energy) or very narrow virtual bound states (v.b.s.) degenerate 

with the conduction band. 	According to Blandin (9) the width 

of these states in energy is only 	100°K. 	(It is not thought 

that such a width is incompatible with well-defined crystal 

field splittings which are often deduced to be "-71°K from magnetic 

susceptibility measurements. 	The reason for this is that the 

width of the virtual bound state represents the probability that 

a 4f electron will hop into the conduction band. 	As long as  

the same 4f level is reoccupied the crystal field picture will 

be unchanged). 

Results of measurements for a system of this type, namely 

La1-xRxAl2 where R is a rare earth element, are given in chapters 

3 and 4. 

3d transition elements dissolved in simple metal hosts. (for 

example Adbigr)and in transition elements well separated from them 

in the periodic table (for example NoFe) are other examples of 

localised behaviour. 	Some Hc(T) measurements on AlT alloys, 

where T is a 3d.  transition metal, are reported in Chapter 5. 
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On the other hand,in alloys of neighbouring early members 

of the 3d, 1-d and 5d transition elements,d electrons of both 

elements seem to enter a collective band. 	These alloys have 

the same crystal structure (usually b.c.c.) as their constituent 

metals. 

As will be discussed in chapter 2, in many of these alloys, 

rather surprisingly, the rigid band model applies. 

Alloys of 'simple' metals,and intermetallic compounds 

not containing rare earths,will also be placed in the 'itinerant' 

category.. Measurements of Tc  (or in most cases of an upper limit 

to the possible value of T
c
) for a system of this type,the Laves 

phase cobalt compounds XCo2 	
Ti, Zr, Sc, llf and Nb),wiil be 

reported in chapter 6.. 
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CHAPTER 2 

EFFECTS OF ALLOYING: THEORY AND EXPERIMENT 

2..1 	General Theories  

The basic pairing theory of superconductivity is due 

to Bardeen, Cooper and Schrieffei. (1957) (ref 1).. The main 

result of this is that, in the superconducting state, electrons 

of opposite spin (4,1), and wavevectors (-k,k) are paired in 

the sense that the states lel' and -14 are more likely to be 

simultaneously occupied than in the normal state,. This pairing 

arises from the attractive electron-electron interaction via 

the phonons of the lattice, although other mechanisms have occ- 

asionally been proposed. 	By taking a constant attractive 

electron-electron interaction,V,BCS derived the following formula 

for Tc, valid for weak coupling superconductors (N(0)V<1): 

T
c = 1.14 Onexp(-1/N(0)V) 

Where Cr")  is the Debye temperature and N(0) is the electron density 

of states at the Fermi level. Tc (or V) is the only variable 
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parameter in the BCS theory, once this is specified all other 

quantities, for example Hc(T), are given in terms of the reduced 

temperature T/Tc. 	Nevertheless the BCS theory adequately 

describes many properties, for example thermal conductivity, 

specific heat, tu-melling density of states and ultrasonic att- 

enuation, of weak-coupling superconductors. 	Since 1957 the 

BCS theory has been extended in-many ways.. The main ones of 

interest here are: 

1. The derivation and use of more generalised Ginzburg Land-au 

equations enabling Hci  (T) andHc2 (T) to  be  calcuTated for type 

II superconductors at all temperatures and for arbitrary, impurity 

concentrations.. 	For example, see Eilenberger (5):. 

2. Modification of BCS in order to apply it to specific metals. 

This involves a more realistic treatment of the electron-phonon 

interaction, especially for strong coupling superconductors. The 

effective coulomb repulsion u
eff 

between the conduction electrons 

is also included. 	Recent work along these lines (1968) has been 

done by Macmillan (10). 
• 
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3.. Theories which work within the original BCS approximations 

and combine the BCS Hamiltonian with various model Hamiltonians 

used to describe localised impurity states in th-.: normal metal. 

For example the theory of Abrikosov and Gorkov (AG) (32) using the 

-Jeff 	Hamiltonian for a localised magnetic moment, and that 

of Ratto and Blandin (11) using the Anderson Hamiltonian (12) 

for a non-magnetic virtual bound state, will be discussed in more 

detail later in this chapter. 	Similarly,Maki(13) has combined 

the scattering theory of Suhl (14), for systems with a strong'local 

moment-conduction electron' interaction, with the BCS theory to cal-

culate Tc 
and the tunnelling density of states. 

4. Minor modification of BCS to allow for the anisotropy of 

the electron-electron interaction V. 	That is, the dependence 

of V on (k,k'), the wavevectors of the interacting electrons. 

The original theory here was due to Markowitz and Kadanoff (15) 

for the calculation of T
c,
and to Clem (16) for the calculation 

of Hc. 

2.2 	Mean Free Path Effects on Tc 
 and H

e 

It was first shown by Anderson (17) that non-magnetic 

impurites will not break up the superconducting pairs but will 
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just cause combinations of k , 	yl .... states to be 

paired with their time reversed partners, the same combinations 

of-141. 	... states. 	It follows from this that for 

an isotropic interaction,V, there is no depression in T prop— 

ortional to the residual resistivity of the impurity. 	The 

depression in Tc  which is in fact observed was first explained 

Kadanaff (MK) (15) in terms quantitatively by Markowitz and 

of the mean square anisotropy, (a2> of the superconducting 

energy gap, but here the more compact formula of Fulde (18) is 

used: 

In 
T
c  

co 	<a2> f 	T +p/2), - -T(2)} 2.1 

Ih this formula: 

Tco  is the transition temperature of the pure host metals 

'II- is the digamma function (19), which has the initial expansion 
_ z c  2 

-+ (Ii-x) - 11- (i1-) - 
	

as x---4 0, and () -  	• 
2 	2 'it kTe  t 1 

is the scattering rate due to the impurities and is assumed 
2Y1 

be proportional to the resistivity. (see below).. 

In terms. of the electron mean free path 1 and the coherence 
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length of the pure metal at zero temperature , T of  1)/2 !1,V1., 
4 ° 	0 

Since -go is typically 
103 — 10 Al  and 1 	300 A for a residual_ 

resistivity, P r, ^ lracms even the most concentrated alloys 

(rte- 10 ILD__ ems ) have 1^' c)Aao 	The maximum change in To  from 
r  

this mechanism is therefore given by 

ATc =—Tco_ <a2> 	*(100) - 1"(2) 

6 <'a.
2
> Tco  

Since <a2> is usually 	10-29  the maximum value of A T is 6%_ 

of T 
co. 	In fact '4f(x)-varies more slowly for large x and so 

66% of the maximum depression in To  has occurred at 1 	10. 

Clem (10) has shown that, because of anisotropy, Hc(T) 

is altered on alloying., A' fractional. increase of the order <a2.> 

occurs in the quantity Hc(0)2A4111  ( I/  is the coefficient of the 

electronic specific heat)., 

In addition a reduction of the order {a2} occurs in 

the deviation function, D(h) = 1-11-tj on alloying, (h is the red-

uced field H
e 
(T)/H

c 
(0) and t is the reduced temperature, t=T/T 1, 

c 7  

that 

To the writer's knowledge values of <*a
2
> have not been 
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obtained by measurements of H0(T) for superconducting alloys. 

However, Mapother et al (.101). have explained deviations from BCS 

theory in Hc(T) data for aluminium by taking <a2>  . 0.013, 

In agreement with the value obtained by Markowitz and Kadanoff(MK) 

(15) from the Tc measurements of other workers. 

InfactMKintroducedanotherparameterrelating 

V '?11 the scattering cross-section for smoothing out anisotropy, v  

to the scattering cross--section obtained from residual resist- 

ivity measurements.
i 

varies from 0.5 to 2.0 for various 

2, 
impurities in Al,and only the quantity 71i  <a can be deter- 

mined from Tc measurements. 	For more concentrated alloys He 

data should, according to the theory, give <:a2> directly. 

This point will occur again in chapter 5 in the discussion of 

the Hc(T) measurements for Al alloys. 

The effectof magnetic impurities can simply be added to 

the anisotropy effect by adding another (11-•(z-t- Ps/2)-4-(4 term 

to the right hand side of equation 2.1. 	Here r sis the scatt-

ering cross-section associated with that part of the interaction 

2 
which is not time reversal invariant. 	Since /Ds  is often n,10 () 

for rare earth impurities and non-magnetic virtual bound state 

impurities, the initial depression in T
c 
from the 'magnetic' term 
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is the same order of magnitude as the 'anisotropy' term in 

these cases. 	In practice, for the rare earth impurities 

studied here, this is no problem because (a) theme are no limits 

on solid solubility, therefore the <a2>11( term 'saturates'.  

long before the magnetic 1' term; (b) the mean free path 1 of 

the host matrix is probably short enough to smooth out most 

of the anisotropy before alloying. 	Conditions (a) and (b) were 

certainly not satisfied by the AlT systems studied by Boato, 

Rizzuto and Gallinaro (21) and corrections for anisotropy had 

to be made. 

2.3 	Mean Free Path Effects on IG  

For non-magnetic impurities the changes in IG are well- 

described by the Gorkov-Goodman formula, derived by Gorkov from 

the BCS theory. 	(De Gennes p.2211-) (22) 

-3 v 2  
A1. 	)60 	7.5 x-  10 	0 pr 

Where, 

(")
r is the residual resistivity (initSZcms-) 

Yis the coefficient of the electronic specific heat (ergs/cc/ °K2) 

!Go  is the Ginzburg-Landau parameter of the host metal. 

2.2 
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In terms of 1- o and 1 it follows that: 

K - l00 0 

o 
	1 

Therefore for extremely type I host metals (such as aluminium 

for which 	o -̂-.
01) most of the effect of anisotropy on Tc 

has been washed out before the first change in the M(Hi ta curve, 

the appearance of a surface sheath, occurs.s. 	This would not be 

so for materials with o: 	
or more. 

To give an idea of the order of magnitude of )1:- K 

- for Al, equation 2.2 gives J. -
o 	

0.4 for Pr = 1.5 /I-52 ems •  

Hence for Al Zn alloys one first expects the appearance of a 

surface sheath at about 10 at. % Zn. 

Eilenberger (5) has calculated k 1(T) and x..2(1.') for arbit-

rary non-magnetic impurity concentrations and finds considerable 

difference in these parameters if he includes p.=wava electron 

scattering as well as s-wave. 	Presumably non-magnetic virtual_ 

3d states would also give anomalous temperature dependence of 

the kG parameters although no work has been done on this to 

the writer's knowledge. 

The question of the IG parameters for systems containing 

localised moments is postponed until after the discussion of the 

AG theory later in this chapter. 
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2.4 	'Valence' Effects  

In additionto the mean free path effects there are 

gradual changes in Tc and He dependent on the particular imp- 

urity,the so-called 'valence' effects. 	These are usually linear 

in impurity concentration and can be estimated from Te  measure-

ments on dilute alloys after using the procedure of MK to allow 

for anisotropy. 	These changes-are usually less than 0.1°K/at.% 

for alloys of non-transition elements, but they cannot usually 

be followed out to concentrations larger than a few per cent 

because of solid solution limitations and the formation of new 

phases with different crystal structures. 	They are generally, 

rather loosely, ascribed to gradual changes in the BUS parameters 

N(0), V, and 01). 

On the other hand transition elements have extensive ranges 

of mutual, solid solubility. 	For these alloysland many inter- 

metallic compoundsl empirical correlations between T , electron 

concentration, electron specific heat and crystal structure have 

been found by Matthias and co-workers. 	A review of these rules 

is given by Matthias et al (1963 ref.(23)) and also)for inter- 

metallic compounds)by Roberts. (1964 ref.(24)). 

A good example of this kind of work has been given recently 
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(1968) by MacMillan (100 for alloys of the 3d, 4d and 5d trans- 

ition elements. 	Most of the alloys he discussed were between 

elements in the same row of the periodic table. 	For example, 

he has used the measured transition (T) and Debye (0b) temper-

atures for a series of Hf-Ta-W-Re alloys to obtain empirical 

Values of the electron-phonon coupling constant -;\ from his 

theoretical formula for Tc 	By dividing the measured electronic 

specific heat for the alloys by 1+ X he obtained the 'bare/ 

electronic density of states. 	This is the electronic density 

of states unenhanced by the electron-phonon interaction. 	The 

resulting plot of 'density of states' versus 'electron per atom 

ratio' was found to be in remarkably good agreement with the 

calculated band structure of 	confirming the validity of the 

rigid band model for these alloys. 

MacMillan also allowed for the effective electron-

electron coulomb repulsion (U eff) which opposes the attractive 

electron-electron interaction and reduces T
c 	

This is the 

other important parameter in the theory of the superconductivity 

of transition elements and their alloys. 	As first shown by 

Garland (26) this can be responsible for a different dependence 

of T
c 
on the isotopic mass M. 	BCS predicts T

c
c< g-1/2 , whereas 

for many transition metalsl and some non-transition metalsl it is 
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found experimentally that T
c 

c. M— I , where /3 is less than 

Ueff is responsible -Lr electron spin correlations in 

the appropriate band. 	If it is large enough compared with 

the bandwidth, ferromagnetism of the band occurs below a certain 

temperature. 	As U
eff 

approaches this critical value spin 

fluctuations within the band become longer lived and give an 

additional suppression of superconductivity. 	This mechanism 

is believed to be responsible for the absence of super— 

conductivity in Pd, which according to the rules of Matthias 

would be expected to become superconducting. 

It will be seen later on. that there are analogous effects 

for localised impurities. 	U  eff is then the coulomb repulsion 

between two electrons on a 3d site. This initially gives a 

'static' depression in Tc  according to the model of Ratto and 

Blandin. 	As Ueff  increases further, localised spin fluctuations 

become longer lived giving an additional depression in Tc. 

Finally the Anderson (12) criterion for the appearance of a 

localised magnetic moment is satisfied and a permanent local 

moment appears, depressing Tc  very quickly. 
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2.5 	Localised Impurity States  

1. Non-magnetic -virtual bound state  

Boata. et al (21) measured Tc and the residual resistivity 

"or of a series- of dilute AlT alloys (T is a 3d transition 

element). 	After applying the analysis of MK they found anom.F; 

alously large 'valence' effects. 	60K/at.  90for Mn). 

This was later explained by Ratto and Blandin (11) using the.  

Anderson model (12) for the localised nonmagnetic state. 	Reas-. 

onable agreement was found using a value of 1 to 1.5 eV for 

the half width of the virtual bound state, for all alloys except 

Al Mn whose value of dT /d was still a factor of two too small'. p 
c r 

As distinct from those used in the earlier theory of Zuckermann, 

the above values of r were approximately constant through the 
series, and when used in Anderson/6s criterion for the occurrence 

of a local moment, correctly predicted "no moment"... 

Physically the large depression is caused' by the effective 

coulomb repulsion ( 
Ueff) 

 between t and 4. spin-electrons of 

the bound pair when one of them occupies the impurity site. 

Zuckermann (27) has shown thatl within the model of Ratto and 

Blandin,no deviations from BCS are expected in the thermodynamic 

properties of these alloys, other than a small change in Y 
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associated with the v.b.s. , but that there may be a region of 

gaplessness which could be detected by tunnelling experiments. 

It has recently been suggested by several authors (28) 

that the extra dTc/dp r  observed in Al Mn and Zn Fe alloys could 

be associated with localised spin fluctuations(1.s.f.) on the 

impurity site. 	If the lifetime ( Co) of the l.s.f. is 

then there will be an additional pair breaking mechanism to the 

one considered above. 	For, in this case the occupancy of a d 

state by a k electron will affect not only its partner -k 

but also all other pairs, in the same way that a permanent local 

moment does. 	However, the theory has not yet been worked out 

in the limit o  ( -AA-T o ) so at the moment the order of magni-

tude of this effect cannot be estimated reliably. (28(c)). 

An alternative viewpoint of the Al Mn system was given 

by Schrieffer (29), namely that it is a Kondo spin-compensated 

state with a large Kondo temperature Tic. 	Similarly recent meas- 

urements on the Zn Al Mn system by Rizzuto (30) can possibly be 

interpreted on the basis of TK  rising through_ Tc. 	At the moment 

the connection of this approach with that of localised spin fluc-

tuations is not very clear. 
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2.- Mao-net:tc virtual hound State  

These states have the strongest effect on superconduct-

ivity becauSe they combine a localised magnetic moment with a 

strong interaction with the conduction electrons, for example 

in ZnMn dT
c
/dx is -300°K/at. % (21). 

Until recently such systems were discussed from the 

viewpoint of the AG theory, using the scalar JeffS.s interaction 

between the localised spin S and the conduction electron spin s. 

This will be done here but more recent treatmentsof Maki (13) 

and Coqblin and Schrieffer (31) will also be mentioned. 

3. Localised magnetic moments - the  AG theory, 

As already stated the theory assumes a scalar 'impurity 

conduction electron'interaction which can be written in second 

quantised form as: 

( 	, - 	 ;> 	J(k,k!).1.(ak,+ak+-ak,ak..)Sn  
kk' n 

a+  a 	+ a+  a S 
k 1 + k- n 	k'— k+ n 

(Yosida (76)) 

where:.  k + ,label the conduction electron states with Wave vector 

k,and z component of spin - 
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ak+' ak:1_ are the usual Fermion creation and annihilation operators, 

S. is the local impurity spin operator on the a th  magnetic site, 
-n 

with components Sn,  S13ra. and S ; and Sn- are.the raising and lowering 

operators given by, 	iSY . 

There are two contributions to J(k,k'):. 

1. The Heisenberg exchange contribution from the coulomb repulsion 

(in practice a screened potential) between the conduction electron 

wavefunctions N1k 	and the localised 1,4f 	states. 	(These 
. - 

could alternatively be 3d states) 

This is given by: 

J(k,k , ) = 	rk 
, 	

174±-.(2-2) 

2 
(r ) 	M3  d3r 2 	4f" 1 -I' —2 

e 

ir -r -1 -2 

To arrive at this formula it has already been assumed that the 

coulomb exchange repulsion between 4f wavefunctions and conduction 

electron wavefunctions based on different sites can be neglected.. 

(Doniach ref.(33)). 

The Heisenberg contribution to J(k,k') is always positive. 

2- The negative mixing contribution to J(k,k1 )_ for a virtual 

U  
bound state which is given by J(k,k') = 	Vkd V . 

Ed ( Ed+u 
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where Ed  = E-EF is the(negative)energy separation of the v.b.s. 

from the Fermi energy. 	1Jis the repulsive interaction 

between T and $ spin electrons on the impurity Tite. 	V
k d 

is 

the 'conduction electron-localised statet mixing term first pro- 

posed by Anderson (12). 	The latter author defines 

pv4f (E) v(E) 	 eih_Rn oc(r_Rr)d3r  

Rn A0 

Where 4-.(r-Th) is a Wannier conduction electron wavefunction 

based on the Rn
th 

lattice site. 	(Replacing "4(.d  in Anderson's 

formula by ltili). 	"V(r). is the selfconsistent (Hartree Pock) 

potential. 	Note that in the above sum Rn .- 0 is excluded, 

according to Anderson because of the different symmetry of1/ 1. Cr)' 

and c((r), so thatiin contrast to the previous casel it is; 

the overlap of the localised (in this case 4f) wavefunctions 

with the neighbouring conduction electron wavefunctions which 

leads to the Vkd term. 	Thus, for 3d elements, Vkd is typically 

f.!= 2 eV whereas it is probably C=0.2 eV or less for rare earth 

impurities, with their tightly bound 4f wavefunctions. 

4. AG expression for T
c 
 - Theory and Experiment  

(1) Theory - Treating the above interaction in the first order 



Born approximation (that is, using first order perturbation 

theory for the scattered wavefunction). 	AG obtained 

=1/(1- 	/32 ) — V(1) 	 2.3 

Using the previously mentioned digamma (1') function., 

In this formula: 

/C AC kT s c 

and 1/i)' s is the difference in scattering cross-sections for spinspin`!`  

tand spinJelectrons which is given by 1/Ts  = 	.x.n(EF)JL.f  S(S+1)/4,  

in'this approximation. Here: 

Jeff = 4  <kr(kIki)2> 

where C >represents an average over the Fermi surface, i.e. 

an average value for the electrons responsible for superconductivity. 

n(EF) is the electrohic density of states, for both spin directions,. 

at the Fermi energy. 	x is the magnetic impurity concentration 

and S is the impurity spin. 

in co 
T c 
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Liu (34) has shown that the coulomb exchange interaction 

J
eff

S.s  can be replaced in the case of strong spin--orbit coupling 

by the operator (gj-1)Jeff  J.s, where gj  is the free ion Lande 

g-factor and J is the total angular momentum of the impurity ion 

(J- L S), but only under certain conditions. 	These conditions - 

are: (i) 	the conduction electrons are s-like in their region 

of overlap with the impurity 4f shell. 

(ii) the wavelength of the conduction electrons (at k=kr) 

is large compared with the size of the 4f shell. 

These are quite good approximations for the heavier rare earth 

elements, after gadolinium. 

Therefore one obtains, for strong spin-orbit coupling:- 

1 n(EF) Jef f2 (Uri)
2 
J(J+1)I 

This formula is used in chapter 4 in the form 

2 
dT 	TC  

t 	

J
off

2 
(gj -1)2 J(J+1).1 

dx 	4k 

The AG formulafor T versus concentration of magnetic 

impurities,can also be expressed as a universal function. 
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Using the asymptotic expansion (19) 

1((z. + x) -1/(1-) 	›ln 7.125 x 	as 

it follows from equation 2,3 that there is a maximum value of 

1/T s  given by: 

( 

Ts 

1 	1 )  

7.125 
cr 

27-6kTeo  

  

above which superconductivity is suppressed completely. 	1/T s  

is proportional to the impurity concentration xl  therefore.in 

terms of the critical concentration x ,the AG formula is: or, 

T 
in  co  

Tc 

= 1(.71 ÷ 0.-140 
T 
co ) x 	• 

cr Tc 

(1) 2.4 

This formula J_s alSo used in chapter 4 and is plotted in Fig. 2.1,p51. 

If the dominant contribution to J(k,kT) is from the 

Anderson mixing term then it now seems unlikely that the previous 

expression for ts  is valid. 	For Coqblin and Schrieffer (31), 

in a recent paper, have allowed for strong spin-orbit Coupling 

before using the Schrieffer-Wolff transformation to go from the 
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Anderson Hamiltonian to an 'exchange type' interaction.. 	(The 

Schrieffer-Woliftransformation is one method of obtaining the 

relation: 

J(k110) = Vkd Vdk' • U  

 

E
d
(E

d+U) 

given previously).. They find that the expressions for the dep-

ression of Tc(dTc
/dx), the magnetic resistivity (pm), the Kondo) 

term in the resistivity and especially the Ruderman-Kittel-Yosida 

(RKY) interaction are radically altered. 	Their calculation is 

only valid for a one electron (or one hole) 4f shell, that is 

Ce+++  (or Yb
+++

), and according to the authors, extension to a 

many-electron 4f shell will be very complicated. 	Evidence is 

presented in chapter 4 which shows that Jeff may well be positive 

for the La
1-x

R
x
AI
2 

system, despite some experimental indications 

to the contrary, so for the present the validity of the (gj-1) 

Jeff 
1.2 interaction has been assumed. 

The modifications to the theory of AG for T
c 
in the pres- 

ence of crystal field effects, using the (gj-1) Jeff  I.1Hamil—

tonian, are discussed in Chapter 4. 



(2) Exl-periment  - The detailed form of the AG expression for 

T
c 
(equation 2.4) has been verified by M. B. Maple (35) for 

La1_x0y12  alloys in the temperature range 1?:_Tc/Tco  

to within the widths of the superconducting transitions, 

LVT. 	= .±.005 T . 	This is in marked contrast to the other 
co 

systems studied so far, namely the Lai _xGdx  (0.5),La3_xGd-xIn 

La1_xGdxSn3  (0.25),La3'xGdxAL (0.65) and Thi_xErx_ (0.4) 

systems. 	The figures in brackets are the reduced transition 

temperatures(T c  /T co)at  which deviations from AG start to occur. 

The respective references for these systems are (36) to (40) 

inclusive. 	It is now well established from measurements of 

susceptibility in the normal state that these departures are 

associated with correlations between the magnetic moments of 

the paramagnetic ions. 

The precise nature of these correlations is not as clear. 

Certainly the results of Guertin and Parks (40) for the Thi _xErx  

system show clearly that the short-range spin correlations set 

in at temperatures an order of magnitude higher than long range 

order. 	These short range correlations show up as departures 

from Curie-Weiss behatfiour in the susceptibility (X ) versus 

temperature plot, at a particular temperature TM.. As shown in 

49 
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FIG. 2.1 The Abrikosov—Corkov universal curve f2.7112.c 	concentration 
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_ 	- 
Fig.-2.2• where these results are quoted, the Tm  vs concentration 

(x) plot intersects the T
c 

vs x curve in the same region where 

the deviations from AG begin.. Short range local moment correl-

ations have also been invoked by Toxen et al (38) for the 

La
1-x

Gd
x
Sn
3 
system; in this case the long range ordering is 

antiferromagnetic and the (negative) Curie-Weiss temperature 

Versus x plot intersects the AG curve at temperatures well above 

the deviating region. 

Bennemana(41) 'originally (1966) discussed the results for 

the La
i-xGdxIn3 

and La
1-x

Gd
x 

systems in terms of a combination 

of long range spin ordering and the polarisation of the conduction 

electrons.. 	However, a more recent (1968) paper (25);by the same 

author invokes a complicated ordering process involving magnetic 

clustering, in order to explain the observed giant moments and 

H
c2
(T) curves for the La

i-x
Gd
x
In system. 	Presumably his previous, 

less complicated, considerations no longer apply to this partic-

ular system. 

Nevertheless, one can say qualitatively that deviations 

from AG are caused when the impurity spins start to be correlated' 

by interactions.. 

Usually these deviations take the form of a slower decrease 
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in T
c 
(versus concentration) than predicted by the AG theory, 

probably associated with a reduced'spin-flip' scattering cross 

section.. This is often followed by a sharper decrease, prob-

ably due to the polarisation of the conduction electrons. 

2.6 	Other Tests of the AG Theory 

1. H  Measurements  

The only rare earth impurity system which has so far 

been obtained sufficiently pure and defect free to exhibit type 

I or type I-II magnetic behaviour is the ThGd system studied 

by Finnemore et al (43). 	These authors found good agreement 

between the measured values of Hc(T) and the AG theory. 	In 

fact, the deviations from BCS are not remarkable. 	For example 

these authors found that for Th 	Gd 	(T. /T 	= 0.64) the 0.98 -  .02 	c co 

extrapolated Hc(T) curve gave H=73 gauss in agreement with AG. 

From the BCS theory,which predicts a constant H/T
2 
for all alloys, Ho/T2 

one would expect Hc=30 gauss. 	A more sensitivetest is the 

slope(dHc/dT)T  which is related thermodynamically to the specific 

heat jump, AC,, at Tc. 	The BCS, AG and measured values of AC, 

expressed as a fraction of the observed value for pure thorium, 

were 0.51, 0.35 and 0.362 respectively which represents good 
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agreement between the AG theory and experiment. 

2. Tunnelling experiments  

One of the most interesting predietionsof the AG theory 

is that, for any finite concentration of magnetic impurity below X 2  
cr 

there is always a temperature range where gapless superconduct— 

ivity occurs.. 

In this range the order parameter remains finite but, 

as distinct from a BCS superconductor where the single particle 
• 2 	• 

excitation energies are given by Ek — (E k  + 62)1 in the gapless 

region there are some states for which Eit  = O. 

In the, above formula,  is the energy of the conduction 

electron state k in the normal metal (Measured from the Fermi 

level) and A is the superconducting energy gap, 

Reif and Woolf (44) verified this aspect of the AG theory 

by tunnelling measurements on Pb Gd films but disagreement via. 

found for In Mn and Sn Mn filmS. More recently Edelstein (45) 

has measured the tunneITing characteristics of La Ce films. 

Again he finds disagreement with the AG theory at all concentrations. 

The form of the discrepancy is that more states are found within 

the gap than predicted by AG, especially at higher temperatures.. 
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It now seems that this discrepancy is associated with the 

large values of Jeff , that is, with 'tondo' anomalies in 

such systems. 	The recent theory of Maki (13), applying Suhlts 

(14) scattering theory to the superconducting state and treating 

J
eff 

to. higher order does give more states within the gap. 

3. Other depairing effects 

In their extension of the theory of Gorkov and Rusinov 

(46) for the co-existence of ferromagnetism and superconductivity, 

Fulde and Maki (47) showed that, in the limit of extreme type 

II behaviour, the effect of several different pair breaking 

mechanisms is additive. 	The above limit was defined by them 

to occur when S was much greater than both the electronic 
o 

 

transport mean free path 1, and the spin-orbit-scattering mean 

free path lso. 	The result of this additive property is that 

the transition temperature T, in the presence of various pair 

breaking parameters, (X., is still given by the formula: 

3 
T 	T

1 
 04-j ca, 	 co 

>  In 	= 1(  (I + 0.140 . 	, ZiEi-7  ) — 11Q--) 
T 	 T 	-1 	J 

j=1 

2.5 - 

In this formula T
co 
 is, as usual, the transition temperature of 
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the host metal and Irr is the digamma function , j  0<cr is the 

value of o• needed to suppress superconductivity at all temp- 

eratures in- the absence of any other pair breaking mechanisms.. 

The pair breaking mechanisms considered were; 

(1) 
	

Randomly oriented impurity spins interacting via the 

Jeff S sinteraction with the conduction electrons., 	In the 

notation of equation 2.4,41441cr 	x/Xcr' and, of coursel if 

the remaining 	are zero. the AG result (equation 2.4) is ret- 

rieved. 

(ii) 	The pair breaking effect of a magnetic field near Hc2- 

Here cyo. 2cr 
= H

c2
(T)/H

c20
(0). 	H

c2
(TY is the upper critical 

field when impurities are present, but Hc20(0)  is the upper 

critical field for the host metal at T=O. 	If the other 	are 

zero one obtains the usual result for H
c2
(T) for a 'dirty' 

superconductor (67). 

Tco 
In 

Too HcAT) 1 1-)  
T Ill (0)  = T(1-  + 0.140. 

c2o 
2.6 

Of course this is in the same form as the AG expression for Tel  

showing the equivalence of the two pair breaking mechanisms. 
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(iii) The effect of the spin polarisation of the conduction 

electrons caused by the JeffS- 
interaction with the impurities. 

This spin polarisationl denoted by I, is assumed to be spatially 

uniform, that is the spatial average of the RKY (.76) polarisation 

density is used. 

In terms of the spin orbit scattering time 	 so 

o(-3  

c43cr 

'so, 
12 Tao( <sz> x Jeff)2 

1'76Tco 	1.76Tco 

 

where: x is again the concentration of magnetic impurities, 

i,sithe average spin polarisation of the impurities. 	As 
z% 

before,in the absence Of an external magnetic field and of mag-

netic order,<S z? = O'and the original AG result is obtained. 

Crow and Parks observed non-monotonic Hc2
(T) curves for 

La 	Gd In in an intermediate concentration range. 	These could 
3-x x 

be explained qualitatively as follows. 	For low concentrations 

H
c2
(T) is monotonic because.06/c4.2cr 3 3 >> 0C/oC cr .<S>is strongly dep-

endent on the external magnetic field and the temperature, with 

the usual Brillouin function dependence for a paramagnetic system,. 

At intermediate concentrations oc
22cr 33 cr , and 3 

is strongly 
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temperature dependent via KS 	hence non-monotonic Hc2(T) 

curves are obtained. 

At higher ccAcentrations, impurity-impurity interactions 

gradually set in, <s 
z
> iS no longer very dependent on H or T, 

and monotonic Hc2(T) behaviour is again expected, and obtained 

experimentally. 

Crow and Parks did not obtain detailed agreement with 

theory and the same system has been the subject of the recent 

paper by Bennemannet al (25) referred to previously. 	These 

authors explained the departures from the above theory and the 

giant magnetic moments observed by susceptibility measurements 

on this system,in terms of a complex ordering process involving 

long range order of 'clusters' of impurities. 

To the writer's knowledge the only other Idepairing' 

investigation to date has been by Barth et Al (48) on the Ma; 

Re Fe system. 	Again only qualitative agreement was found, 

which is not surprising in view of the tunnelling results for 

3d transition metal impurities obtained by Reif and Woolf (44) 

4. Specific heat measurements  

In addition to the critical field results,Bennemann and 
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Garland (49) have also found reasonable agreement between their 

theory and the specific heat measurements of Finnemore et al for 

La
1-x

Gdx (50). 	In tnis system recent neutron diffraction meas-

urements (42), have shown the existence of 'giant local moments' 

so, as for La
5x

Gdxla ithe normal state magnetic properties are 

complicated, 

5. 	ki.parameters  for magnetic impurities  

For these systems the description of M(H,T) behaviour 

in terms dthe various 	parameters, described in chapter 1, 

(which was quit e convenient for non-magnetic alloys) is not often 

used. 	It is also difficult experimentally to get Hc(T) values 

for such extreme type II materials (they are necessarily type II.  

in order to apply the theory) because of hysteresis.. 

It is easily shown from equation 2.5 that, neglecting 

interaction effects, the upper critical field in the presence 

of paramagnetic impurities, Hc2(T)l is given in terms of that of 

the host metal H
c20 

 (T) by the formula: 

Hc2(T) 	Hc20(T) 	. Hc20(0) 
	2.7 

cr 
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Since the H
c?0 

 (T) curve is the usual 'digamma' function 

(equation 2.6) and not a straight line, the above constant_ 

displacement along ne Hc2  axis alters the shape of the Hc2(T) 

curve and thereZore the 1-- _emperaturc dependence of h.1  must be 

altered. 

Similarly, from the paper of Barth et al (48), it 

be seen that the theoretical,(and experimental) values of 

defined in the usual way, no,  longer have the usual temperature 

is the GL and in fact — 	less than unity at Tc.(Here . 

GI; parameter of the host metal, t
2 

that of the magnetic 

if;C2 is cif 
i 

alloy). 

Before leaving this section on the depairing effects 

one puzzling result of Fulde and Maki (47) should be mentioned.. 

This is their statement that 'in the limit of lscr--> 0 (the spin-

-orbit mean free path) the alignment of the impurities does not 

reflect itself in the dependence of transition temperature on 

concentration'. It is not clear to the writer how this can be 

reconciled with the theory of Toxen et al and Bennemann-referred 

to earlier in this chapter. 	For, in these theories, part of 

the anomalous Tc dependence is ascribed to the freezing out of 

the spin flip processes on ordering. 	It is difficult to see 

how large spin-orbit scattering could prevent this affecting Te. 
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2.7 	Concluding Remarks and Summary of This Chapter  

Some theories for the effects of various impurities on 

superconductivity and exanples of their experimental confirmation 

have been discussed, particularly the theory of AG for localised 

magnetic moments. 	It is apparent that detailed agreement with 

AG has only been found for tunnelling measurements on Pb Gd, H (T) 

measurements on Th Gd and Tc 
measurements on La Al Gd. 

 1-x 2 x. 
	Cer—

tainly impurities having a magnetic virtual bound state are only 

qualitatively described by AG. 

For rare earth impurities the observed deviations from 

AG in H
c2
(T) and T

c 
measurements provide good evidence for the 

coexistence of magnetic order and superconductivity. 
	However, as 

in normal metals, the detailed nature of this ordering is diffic-

nit to determine. 

As far as the (repairing effects are concerned,it would 

be of interest to attempt to verify the predictions of the theory, 

especially the non-monotonic Hc2
(T) curves, for a system such 

as La1 _xGdxAI2  where the normal state magnetic properties are 

better understood and the impurity-impurity interactions are 

weaker than in the systems studied up to now. 
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CHAPTER 3  

RARE EARTH IMPUPT2TES IN SUPERCONDUCTORS  

I INITIAL AIMS, EXPERIMENTAL METHODS, 

Introduction 

It has already been mentioned that the only superconductor- 

magnetic impurity systems quantitatively understood are those 

containing gadolinium as an impurity. 	For non-rare earth solutes 

departures from the Abrikosov-Gorkov (AG).theory are known to 

occur and for other rare earth solutes there are complications due 

to crystal field effects which will be discussed in this chapter 

and chapter 4. 

3.1 	Crystal Field Effects in Metals and Salts  

Following the observation of electron paramagnetic resonance- 

(e.p.r.) in a AE  Er alloy by Coles and Griffiths (51), the dilute 

(^-0.5 at. %) alloys 	R and Au R (where R is a rare earth element 

of atomic number greater than gadolinium) were also studied in 

this laboratory by Williams and Hirst (NH) (52). 
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From measurements of susceptibility (X) between 1°K 

and 300°K and the e.p.r. g factor, if a resonance could be seen, 

WH (53) were able to set limits to the crystallinJ field para- 

meters c4  and C6. 	The basic theory for these effects is given 

by Lea, Leask and Wolf (154) and in their notation C = B <;r11)(S 

and C
6 	

B 	Briefly then, in a cubic lattice these two 

parameters are sufficient to define an effective electrostatic 

field which partially raises the (2,11-1)-fold degeneracy of the 

ground state of the trivalent R ion. 	(J is of course the total 

angular momentum, which remains a good quantum number, since 

in the rare earth ions L-S couplingS are large, at least 3000°K, 

compared with typical crystal field splittings r- loo°K.) 

It is usual to regard c4  and C6  as adjustable parameters 

and on this basis e.p.r. and susceptibility measurements for 

various salts of rare earth elements have been explained in 

terms of a smooth variation 'of these parameters along the series. 

(Low (55)). 	The values of (C4,C6) obtained by WH are given 

in table 3.1. 	It can be seen that the signs and orders_of mag-

nitude- of these parameters are all the same, indicating that 

the dominant energy contribution is indeed electrostatic in origin, 

but for neighbouring impurities (e.g. 
Er4-1-1- and 

 Tm4-F-1- in L) 



Alloy 	 4(°K) 	C6(°K) 

..1..•••••*••••••• 

Ground 	Isolation 	1st ex. 	x 
State 	(°K) 	State 	(Lea et al) 

.kTb 

AgDy 

.kHo 

—70 

—70 

—70 

13 

13 

13  

r- 3  

r" 7 

r (2) 

< 1  

1 

<1 

AEr —70±.2 13:17.2 FT  7 35 

,.A..glm —30 5.5±.1 F' 2  22 

—41 5.5±.1 r 2  20.5 

AuEr —33±4 r-7 

AuTm —17±.5 2:17.1 F12 7 

AuYb —27±.3 4.5:E.3 i" 79 

(2) 
5 	.82 

gl) 	.57 

(2) 
4 	•37 

(1) 	— .33 

2) •57 

112) 	.64 

r",31) 	— .32 

(2) 
75 	.66 

F8 	.76 

TABLE 3.1  
Crystal Field Parameters obtained by Williams and Hirst  
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the parameters differ by a factor of two. 	The expected mag-

nitudes of (C4,C6) are often calculated by the point charge 

model (in which charges offlel are placed at all nearest neigh- 

bour lattice sites). 	In this case it gives values of (+14,+1.5)°K 

for (C
4,
c6)  which are of the Wrong sign and an order of magni- 

tude too small. 	Obviously the defects in this model lie in 

the complete neglect of the conduction electrons of the host 

metal and of the closed 5s
2
5p
6 

shells of the rare earth ion. 

Williams and Hirst (53) suggested that in this case the dominant 

contribution to the fourth order part of the electrostatic pot-

ential (CO arises from the coulomb repulsion between the 4f 

electrons and the conduction electrons screening out the impurity 

potential. 	The latter charge density would probably be 5d--like, 

and be perturbed,according to the requirements of cubic symmetry, 

by neighbouring positive ions. 	The arguments for this are given 

in detail in their paper but it would certainly give the correct 

sign and magnitude for C4  and could explain the observed vari- 

ations. 	This proposition will be referred to again at the end 

of chapter 4. 

The validity of the electrostatic model and attempts 

to calculate the crystalline field parameters are discussed for 
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rare earth salts by Wybourne (56) (1965) and for transition 

metal salts by Anderson (57). 	It is recognised that, expec- 

ially in the latter cese, significant covalent mixing occurs 

between the magnetic wavefunctions and non-magnetic wavefunctions 

based on neighbouring atomic sites. 	However, the success of 

the electrostatic model is not solely due to the correct des-

cription of the.point symmetry, of the lattice, because the 

crystalline field parameters are usually reasonably constant 

for the various rare earth ions in the same environment. 	More- 

over, this model does restrict the allowed energy levels quite 

considerably. 	For example consider the Tm1-4-1-  ion in a cubic- 

environment. 	It is known from group theory that 6 irreducible 

representations ( 	P21  r134 r4 and205) occur in the decom-

position of the 13-dimensional representation of the cubic point 

group in terms of 1,1=6, J basis vectors. 	Therefore for an 

arbitrary interaction (retaining cubic' symmetry) there are 

6 :/2 	= 560 (1-7
5 

occurs twice) possible-permutations in energy 

of the 6 sets of degenerate levels. 	Examination of the tables 

of Lea, Leask and Wolf (54) reveals that "only" 20 of these 

remain for an electrostatic potential and that for 85% of the 

possible x values (x is the parameter defined by Lea et al which 
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is related to the ratio C4/C6) only 8 of these occur. 	Even 

with these limitations it is still not very easy to fix (04,06) 

accurately from susceptibility measurements. 	In this respect 

previous workers studying non-conducting salts were often 

helped by optical data and sometimes even by e.p.r. absorption 

of excited states. 	On the other hand such crystals often had 

lower symmetry than cubic and, the number of parameters needed 

to define the electrostatic field was correspondingly larger. 

The particular method we have used to find (C4,C6) could be 

easily adapted so that susceptibility data could be used to 

find the best values by a computed least squares fit. 

3.2 	Initial Aims  

It was decided that investigation of a similar system, 

a dilute solid solution of a rare earth in a metal of cubic 

symmetry would be of interest, especially if the metal were sup- 

erconducting, for the following reasons. 

(i) The depression of Tc 
resulting from the conduction electron- 

4f shell exchange interaction would obviously depend on 

the particular crystal field ground state of the rare earth 

ion. 	Especially, if the ground state were non-magnetic, 
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how small a dT
c
/dx would be obtained ? This question 

has since been studied by Bucher, Andres et al (58) and 

their results are discussed in chapter 4., 

(ii) Attempts had already been made in this laboratory (by 

R. J. Lowin) to measure the temperature dependent spin 

disorder resistivity associated with the exchange inter-

action.. This was made difficult above OK by deviations 

from Matthiesson's rule (whereby the impurity contribution 

can be separated from the lattice contribution to the 

resistivity). 	Below 4°K small resistance minima were 

observed but these arebelievedEto be due to 10 p.p.m.of 

Fe impurity. 	However, recent measurements by A. P. Murani 

(6) on Au Ho alloys (ground state isolation-1°K) do show 

crystal field effects below 6°K. 	There is also the 

question of interference effects between the coulomb and 

exchange scattering contributions to the resistivity, 

which is not clear at present. 	The advantage of using 

a superconducting host metal is that, as discussed in 

chapter 2, the superconducting transition temperature (Tc
) 

and critical  field H
c
(T) are only altered by that part of 

the interaction which does not have time reversal symmetry, 
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that is the exchange part. 	By comparison with this, 

the effect of the coulomb potential of the impurity in 

smoothing out the energy gap anisotropy is negligible. 

Specifically the initial aims were: 

(1) To find a superconductor with a large value of Tc (say 

La-In
'  T0 	

oK) which would retain rare earth impurities in 

solid solution and to plot To  versus concentration of rare 

earth (x), over a wide range of temperatures. 	Since a typical 

ground state isolation is /../10°K thermal population effects 

invisible by resistive measurements should show up as deviations, 

from AG in the Te  versus x plots. 	It was not anticipated 

that critical field measurements would be possible for this 

system because an intermetallic compound with such a high value.  

of T is likely to be extremely type II with a very large H02' 

and also highly irreversible. 

(2) In .several cases for the .11.&  and Au based.systems, ground 

state isolations of 1°K or less occur. 	Therefore if a type I 

superconductori of cubic symmetry, could be made to dissolve 

up to 0.5 at. % of the rare earth elements, even if it had a 

lower T 1  crystal field effects and,at lower temperatures, inter-

action effects,could also be detected by measuring Hc(T) between 

30K and 0.40K. 
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3.3 	Choice of System  

The only pure superconducting elements which are known 

(6o) to dissolve appreciable (0.5 at. % or more) quantities of 

rare earths are 

(i) Lanthanum, which has a crystallographic phase change (60) 

at 310°K. 	Above this temperature the cubic ig-phase is 

stable and in practice it is difficult to retain this at 

lower temperatures without some of the hexagonal close 

packed a-phase being formed. 	The superconducting prop-

erties of this system have been studied fairly recently 

(1967) by Sugawara (64). 

(ii) Thorium, Tc  is 1.4°K for this element and it also has the 

face centred cubic structure. 	Some Th Er, Th Tm and Th 

Gd alloys were in fact purchased from Johnson Matthey Ltd. 

Their low temuerature resistivities were-,,15/41Lcms,which 

ruled out Hc(T) measurements, since they were- 	type II 

materials. 	Tc measurements were made using the He3  cryostat 

but these, and subsequent electron probe analysis, revealed 

that there was no rare earth present and this project was 

shelved. 	Subsequently measurements on these systems have 

been reported by three workers and are referred to in Chapter 4. 
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(iii) Other attempts at making solid solutions containinp* 

rare earths  

According to 4- he Darken-Curry plot of electronegativity 

versus atomic radius, indium is a good candidate for 

dissolving the rare earth elements (see ref. 60 for 

example)- In addition it is known that In forms solid 

solution with up to 400 p.p.m. (61) Ce and as for the 

Au and Ag systems the solid solution range could be con-

siderably larger for the heavier rare earth elements. 

Attempts were therefore made to: farm In Gd and In Er 

solid solutions, starting from the pure materials at 

500
0
Cl and from Er

-
In
3 
+ Er at the same temperature and 

at 1000°C but without success. 	One cursory attempt at 

forming arc melted -Al 0.5 at. % Gd was also unsuccessful. 

The system which was finally chosen represented a com-

promise between a 'dirty' high temperature superconductor and a 

purer low temperature one. 	This was the intermetallic Laves 

phase compound, La Alt  which has the cubic Mg Cu?  structure and 

a superconducting transition temperature of 3.24°K® 	This 

structure has a very high co-ordination number, each La atom 
0 

having 12 nearest neighbour Al atoms at 3.33 A and 4 La atoms 
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0 

at 3.5 A (62). 	As is well known the Laves phases are usually 

formed when the atomic diameters of the two pure metals have 

a certain ratio (ideally 1.225). 	The atomic diameters of 

each atom therefore remain about the same in La Al
t 

as in the 

pure metals and as a result the electron density in La Al2  is 

large (.14 electrons/(Ao)
3), approximately the same as for 

pure aluminium. 	Therefore the band structure of this com- 

pound is probably quite complex. 	All the other R Al
2 

compounds 

have the same structure, and it is almost certain that the 

rare earth ion (R) goes into solid solution on a La lattice 

site. 

From the work of Maple (35)(Tc  vs x, and susceptibility 

measurements on La
1-x

Gd;Al
2
)it is apparent that impurity-impurity 

interactions in La Al2 are very small for Gd concentrations 

in the 0 to 1 at. 	range. 

3.4 	Experimental details  

1. Alloy TIalLaLLEE  

Metallic lanthanum, in common with the other rare 

earths, oxidises very quickly in air, and at 1400°C, the melt- 

ing point of La Al
2
, it is extremely reactive. 	The two most 
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suitable methods of preparation are therefore by using a radio 

frequency levitation furnace or an argon arc furnace. 	Buschow 

et al (63) have found alumina crucibles suitabl: for annealing 

La-Al specimens. 	These authors made an accurate determination 

of the La-Al (and other rare earth - Al) phase diagram and 

needed to anneal some specimens for several weeks. 

An argon arc furnace,was used in this work. 	High 

purity argon was not used but both titanium and lanthanum getters 

were melted before melting the specimens. 	In order to make 

homogeneouscompounds by this method, without further heat treat- 

ment, repeated turning and melting is needed. 	This is limited 

by weight losses due to evaporation, especially for Tm compounds, 

and by a tendency of the brittle intermetallic compounds to 

shatter on remelting. 

With the above limitations in mind the final method of 

preparation was as follows: 

Flat slices of 99.9% La, obtained from pare Earth Products 

Limited labout 1 gm in weight, and 99.7% rare earth elements 

(Koch Light Trading Company Limited), about 50 mg,were cut from 

ingots using a carborundum wheel. 	They were cleaned by rubbing 

on fine emery paper under alcohol, weighed, and, to minimise 

oxidation, were kept under alcohol for the period of about one 
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hour before being melted in the arc furnace. 	None of the 

commonly available acids or alkalis was found suitable for 

cleaning the rare earths, all left a black surface deposit 

which could only be removed mechanically. 

The binary alloy was turned and melted four times, 

it was then sliced up (0.2 to 0.6 gms).  and cleaned, as before. 

The appropriate weight of 5N aluminium, in the form of sheet 

for easier weighing, having been cleaned in Na OH, was then 

melted with the ingot of binary alloy. 	For the more dilute 

(1%) alloys this binary alloy was first diluted even further 

with La. 	The compounds were less likely to shatter if they 

were indirectly heated by the arc for about 30 seconds before 

being remelted. 	This shattering was almost certainly caused 

by small amounts of second phase melting prematurely and expand- 

ing. 	Nevertheless shattering did occur occasionally and as 

a safeguard the compound was weighed after the first melt. 

It was then remelted and turned four times. 

For alloys'not containing thulium (Tm) weight losses 

were negligible (<0.5 mg) in the absence of shattering, although 

occasional weight gains (-,1 mg) occurred in melting the binary 

La based alloys. 	Special care had to be taken not to overheat 

the Tm alloys, especially on the first melt when the large 
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heat of formation of this phase is given out, since the vapour 

pressure of Tm is 35 mmHg at 1/100°C. 	Typical weight losses 

for the 4 to 8% Tm alloys were 1 mg per melt. 	The concentra- 

tions of these alloys were calculated by ascribing such losses 

to the evaporation of Tm alone. 

2. Metallopraphic examination  

All the La Al2 ' scecimens measured were examined micro-

scopically, including those obtained from M. B. Maple, University 

of California, La Jolla. 	(These will be referred to as 'La 

Jolla' samples from now on). 

The phase diagram determined by Buschow (63) is shown 

in figure 3.1. 	It can be seen from this that La Al2 melts 

congruently at 1400°C. 	Despite this, microscopic examination 

revealed the four typical features shown below. 	Dilute (5% 

to 20%)aqueous or alcoholic HCl was used as an etchant, in gen-

eral longer etching times were needed to reveal the microstructure 

in the La Jolla alloys, .The features most often seen were: 

(1) I • • 

--4 
20/4 

K--- 
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FIG. 3.1  The phase diagram of the lanthanum-aluminium 

system (after Buschow(63)). 



second phase which is probably the La-La
3 

Aieutectic . 

These regions developed deep etch pits under longer 

etching. 

(ii) 	 Light etching regions of 

a 	Al rich second phase often 
(/ 70 LI 

in elongated shapes 10/A, 

Dendrites of La Al
2 

outlined by a dark etching La-rich 

76 

10/./- 	by 10011. 	The electron 

probe analysis indicated 

various compositions for these regions ranging from 

La Al2.5 
to La Al4, 

which is consistent with the various 

intermetallic compounds shown in the phase diagram. 

(iii) Strings of dark grey etching 

angular precipitate, about 

100/0., overall length, the 

individual crystallites were 

5/A, to 110p, across. 

(iv) Heavily etched regions '(about 

101. long) which were often 

needle shaped. 	These are 

probably La rich areas also, 

but are larger than the interdendritic regions in feature (1) 
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Features (i) and (iv) occurred to some extent in all 

the ternaryand pure La A.12  compounds. 	Feature (iv) occurred 

more in non-stoichionetric (La rich) compounds. 	Feature (i) 

was less well defined in the La Jolla alloys and needed a 

heavier etch to be revealed.' 

Feature (ii) occurred in both La Al2 and ternary compound 

but at most (in the La1-x Lux  Alt alloys) occupied 2-3% of the 

total volume. 	Feature (iii) was only observed in the ternary 

compounds made here, and was apparent even before etching. 	On 

the basis of electron probe analysis of several Tm and Lu alloys 

it is now thought that these crystallites correspond to rare earth 

oxide inclusions.- 

3, Electron probe analysis  

Most of the specimens were finally analysed by the 

Analytical Services Laboratory, here at Imperial College, using 

an electron microprobe analyser. 	The results are summarised 

in Appendix I., together with a summary of Te  measurements 

and metallurg.cal data. 	Some difficulty has been found in 

correlating the observed microscopic features ((i) to (iv)previousf 

section) with the results of electron probe analysis. 	It has 



since been realised that facilities for simultaneous electron 

probe and microscopic examination are available but these were 

not used. 	 The properties of some of the alloys, as determined 

by the probe, will be summarised here. 

(±) 
	

La Jolla samples  

The highest impurity concentration of these alloys was 

2% and all electron probe analyses showed that this was unifon 

to within approximately 10%, 	There were occasional (:<1%.), 10/14, 

regions of higher impurity concentration where the Al concen-

tration remained the same. 

(ii) 	
La1 xe---x  

Tm'Al
2 
 samples (1 at. 	to 8 at. % Tm in La) 

---  

Alloys of less than 7% Tm were reasonably homogeneous 

(to within 10%).  but there were occasional 10//- regions where the 

Tm concentration was up to twice the nominal value. 	These 

occurred in both the La Al
2 

phase itself and in conjunction 

with Al rich phases. 	One of the most concentrated (7%) alloys 

had many (about 20%). Tm rich regions, about half of which were 

probably Tm inclusions (i.e.d:eficiencies of both Al and La).. 

This particular alloy was the only one to show significant dep-

arture from the T
c 

versus concentration plot obtained for the 

remaining Tm alloys. 

78 
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(iii) 	La, -x--x-- c Lu Al, (concentration range 0.5% to .5.%Lu in La) --1  

These alloys had varying amounts of Lu rich regions 

although the Lu concentration in the La Alt  matrix was uniform 

to within 10% 	It was at first though that these regions 

corresponded to the Al rich' phases observed optically (feature 

(ii) section 3..4.2). 	Further electron probe analysis revealed 

that this was not so, and that inclusions of Lu were present. 

It is difficult to estimate the amount of inclusions quantit-

atively and so there is an uncertainty in the Lu concentration 

of the La A12 matrix. 	The concentrations obtained from the 

probe were between 15% aid 20% lower than the nominal ones but 

such a discrepancy by this method is not unusual. 	For, in  

this method, the concentrations are found by comparing the 

intensity of the characteristic X-rays from the Lu atoms in 

the sample with that from a pure Lu standard. 	These X-rays 

are produced by the. incident beam of electrons exciting the Lu 

atoms. 	Corrections have to be made for various factors, back 

scattering of the electrons, X-ray absorption, etc. and an average 

concentration over an area. of 5/Lx 5/t is found. 	Nevertheless 

the relative values of concentration should be correct and in 

fact these agree with the nominal values. 
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Because of these uncertainties the nominal concentra-

tions were taken as an upper limit and the electron probe 

concentrations as a lower limit when plotting Tc  vs concentra- 

tion for La1-x
Lu
xAl2. 	

This does not affect the overall 

conclusions but if the 'Lu correction' referred to in chapter 

4 were made
'Jeff 

for• Tm would be reduced by a further 10%. 

4. Effects of annealing the specimens 

Initially 99.7% purity La was used to make the specimens. 

Pure La Al2 
made from this had a transition temperature of 

2.9°K compared with 3.24°K for 99.9% La. 	This is probably 

due to 0.1%.of rare earth impurity, for example Gd. 	The 

additional depressions in Tc 
for Tm and Er specimens made with 

this starting material were consistent with those made from 

the later, higher purity, ingots of La and are therefore also 

plotted in Figs. 4,3 to 4.8. These alloys were used for some pre—

liminary investigations.. It was foundthat the La Al
t and the 

ternary alloys which were only arc melted once and not turned had 

very broad transitions (200 to 400 millidegrees Kelvin), 

Attempts were made to homogenise them by annealing under vacuum 

(10-5  mm Hg) in alumina crucibles contained in sealed quartz 



tubes.. As expected, 12 hrs at 600°C had almost no effect. 

A 48 hours91000oC anneal resulted in the observation of two 

superconducting transitions for the La Al
2 
and La

98 
Er.

02 
AI 

alloys and an extremely broad transition,about 1°K widel for the 

Tm alloy. 	However, metallographic analysis revealed no second 

phase, only small 'crows foot' areas indicative of premature 

melting of a second phase at the grain boundaries. 	It was 

then found that the spurious transitions were associated with 

the sample surface, when this was removed mechanically the 

expected Te  values and narrower transitions were obtained. 

The broad transition of the Tm alloy was due to evaporation of 

Tm from the surface of the specimen at 1000°C.. 

It would therefore have been possible to homogenise all 

the alloys)other than the Tm ones, provided the surface layer 

was afterwards removed. 	At the time this fact was slightly 

obscured by the lower value of T
c. 

obtained for La Al' 2. 12  

5. Measurement of Tc 

A standard low frequency mutual inductance method was 

used to detect superconductivity. 	As shown in Fig. 3.2 the 

specimen, an arc melted lump about 3 mm across,was contained in 

a 350 turn secondary coil. 	The primary coil was wound on 
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Key  to Fig. 3.2 82 

  

1 12x46 s.w.g. mangamin 

2 Junction to copper wires 

3 22012 Speer resistor (R2) 

4 Demountable copper block holding 
copper wires to the He bath 

5 Copper thermal anchor 

6 He3 pot 

7 Silicon vacuum grease 

8 Copper cone joint 

9 Vacuum spec4 T, 3 runs), 
or 10 mm He exchange gas 

10 .02 mm He3 gas (He3  runs) 

/f8 

11 Typical He level 

12 Primary coil 

13 Secondary coil 

14 Specimen 

15 Vacuum can (for He3  runs) 
11 
- 16 30 ohm Speer carbon resistor 

(R
1
) in copper wire basket 

17 Knotted nylon thread spacer 
(optional) 

FIG. 3.2  Apparatus used for Tc 
measurements 

12 
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the outer vacuum can of the He3 apparatus. 	Five or six coils 

could be accommodated in the specimen chamber. 	The mutual 

inductance of each coil with the primary could to measured using 

a Hartshorn bridge based on aTinsley0.1/tH to lamp variable 

mutual inductor. 	This system may seem excessively complicated 

for such simple measurements, but in fact it was originally 

designed to measure temperatures below 0.3°K,using crystals of 

cerium magnesium nitrate. 

For the La Al2 results given here the bridge was balanced 

at 9+ c/s using a home-made tuned amplifier and an AC voltmeter. 

As described in chapter 5 a home-made phase-sensitive detector 

was used for measurements in the temperature range below 0.3°K 

when the primary coil current had to'be reduced as much as poss- 

ible. 	The output of this device was not sufficientlylinear'and 

so the AC voltmeter system Was more convenient at higher temper- 

atures. 	Subsequently a commercial phase. sensitive detector 

became available and this was later used in conjunction with a 

chart recorder at various frequencies between 30 c/s and 180 c/s 

for the measurements reported in chapter 6. 

The Hartshorn  bridge circuit is given in chapter 5. 	All 

the specimen coils had one common lead and each one could be 

selected in turn using a switch at the top of the cryostat. 
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the specimens became superconducting there was 

typically a change of 20 itcH in the normal state mutual induct- 

ance of 200,LtH. 	This change was later found to be slightly 

(.v10%/ octave) frequency dependent but empty coil measurements 

showed that this was caused by the phase shift induced by the 

brass can rather than by eddy currents in the La Alt  specimens. 

Therefore the resistance of the specimens could not be estimated 

this way. 

The earths field was balanced out to .01 g for these 

measurements although it was hardly necessary for such brOad 

transitions. 

Temperatures were measured by using the 30 ohm Speer 

carbon resistor calibrated against the Hell-  vapour,  ,pressure (1958 

scale) , this resistor was not always reproducible from run to 

run. 	The correction for the density of mercury was not made.- The 

temperature was controlled with a standard manostat and slowly 

lowered through the superconducting transition by pumping .on 

the reference volume of the manostat through a needle valVe. 

As' can be seen from the diagram the helium liquid level was 

below the top of the vacuum can during measurements. 	Despite 

the yoke of copper wires (needed to condense the He3) the 220. ohm 
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Speer carbon resistor R2  indicated that there were temperature 

gradients of about 0.15°K along the can at 3°K on some runs. 

This may haVe been the cause of the scatter ((L.-10 md) obtained 

in the30 ohm Speer resistor (P
1) calibration on some runs-

However, the top of the can and the specimens were not in good 

thermal contact (otherwise the He3  system would not have worked) 

and the level of the helium was above the level of the specimens. 

The can contained about 10 mm pressure.  of He4 exchange gas.. 

Moreover, on most runs a pure La Alt  specimen was measured; 

for the same La purity (usually 99.9%) these had the same trans-

ition temperatures to within .09°K and measurements of T
c 

of 

the ternary compounds could be made relative to these. 	It is 

therefore felt that the experimental arrangement, although not 

ideal and rather wasteful of liquid helium, did not lead to sig-

nificant errors compared with the width of the superconducting 

transitions themselves (tv15 md' or more). 

A further check on the temperature calibration of the 

carbon resistor was made around 1.3°K by comparing temperatures 

obtained from the He3  and the Hell-  vapour pressures on the same 

run. 	It was found that these agreed to within 20 md. 
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6. Magnetisation measurements  

Measurements of the superconducting magnetisation curves 

could be made in fields of up to 1.2 kiiogaussnd at temperatures 

down to 1.4°K using the integrating magnetometer of Jones and 

Park (7 	Two sets of coils were used for these measurements. 

-With one set it was possible to change specimens with liquid 

He in the dewar. 	The other set was contained in a duralumin 

vacuum can and the specimen could be heated above Tc before 

each measurement, that is, a series of virgin magnetisation 

curves could be obtained. 	These were traced out on an x-y rec- 

order, as described for the aluminium alloys in chapter 5. 

In this case the thermal contact of the specimens to the helium 

bath was better and so sweep rates of up,to 500 gaUss per minute 

could be used. 

The temperatures were again determined from the 1958 

He4 vapour pressure scale using a mercury manometer, 
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FIG. 3,3 Superconducting H(H) curve for LeAl2  
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3.5 	Results 

1. Macnetisation curves 

Only two specimens have been measured so far, a La0.995 

Er.005 Al2  specimen, kindly prepared by I. R. Harris, 
at 

Birmingham University, and the La Jolla La Alt  specimen. The 

former specimen was ground into a powder of approximately 

1/10 mm grain size and contained in a thin walled plastic tube. 

The M(H) curve was typical of type-II superconductor. 	At 2oK 
 

(T/T
c
=0.66), H c2 /Hcl was approximately 14 corresponding to.1 aGE 

parameter It: -  of about 4. 	Measurements of Hc2 could only be 

made down to 2oK as below this Hc2 exceeded 1.2 kilogauss, 

the maximum field which can be Produced in the present apparatus. 

At this temperature trapped flux in zero applied field was rel-

atively small, only about 30% of H
c1' 

probably because the 

specimen had been powdered. 

The La Al2 specimen was in the form of a spark machined 

cylinder, 2 mm long and 2 rem in diameter. 	In this case 'virgin' 

magnetisation curves were plotted, the specimen being raised 

above its transition temperature (3.240K) by a pulse of heat 

before each measurement. 	A typical M(H) curve for a reduced 

temperature of 0.96 is shown in Fig. 3.3. 	It can be seen that 
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there is a small surface sheath above a fairly well defined 

field Hi, where the magnetisation falls linearly to zero (neg-

lecting the small contribution of the surface sheath). 

Detailed measurements on the surface sheath were not made because 

the short specimen resulted in a considerable loss in sensitivity. 

Moreover, no special efforts had been made to prepare a good 

specimen surface. 	In Fig, 3.4 the field H1  is plotted against, 

temperature T. 	Also plotted in Fig. 3.4 are two Hc(T) curves, 

one is obtained from the area of the virgin M(H) curves, the other 

is H =H (1-T2/T2). 	H
o 
has been chosen according to the discussion 

CO 

of section 3.5(2)'to give the value of 	dv 
(7c) 

quoted there. 	For 
T 

which was not powdered,ctrapped flux was 

much larger. 	Even at T/Tc
=0.96 it amounted to 75%  of the maximum 

flux expelled (which was considerably greater than Hc1 
in fact), 

rising to 100% at T/Tc  = 0,66, 

Discussion of the magnetisation results  

The M(H) curve shown in Fig. 3.3 (T=3.10K) has the shape 

and the area expected from a right circular cylinder of a type 

I-II superconductor whose thermodynamic critical field He  equals 

H1. 	However, from Fig. 3.4,H1  is approximately linear in temp— 

erature down to a reduced temperature t(t =-TcT) of 0.55. 	In 

the La Al2 specimen 
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addition the H
1 
values determined from the areas of the M(H) 

curves are almost linearly dependent on T, rather than the 

T2 dependence expected. .0ne therefore concludes that the 

specimen is in fact type II but that the sharp fall in M(H) 

expected at Hol  is not observed because of defects in the spec-

imen, Several examples of this behaviour have been observed, 

for example, J. D. Livingston (65), and explained in terms of 

flux trapping near the specimen surface. 	(Silcox et al (66)). 

A similar M(H)curve.was obtained for La 1%:Ce allays by Sugawara. 

(64).: He found that on powdering the alloy down to a 40p, 

grain size the expected shape M(H) curve ibr a type II supercon-

ductor was obtained. The values of He determined from the area 

were then about a factor 2 smaller and the expected T
2 

dependence 

of He  was then observed, In addition the field Hc2 for the 

powder corresponded to the field H
1 
 for the solid specimen. 

Therefore in this case also it seems that the field H
1  

is in fact Hc2' 	Theoretically Ho2(T) is almost linear in T down 

to 	for all values of R2 (67) (See also chapter 2). 

Therefore 	cannot be determined from H
c2 

 (T) alone and, in the 

absence of measurements on a powdered specimen which we hope 

to make shortly, H0(T) cannot be found for La AI2  either., 
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We have made a rough estimate of He for the powdered 

La 	AIspecimen. Here H 2  	--- !I-. 14, application of 0.995 Er.005
c2 

c1 
Nakisi formulae forI2  and 13  (equations 1.4, 1.5) near Tc 
shows that K (NJ 4 (H  cannot be estimated from the area of the 

0 

M(H) curve because virgin curves were not plotted). 	Hence, 

for the dilute alloy, — (F  e  '21 200 g/
o 
 K. dT , 

To_ 
For such a small concentration of magnetic impurities 

will be the same as for pure La Al2, this gives 	c A. ) A He CH  
TT— 

dT T a  — 
oK   290 gauss/ for pure La Al2. 	

Thus, the pure La Alt specimen 

measured had k^.4.5, which is not inconsistent with the measured 

M(H) curve, and the area of the virgin M(H) curve in Fig.5.5 is. 

a factor of two too high because of flux pinning. 
(d:Hc) 

The specific heat jump AC at Tc is related to --- dT/Tc  

by the thermodynamic relationship: 

D c 
T (dH 
c 	c 
47C dT 

Tc 

Using the DCS formula; 
	

4C = 1.52 YT , one obtains a value 

for Yr, the electronic specific heat, and hence n(E ) the elect— 
s 

ronic density of states, of 1.4 states/ev/atom. 	This will be in 

error if La Al2 is a strong coupling superconductor, and will 
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over-estimate n(EF), similarly 'phonon enhancement' of the 

specific heat will also cause too large a value of ncy ter,  

be found. 	Nevertheless, in the absence of specific heat data 

for La Alt, this value has been used to calculate Jeff 
for 

Lai 	GdxAl2 in chapter 4. 	It is about 3 times the free- elec- 

tron density of states, which is usually used for this system, 

corresponding to an effective mass ratio m*/M=3. 	This is to 

be compared with the values m*/M=4.3 from the specific heat of 

cubic p-La, and m*/m=2.2 which we have calculated for the 

cubic/ Cu3 Auk  compound La Pb
3 
from the specific heat data of 

Bucher et al (58). 

3, 	T
c 
 measurements for Lai-x  R Al2 

 alloys  
x-- 

For ease of reference the Tc measurements are given in 

chapter 4 where they are analysed and discussed. 	They are 

plotted there as graphs of T007-Te  vs x (Figs. 4.3 to 4.8);. 

is the transition temperature of LaA127which was 3.24°K for 

LaAl
2 
made from 99.9% La. 	The theoretical Abrikosov-Gorkov 

curve (p.50, chapter 2). is also plotted for each alloy, xcr  

being chosen so that the initial slopes of the theoretical and 

experimental curves are equal. 	The transition temperature is. 

Tco 
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taken as the temperature of the midpoint of the inductive 

part of the transition. 	Also plotted on the graphs in the 

form of error bars is the temperature range over which 80%: 

of the inductive transition occurs. 	In some cases this is 

asymmetric due to a low (or .less often, high) temperature 

'tail' to the transition. 

In Appendix I all the transition temperatures are tab-

ulated together with a summary of metallurgical examination 

results and electron probe analyses. 	The nominal concentra-

tions (corrected for weight losses for the Tm alloys) are used 

throughout except for the La Jolla La1-xTmx
Al
2 
alloy, where, 

as possible weight losses were not known, the value of x was 

found from the measured room temperature susceptibility. 

4, Susceptibility measurements  

The susceptibility (% ) of the La Jolla La1_xTmxAi2  

alloy was kindly measured between 300°K and 3.2°K by Mr. J. B. 

Dunlop in this laboratory using a Faraday magnetometer, by which 

the force acting on the specimen in a non-uniform magnetic field 

is measured. 	Below 77°K the measuring field was 4.5 kilogauss. 

The results for X, are given in chapter 4, Figs 4.1 and 4.2. 
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M(H) curves were plotted up to 8 Kg at 77°K and up to 4.5 Kg 

at 4.2°K. 	Both of these are linear in field but in both 

cases there is a small positive intercept at H.0 amounting 

to .3% and .17% of the respective values of M at 4.5 Kg. 	The 

corresponding remanent moment at 77°K is very small. 	It is: 

equivalent to a moment of 4.5x10 
-5/LB  per LaAl2 

"molecule" 

and could be due to 10 p.p.m. of ferromagnetic inclusions. 

(Tm itself is paramagnetic above 56°K). 

The Temanent moment" at 4.2°K is a factor of 7 larger 

and, since using this method the lowest measuring field is nec-

essarily rather large (2.5 Kg in this case),this apparent inter-

cept in fact arises from Brillouin curvature of the M(H) plot. 

This curvature amounts to a 0.17%-reduction in 21,/ at 4.5 Kg 

at a temperature of 4.2°K, 	This is consistent with that cal- 

culated by the program, which is 0.16% at 4°K for a measuring 

field of 4.5 Kg. 
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CHAPTER 4 

RARE EARTH IMPURITIES IN SUPERCONDUCTORS 

II RESULTS,_ ANALYSIS AHD DISCUSSION  

.4.1 	La 	Gd Al (including a discussion on the sign of J
eff
) 

Gd is an S state (L=0) ion and any crystal field splittings 

are negligibly.  small. 	This is verified experimentally by e.p.r.. 

measurements (73) and by the 1/T dependence of X in dilute 

LaAl
2 Gd (35),and Au-Gd alloys (69) down to 1°K. 	

Therefore the 

AG formula of chapter 2 can be applied:: 

dT 	_n(E ) j  2 	7V 2 

dx
c 	F 	

4
eff 
 —77 (gJ-1)2  j(j+1)  

The most convenient units/ are: 

n(EF) in states /eV/atom (Ofsolvent) 

kdT
c 
in eV 

dx in concentration/atom (of solvent) 

Then J
eff 

is obtained in eV/atom.(Jeff used here is 

equivalent to the quantity 2J in the notation of some authors, for 

2 
example Yosida (76).) Since L=0 for Gd (gj-1) J(J+1)= S(S+1). 
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Using the value n(E)=1.4 states/eV/atom (corresponding 

to m*/m=3) and the measured value (35) of dTc/dx (3.7°K/at. 5/0) 

for Gd+++ in La l2, one finds 'Jeff  [ = .084 eV/atom. 

J
eff values have been obtained for various rare earth 

alloy systems by several methods. 	is  measurements on Th Gd 

and La Gd yield values of ijeffl of 0.11 eV and 0.1 eV res-

pectively, if values of n(E
F
) determined from the electronic 

specific heat are used. 	The latter value of Jeff  disagrees 

with that calculated by Sugawara (68) from his own Tc data, even 

using the (lower) free electron value of n(E
F
) he found l

jeffl 

0.04eV.. 

According to the results of Freeman et al (70) such 

magnitudes of J
eff 

could arise from the usual Heisenberg exchange 

interaction, equivalent to the kfn.-6s exchange interaction in 

the free atom in which case Jeff  is >0 and parallel alignment 

of conduction electron and rare earth spin is favoured. 	In 	fact,  

the spectroscopic results quoted by Wybourne (T)' (p.55). for the 

4f75s25p66s configuration. of Gel-  rather surprisingly show that, 

in the free ion, the exchange energy between the 6s and 4f7  elect—

rons is 0.3 eV..- This is the difference in energy of the 7S and 9S 

levels. 	When this is put in the form of a Jeff S.s interaction, 
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with S_-.7/2,and s4,one obtains Jef?0.1eV, andl as also mentioned: 

by Wybourne, this integral is practically constant along the rare 

earth series"for a given state of ionisation. 	In view of the 

complicated screening effects which occur in a metal, the prob- 

able increase in 4f radius in the solid state, and the anisotropy 

of Jeff(L,L1 ) found by Freeman and Watson (70) such detailed agree- 

ment must be rather fortuitous. 

As mentioned in Chapter 2, there is also a negative con- 

tribution to Jeff for a virtual bound state, arising from the mixing 

of the conduction electron and the 4f wavefunctions. 	This was 

first discussed by Anderson for 3d wavefunctions in 1961. (12). 

2y2  
The formula Jeff=  kd 	has already been given in chapter 2. 

E(Ei-G) 
(Vkd ---)V here). Vs   

For rare earth ions U YE and, as the energy of the virtual 

bound state approaches the fermi energy from below (E >0from 

below), large negative values of Jeff (^'-'1  eV) can occur. 	In 

rare earths the maximum positive value of Jeff  arising from the 

Heisenberg exchange interaction is "-0.2 eV. 

It is not clear at present which sign of Jeff  occurs in 

La
1-x

Gd
x
AI
2
. 	Peter et al (73) found small negative g shifts in 

the e.p,r. absorption of Gd in LaAl2  indicating Jeff  < 0, but a 
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recent preliminary measurement by R. J. Lowin in this laboratory 

on the same system indicates that this shift may well be positive. 

Buschow et al (74) have interpreted the nuclear magnetic resonance 

data of Jaccarino (75) for R.E.AT2  compounds and their own meas-

urements of Curie temperature. (Qp),and spin disorder resistivity 

(0m),for various diluted R.E.Al2  compounds to give Jeff= -0.9 eV. /  

However the procedure used to obtain this value was based on the 

theory of Rudermann Kittel and Yosida (76) (RKY) which predicts 

an oscillating conduction electron spin density associated with 

the Jeff  1.2 perturbation. 	The authors did not apply RKY rigidly 

but varied kF  (the fermi wave vector), Jeff  and m* (the effective 

electron mass), to obtain self consistent results for the various 

measurements.. 

Freeman and Watson (78) have shown that both the aniso-

tropy of Jeff  (k,k'), that isr the dependence of Jeff  on the 

conduction electron wave vectors k and k', and the shielding of 

the 4f levels by the 5s
2 
5p

6 
closed shells can alter the RKY 

polarisation density considerably. 	In addition the susceptib-

ility response function is known to be extremely sensitive to 

the precise band structure, (79) whereas the RKY theory uses the 

free electron form for this function. 	A final objection to the 



result of Buschow et al is that, as discussed in chapter 2, the 

recent paper of Cociblin and Schrieffer (31) shows that if 

Jeff  <0 the RKY pola-visation density is severely modified.. 

Additional evidence that Jeff
is  positive for the La1-x 

Gd 
x 
 Al
2 
 system comes from the recent work of Maple and Fisk (8o)._ 

They find an increased paramagnetic moment per Gd+++  ion in 

solid solution in LaAi2 4-7% of the free ion value, and no res- 

istance minimum is observed. 	From the enhanced moment, again 

using the value of n(EF) of 1.4 states/eV/atom, it is found that 

J
eff 

is positive and approximately 0.1 to 0.2 eV.. Although 

this result again comes from RKY theory it is less open to objec-

tion, beCause, as shown by Freeman and Watson (78), the net con-

duction electron polarisation depends only in the static part 

of the electron gas susceptibility response function :<(0) and 

on Jeff(0), and isindependent of the precise spatial distrib-

ution of spin polarisation. 

Although the criterion of no  resistance minimum' is not 

always a good one for Jeff>0(for example, in the Pd Gd system 

J
eff

<0 from e.p.r. measurements, yet no resistance minima are 

seen in dilute alloys) because different bands of electrons could 

be responsible for the conducting and screening properties, and 

100 
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have different J
eff 

 values, in this case a minimum in La
1-x. 

CexAl2 is observed by the same authors (80). 	
The values of 

dTc
/dx are about the same in the two systems, hence one expects 

similar values of 0
m 

both being proportional to the 'spin 

flip' scattering cross-section. 	The logarithmic term in the 

resistance, which is resonsible for the appearance of a minimum, 

is, according to Kondo (81), proportional to eff/omln T. 

This should not be more than a factor of 10 smaller in Gd alloys 

than in Ce alloys and should be quite easily observable. 

In view of these facts, especially the questionable 

validity of the (g -1) J
eff 

 J s Hamiltonian when J
eff 

arises from 

covalent mixing, the following results (except for the Ce 

alloys) are discussed from the point of view that Jeff>  0, 

4.2 	La Tm Ai2-9  Susceptibility Results  

The plots of (X X0)T versus T for this alloy are shown 

inFig. .4.1(20°K to 300°K).  and .gig. 4.2 (3°k to 20°K)p.107. Above 100°K 

(X- X;0)T is constant at 8.12±.03x10-4  e.m.u, K/gm.. The nom-

inal concentration x, as determined from the initial weights of 

constituents before arc meltingl y/as x=.03. 	However, the high 

temperature value of (X.--X.,0)T gives x=.022 if one uses the free 
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ion value for the Tm-11-4-  magnetic moment. 	This is consistent 

with the measured superconducting transition temperatures of 

the other La1-xTmxAl2 alloys, within the experimental errors, 

but is critically dependent on the value taken for Xo  the sus- 

ceptibility of the pure LaAl
2 
matrix. 	Maple's data (80) for 

X(T) has been used, X0(T) increases by about a factor of 

two from 300°K to 4°K. 

Since the La Jolla specimens were melted many more times 

than ours such a loss of Tm (about 2 mg is required) is perfectly 

feasible. 	From these measurements therefore,there is no evid-• 

ence for any conduction electron polarisation, although this 

would have to be about 10% of the high temperature susceptibility 

to be detectable. 

The susceptibility has been fitted to that expected from 

an assembly of free Tra 
	
ions in an electrostatic field of cubic 

symmetry using the computer program of Williams and Hirst. LaAl2 

has the Mg Cuf-tylpe cubic structure and it has also been explicitly 

verified that the potential'. at the La site,arising from point 

charges at the neighbouring La and Al sitesI does indeed have, cubic . 

symmetry. 	(Bleaney re2.(82)), 

An outline of the method used to calculate 2(.. is given 
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below: 

(i) As already stated, spin-orbit coupling energies in the 

rare earths are considerably larger than crystal field energies 

Therefore, J remains a good quantum number and only rare earth 

ion states with the ground state value of J need to be consid- 

ered. 	Even for Sm, where the ground state (J=5/2) and the 

first excited state (J=7/2) are only separated by 1500
o
K, this is_ 

a good enough approximation as far as the effect on T is con- 
e 

cerned, although there is-an appreciable Van Vleck (83) con-

tribution to the susceptibility in this particular case. 

(ii) The effective electrostatic potential can be expanded 

in spherical .harmonics about the rare earth site. 

Vcr) 	am  P t m (cos 9) rieim9r  
41m 

Since the one electron 4f wave functions have i=3, these are only 

perturbed by components of V with 	(Condon and Shortley (84) 

p.177).- Furthermore, because V(r) must have cubic point group 

symmetry 	am  is only non-zero when t=4, m..-_-0/±4, and i=6, m=0,±4. 

(Heine (85) p.150)-. 	Thus; in termsof the operator equivalents 

(04 etc.) and the multiplicative factors p ,.'i ) which are all 

tabulated by Stevens for the rare earth ions (86), and including 

a magnetic field 2 along one of the cubic axes, the z axis, the 



Haffiltonian H is: 

/ 	0 	LEN
i  H 	= 	Mr

4 
 >/?(04  + 5.04  

+ 31<,6> Y (06  -21.06, 4, 

- 8.4a,p,  ilz  

In the notation used previously 	/ <1.4  > and C
6
=B,  <r 6 4 F 

The program contains all the relevant operator equivalents and 

multiplicative factors. 	Thus once the rare earth J value and 

the (C4rC6)  parameters are specified the program works out the 

matrix of H with respect to 1,10. > basis vectors. 

The matrix is in turn diagonalized using the IBM Share 

Library program ASC MITRS number 3219 which converges on the 

correct eigm-values and vectors for degenerate and arbitrarilX, 

close roots. 	From these eigen-vectors themagnetic moment, in 

the finite field case, or the perturbative susceptibility, in 

zero field, including the 'Van Vleckt terms, is calculated by 

the program from the usual formulae.(see for example, Van Vleck's 

book (83) chapter VII). 

Williams (53) fitted his results graphically to 1/X vs T 

plots after finding preliminary values of (C4,C6) which gave the 

correct low temperature value of 24:T: This was probably to 
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allow for possible interaction effects (which on a molecular 

field model would just displace the 1/X, vs T curves). 	Recent 

results obtained by A. P. Murani in this laboratory for the 

Au Gd system indicate that these effects are in fact negligible. 

0.3 % Au Gd has a Curie temperature G such that g < 0.05°K. 

Using the above method it is difficult to systematically cover 

the (C4'c6)  plane searching for the best fit. 	Accordingly a 

slightly different method was used, and is described below. 

It follows from equation 4.1 that if Ck,C6  and g are 

all multiplied by the constant 0,,  the only change will be a 

scaling of all energy levels by d4. 	If the exact energy eigen-

value (in the presence of a field X) of the ith  state is E. 

with average magnetic moment in the field direction, M,, 

the magnetic moment of the system is: 

.M 
	> Mi  exp( -Ei/kT); 

lexp(-E.AT). 

musifE.--->./..E.,m remains the same if T--->ezT. 

In terms of the susceptibility X 	M/R 

x/0:. 

and so X T ----> x oC T 

105 



io6 

The product XT remains the same also, so the shape of the 2(T 

vs log T plot only depends on the ratio C4/C6. 	Therefore by 

displaying the data on a 7,%T vs log T graph one can easily see 

if a particular set of levels will fit the data for any scaling 

factor O-  . 	Or equivalently whether the data can be fitted 

for that particular value of the C4/C6 ratio. 
	This effectively 

reduces the number of variables to one. 	This is an exact 

result, within the set of states with a given J, and therefore 

includes all higher terms (for example the Van Vleck terms) in 

the perturbative susceptibility, and is valid for the finite 

field case provided )-( is scaled as well. 	It is felt that this 

procedure could easily be programmed so that the best value of 

the ratio C4/C6 could be found by a least squares computer fit.. 

Only one alloy had to be fitted in this study and so this was. 

done graphically as shown in Figs 4.1 and 4.2. 

1, Results of the crystal field fit  

A good fit isobtained for (C4106)=(-45,-15)°K, corres- 

ponding to x= -.437 (x is defined by Lea et al (54)). 	The cm-- 

position of the lower levels, the limits on (C4,C6) and the ground 



107 

8.o 

7.0 

6:0 

20 	30 

 

	 1 
o 	6o 80 100 150 200 300 

Temperature T(
0 
 K) (Log. scale) 

  

Key: 	 _ calculated values for x(Lea et al definition)=-0.437 

calculated values,x=-0.40 

O = measured values in 6 kilogauss 

X = measured value in 4.5 kilogauss 

F-j ,  4.1 (96-X )T (x10-4emu°K 	98/gm.) vs.T(°K) for La 	Tm 	Al
---;022— —o 	 . 

Energy' ('Lea et all units W ) 
1. 

.,...• 

- 	F 

I. 

ri 

1 

ri 

I 1 t I 

r2 

1 

1.-:2)  

I 

1-41)   
- 

I -, 	i 1 I 

1-1  

1 

r-. 

_ 

----- 

- 

I t 
0 	x 
	1.0 

Energy levels  of a  J=6 ion (M41-1-  or  Tb-1-41 in  a cubic field.  

(Taken from LeapLeask and Wolf(54).) 

200 

100 

0 

-100 

-200 
1.0 



0 	zero field 
14.5 kg. 	14.5  kg. 	4c?)K —  

:K=-0 .4 

5.0 x(Lea et al) 
—0.40 	C4,31°1{1 06-11 °K 

.437 	0 4=-4 5°K,c6-13°K 
x 

4.0 

	 x = experimental points 

	

1 	1 	1 	I 	 1 	I 	1 	I 	1 	(2) oo 
3.0 	4 .0 	 6.0 	8.0 	10.0 	16.0 	 20.0 

	

Fig.,4.2 (X—)Co )T vs. T for La.98Tm.02Al2_ 
	 .TETEERATURE( °K) .  (Log. scale) 



C
4

oK C6 °KGround. Isolation Magnetic 	e.p.r. 	1st Ex. Overall 
(Lea et al) 	State 	(°K) 	Moment / P, 	E factor 	State 	Splitting - a (low field) 	• (°K) 

2.87 

  

12.5 

 

 

   

-45 	-13 - .437 0 

— 2.87 

2.87 	162 

—31 —11 —0.4 	1--' 1) 12.6 
	 2.96 	F-13 

	135 

TABLE 4.1 Crystal Field Levels for Tm 	in LaAl2 



r3  non-magnetic 
doublet + .58631-6> 

{ . 250014> + .93541 0> + .25001-4-> 

.586316>+ .395212>+ .39521-2> 

TABLE 4.1 (Contd) 

For x = -.437 the composition of the two lowest levels in terms 

of 1J=6, Jz> basis vectors is as follows: 

r(1) triplet 
1.53761± 6>+ .459311: 2›- .459317 2> -.5371 6> 

L.60381+ 5>+ ,79701+ 1> - .01301-- 3>  

'110 

NOTE:. in,cubic symmetry the degeneracies of the represent- 

-ations are: 

r i , and r 2  are non-magnetic singlet levels 

3. is a non-magnetic doublet level 

n 41  and r5  are magnetic triplet levels 

r 6 , and 1-17  are Kramers doublets 

F18  is a magnetic quartet level' 
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state isolation are summarised in table 4.1. 	Referring back 

to Fig. 4.2 it can be seen that the parameters (C4,C6)=(-311-11)°K 

(corresponding to x=-.40)are a slightly better fit at high 

temperatures but slightly worse at lower temperatures. 	There— 

fore these two values of x represent limiting values and the 

estimated errors in (C4,C6) are about (±7,±2)°K. 	To show 

that this fit is unique, in Fig. 4.2 the low temperature values 

of XT arising from completely different level schemes (for example 
cly 

x=.4 giving the r.5 	and r1 levels) are shown. 

The results therefore show that the C'51)  triplet level 

lies lowest for Tm in La
1x

Tm
x
Al
2' 

with an isolation of 12.5 t.1°K*  

from the non-magnetic 1'3  doublet. 	r5  occurs twice in the 

decomposition of the 1 J=6,J;> representation of the cubic point 

group so in this particular case the composition of the triplet 

depends on the C4/C6  ratio (i.e. on x).- Despite this it was 

not found possible to fit (C0C6) to better than C±7, ±2)°K res- 

pectively. 	The presence of this magnetic low lying level also 

explains the fact that TmAl2 
orders ferromagnetically at 5°K even 

though the exchange interaction (as deduced from Tc 
measurements) 

is small. 

C4  has the same sign, and approximately the same magni-

tude as obtained by Williams and Hirst for Ag and Au t.  but C6  is 



about a factor of two larger and of opposite sign. 	Bleaney 

(82) has used the point charge model for the Laves phase RNi2 

compounds (as usual R represents a rare earth) and using his 

results, in conjunction with the estimated <r>, ‹r
6
> values 

from the Hartree-Fock calculations of Freeman and Watson (87) 

and the lattice spacing data quoted by Wernick et al_ (62), with 

point charges ±3 Mon both the La and Al. nearest neighbour sites 

yields: 	(CG 9C6) 	(-3.1,0.45)°K.. 

The point charge model again gives values an order of 

magnitude too small. 	In contrast to the noble metal alloys, 

the point charges on the two types of lattice site (La and Al) 

in LaAI2 
contribute to C4 

in the opposite sense (the positive 

charges on the Al sites overcome the contribution from those in 

the. La-  sites). Therefore one could explain the value of C4  by 

using a different positive charge distribution. 	This is not so 

for C6,  where both contributions are of the same sign, and for 

• this particular alloy it is the sign and magnitude of C6  which 

reflect the inadequacy of.the point charge model. 

2. The isotropy- of the susceptibility  

The specimens used in this laboratory have always been 

polycrystalline and yet the computed susceptibilities have always 

been obtained for a field direction along one of the cubic axes 
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(the z axis). 	There are general arguments, related to the fact 

that X is a second rank tensor, which show that X is isotropic 

for a cubic system (88). 	However, the writer's attention was 

recently drawn to a paper by Trammell (89) in which he stated that 

such arguments are invalid if a degenerate ground state occurs. 

He specifically showed that the weak field susceptibility from a 

F3  and rik  level system (a non-magnetic doublet and a magnetic 

triplet) in cubic symmetry has an anisotropici temperature independent 

(Van Vleck) part. 	Similar considerations, if correct, would show 

that )6 is anisotropic for the r'5, 11 3 lowest levels found here 

for Tm. 	In this case the calculated Van Vleck contribution is 

40% of 7GT at 4°K and any anisotropy in this would cause incorrect 

values of (C4, C6) to be obtained. 

To check this the weak field susceptibility for an arbitrary 

field direction has been calculated from perturbation theory foll- 

owing the method of Van Vleck (83) (p.143). 	The result is that 

for all the sets of levels ( fl W. 	occurring in cubic 

symmetry and for all the Van Vleck terms arising from mixing between 

them, X is isotropic. 	(This is despite the fact that the r'8 	• 

levels do not have isotropic e.p.r. absorption spectra (90)). 

Thus the general 'cubic symmetry' arguments are confirmed and the 
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result of Trammell is contradicted. 

The particular method used was as follows. 	If the field 

GG  
is applied in an arbitrary direction r with direction cosines 

(1, m, n) the perturbing Hamiltonian acting on the crystal field 

eigenstates is 

— Al 
B 

2'er  gJ  J. r — — 

Where g is the Lande g-factor and J is the angular momentum 

operator for the rare earth ions. 	/
11:
B is the Bohr magneton. 

Let the unperturbed crystal field eigenstates belonging to the 

n
d — dimensional irreducible representation d 

be called 	
di' 

i=1 	d 

These are nd-fold degenerate with unperturbed energy Ea. 

To second order in M the perturbed energies are Ediy 

E
di E

o E()g i , 	E() 01,6 	4_ 
di 	d 	•0 OOOOOO 

and the magnetic moment Mdi  is given by: 

M
di 

= E) + 2E
di
(2) 

' 
R 
 

(Van Vleck p.143). 
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The average magnetic moment in the direction of A at temperature 

T is given by: 

13
1-4 	 
	 Mdi  exp(-Edi/kT) 

where 
	 d,i 

B'   exp(-Edi/kT) 

and expansion in powers of R, yields 

where 

M 	n( -F • 0 OOOOO 0•• 

2 

E(1) 
111> 	di 	(2) --2Edi  j exp( /

kT) 
	 kT 

and • 

B = 	exp(-Eq/kT) 

Now 

(1) E . 	gJ /aB <'idi I '1.2.. 	> ch. • 

if the I/ di are chosen so that: 

'!f!'
di  - i  J.r

A  
= 0, if i/j 	 4 .2 

— 1dj 



then 

E(2) . 
di 

2 

f gj 
/  
b,j 
b/d 

2 

PB  
1<*diki-l'rbj>1 2  
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Eo - Eo 
d 	b 

  

In fact TE(2) is not altered by taking a linear combination -7-I di 

ofltdi 	
4 such that equation .2-  holds. 	Thus, to calculate 

any orthogonal set of states can be used. 

The computer program evaluates the matrix elements of 

J
x
, 	J 

Y 
 , J

z 
 between the crystal field levels. 

= IJx  mJ 	nJz ,a(1,m,n)could be evaluated 

for particular crystal field parameters (C4, CO. 	This was 

done for the Tm
+++ 

levels 	 1 3) ground ) and r3' 5 	
and for the 

8 . 

state of Er+++. In both cases 71,fas independent of (1, m, 

that is, isotropic. 	More recently the matrix elements of (jx, 

J , J ) tabulated by Statz and Koster (91) have been used and 
z 

the aforementioned result that 	is independent of (l, m, n)for 

any of the 1-1/ 	1-18 levels in cubic symmetry and any Van Vleck 

mixing between them was obtained. 

A 
Since J.r 
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4.3 	T  Measurements for La R Al 1-x-x--2 

The results of the Tc 
measurements and the computed 

crystal field levels are all summarised in table 4.2,p.125-6;graphs 

of T 
co 

 -T 
 c 
 (T 

co
=3.24°K for 3N La in LaAl

2 
and 2.94°K for 2N7 La 

in LaAl2) versus x (at. % ) are plotted for the various systems 

in Figs 4.3 to 4.8. 	Also plotted for each alloy is the curve 

predicted from the AG theory (chapter 2). 

In 
T 

	

	T 
co 

-V I- 	r  + 0.140 ---,' x 	co)  _ 	
k.
A 

 ., 
,,) 

2 T 	x 	T ' 
c 	cr c 

The initial slope of this curve is 

dT 

dx C 	
-0.690 xco 

= cr 

x-  is chosen so that the experimental and theoretical initial_ 
cr 

slopes are equal. 	These initial slopes are tabulated in 4.2 

together with the values expected in the absence of crystal field 

splitting. The latter values were calculated by assuming that 

Jeff 
is the same for all the rare earth ions in LaAl2 as for Gd 

and, according to the AG formula,scaling the measured value of 

dTc/dx for Gd (3.7°K/at.%)by the ratio of the de Gennes factors 

(gj-1)
2
J(J+1) i.e. 

dTC  = 3.7  (g  _1)2J(J+1) 2 	2 
	

°K / at.% 
dx 
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The assumption of a constant Jeff  is doubtful of course,espec—

ially at the beginning of the series and here one needs res— 

pective values of J
eff 7.5, 1.7 and 1.3 times larger for Ce, Pr 

and Nd than for Gd, even in the absence of crystal field splitting. 

However, for Tm dTc/dx is a factor of 3 lower than the 'De Gennes 

factor' prediction and possibly crystal field effects are also 

causing lower values in Dy, Tb and Sm alloys. 

If the crystal field levels are known then dTc/dx can be 

calculated (assuming a constant Jeff). as described in the following 

section. 

To obtain exact agreement Jeff  has then been adjusted 

slightly (by about 10%) and the values are also tabulated in 4.2 

as a fraction of Jeff 
for gadolinium (Jeff).   

4.4 	Calculation of dTc
/dx for Known Crystal Field Levels  

It is known from the theory of AG and later workers (for 

example De Gennes (22) p.254) that the depression in Tc 
is pro—

portional to a one electron scattering rate 1/its  in the normal state. 

My is due to that part of the conduction electron Hamiltonian 

which does not have time reversal symmetry, that is, the Jeff 

part (it was shown by Anderson that other perturbations do not 

have any effect on T
c 
for an isotropic energy gap). 	In fact 1/rs_. 



1 	N(E
F 
 )(gJ  -I)

2 

1. 
kT(exp 	-1) kT 

Fklm'II 
kmI P(I) 
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has already been calculated by L. L. Hirst (93) in his calculation 

of the contribution of the Jeff a  interaction to the resistivity, 

for rare earth impurities in the presence of crystal field splitt- 

ing. . 	He assumed a free electron model (with an effective 

electron mass m*) and found the spin disorder relaxation time 

by using time dependent perturbation theory and including inelastic 

one electron scattering. 	The result is: 

where in this formula: 

k'm 'I' — 
FkmI 

e f(k,10)-> 2  km; 1,1 J.shn,i>12  

I,I' label the 2+f ion states in the cubic crystalline field of 

respective energy EI  and EI. 

E
I
-E
I' 

P(I) is the Boltzmann probability that the state Pis occupied. 

s 	 .1t2- 12s ...,' are the conduction electron wave vectors. 	m,m' . 	are 

the z components of the conduction electron spin (which are 
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assumed to be equally -orobable) 'raj> re7Dresents the state with 

sz 
(conduction electron spin component )=m and the rare earth 

ion in the crystal field state It >. 

eff
(k kl) / is an average of Jelf  (k -k)

2 over the fermi surface. 

This is different for 14 and 1/ys because the transport cross • 

section is a weighted average of the differential scattering 

cross section (Ziman (94) p.769). 	Often J eff(k,k1) is taken to 
— 

be a constant, (this is implicitly assumed in much of this thesis) 

corresponding to a Jeff SCrY interaction in real space, and then 

= 1/Ts. 

Finally x is, as usual, the concentration of rare earth impurities. 

Hence in order to find dT
c
/dx the quantity 

2(g -1)2 Ti  n(I) ATE' 	 KT1 ,m' LT s I m >  I>[2  4.3-3 
	t 	exp 

ram' 

has to be calculated: 

In the absence of crystal field splitting, or if 

kT >>/ 	II' the above sum becomes (gj-1)
2 
 J(JA-1) independent of 

temperature and thus onaretrieves the usual 'De Gennes factor' 
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result. 	In the presence of crystal field splitting the above 

sum is temperature dependent. 	This dependence arises from the 

freezing out of certain scattering processes, both elastic and 

inelastic, by the combined effects of the Boltzmann population 

of the energy levels of the rare earth ions and the Fermi 

statistics of the conduction electrons. 	The computer program 

evaluates this sum for the particular levels given by the starting 

parameters (C4,C6), as a function of temperature T. 	In fact 

the program calculates it relative to the constant value for Gd 

(7/2.9/2), and this will be defined asiO(T). 	Therefore, assuming 

Jeff is the same as for Gd the initial slope of the T'versus 

concentration (x) curve is given by: 

dT
dx 

 
= 3.7/0(Tc0)°K/at. % 

(since the initial value of dT
c
/dx for Gd is 3.7°K/at. 56). 

If there are crystal field levels well separated from 

the ground state, compared to T 	then io(T ) will be constant 
co 	f 	co 

, and reduced from" its high temperature value of k(gj-1)
2 
 J(J+1)/63 

However, if there are crystal field levels separated by an energy 

r\,T 	from the ground state level then p(T) will ,still be vary-
co 

ing with temperature at Teo. 	It was this variation, which, it 



was originally hoped, would lead to deviations from AG,  in 

the Tc 
versus x curves. 	(Strictly speaking Tc  is given by 

the implicit formula: 
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T co ,„ 2•x 
in T  Tk.-24- p"--  • 

c 	 it 

3. 

However, in the temperature range above 1.5°K the initial 

expansion of the \,1)  function can be used).. 

To conclude this section, it should be mentioned that 

the writer had some difficulty in finding out whether or not 

non-spin flip processes should be included in the pair breaking 

mechanism, that is, whether or not the J 
z  sz 

 matrix elements.  

should be included in equation 4.3. 	According to Zuckermann 

(95) these should be included. 	However, it later transpired 

that for cubic symmetry the results were not altered by this. 

This can be shown by using the expression for J.s in 

terms of the raising and lowering operators J 

\ J.S = A 7ZUS 4-06
+) .1- tis 

The sum 

> 	1<m 1  I 1  J.s mII>i 

m = 
m 

2 



in equation 4.3 becomes:- 

2 	2 
27( le I 	+ IJ-  I III 	. 	II' 	2 1_4; , 

+ - - + 
(only one of theJs,Js,J

z
s
z 
 elements are non-zero if m and 

m', the conduction electron spin components are fixed).. 

Jam" = J
x

1.1,1iJ therefore the sum becomes: 

2 	2 
j, 

f Jx 	I 	
_TY 	

2 

	

i II', 	1 -II1  i 	J 

If this is summed over all the levels I within one representation 

and all the levels I' within another l  then in cubic symmetry, in 

the absence of a magnetic field lall three x, y, z components give 

the same contribution. 	Thusl  the scattering cross-section 

including the Jzsz  term is the same as that involving just the 

spin flip J
+
s + J-s +  terms, when expressed as a fraction of the 

Gd value. 

In addition dT
c
/dx is easily calculated for a well iso- 

lated ground state as it is proportional to (gj-1)2  < Jz  > 2  I  

where <Jz> is the average value of Jz  for one of the degenerate 

levels and the horizontal bar represents an average value for all 

the degenerate levels within a certain set (belong to a represen- 

tationr). 	Therefore, for a well isolated magnetic ground state 
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(neglecting the 'Van Vleck' contribution tot): 

dTc 
dx =  A 

(XT) 
(X,T)H  

where A is the value of dTc/dx calculated from the de Gennes 

factor in the absence of crystal field splitting. 	T)L,H 
are the limiting values of XT at low and high temperatures, 

and are proportional to the square of the effective moment per 

atom in these two regimes. 

4.5 	Discussion of These Results  

The La1-xLuxAl2  system was measured in order to allow 

for any depression in Tc  which was nonmagnetic in origin. 

However, the starting lutetium contained 2 wt % tantalum and 

in view of thJ results ofMaple for Lai_xYb xAl2  (dTc/dx/N) 0.01
o
K/r0) 

this correction will not be made. 

Referring to table 4.2 it can be seen that for Tm
++4- 

where the crystal field levels are known reasonably accurately, 

the anomalously low value of dTc/dx can be explained quantitatively 

1 
with Jeff /Jeff (Gd) = 1.0, this ratio will be called J

eff 
 in future. 

(If the 'Lu correction'is madeone reuires Jeff 
= 0.85 which 



Impurity 	Measured 
dTc  (°K/at%) 

  

dx 

   

aTc/ax(°K/%) 
Calculated 
from De Gennes 
factor 

dTc/dx(°W) 
Calculated 
from crystal 
field levels 

Jeff  

(De Gennes 
factor) 

Jeff 

(crystal 
field levels) 

Yb .01 

Tm .106 ±.006 .28 .107. .61 I.o 

Er .48 ±.03 .58 .41 .91 1.08 

Ho 478 ±.03 t904 .58 .89 1.1 

Dy 1.45 ±.03 1.55 1.25* .96 1.15* 

Tb 2.17 ±.03 2.56 1.6* .92 1.15* 

Gd • 3.7 ±.03 3.7 3.7 1.0 1.o 

Sm . .6 ±.03 .99_ .65 .78 .95 

Nd .74 ±.03 .43 .31 1.3 1.5 

Pr .57 ±.03 .20 .12 1.7 2.2 

Ce 2.4 ±.03 .042 .01 7.5 15 

Lu .03 ±.006 

Jeff'  = Jeff, per(Gd) ratio required for exact agreement between measured and 
calculated valUes of dTc/dx. 

TABLE 4.2 Comparison of the measured and calculated values of dTo/dx:for La1- 	2 R Al alloys x-x-- 

41: 	( T) still falling at To  



Calculated values 	 dT' 
Impurity Ground 	Ground 	First &cited 	Parameters -3c 	c = 3.7 c,  
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is quite feasible bearing in mind the contraction in kf shell 

radius towards the end of the series). 

The same CLI.,C6  parameters have been used to predict 

the ground state and first excited states of the remaining rare 

earth impurities. 	These are given in table 4.2. 	For Er and 

Ho and Sm the predicted ground state isolation is large and the 

values of Jeff  are in good agreement(10%) with that of gadolinium.. 

For Ho the calculated level scheme for these parameters is diff- 

erent from that of Lea et al. 	This is because of an error in the 

values of the Stevens multiplicative factors ( f 	) for Ho used 

by these authors (110). 	At the other end of the series La1-x 

PrxAl2  has been found to obey the AG Tc  law down to 0.9
o
K. (Fig.k.6 ) 

The T
c results indicate that a magnetic ground state 	fl triplet) 

lies lowest. 	This requires a larger value of lc4
I. 	For the 

same value of C
6 

as for Tm (-11°k),,C4  must be less than -50°K. As 

mentioned previously, even in the absence of crystal field splitting 

larger values of1Jeff'are required for Ce,Pr and Nd. 	
However,  

with the postulated crystal field levels the latter two elements 

have respective Jeff  values of2.2 and1,5- 
	Such a variation at.  

the beginning of the series is consistent with that calculated 

by Freeman and Watson (70) for the Heisenberg exchange interaction. 

For the covalent mixing interaction the latter authors obtained 
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1)( 
Although the 1 „ 8  quartet ground even stronger variations. 

state level has been postulated for Nd it is possible that the 

Kramers doublet does in fact lie lowest, and this will be 

1) shortly checked by looking for e.p.r. absorption (the V'(3  level 

is anisotropic and a detectable resonance would not be expected 

in a polycrystalline or powderedspecimen).. 

As can be seen from Table 4.2 the remaining elements,Dy 

and Tbl are expected to have a smaller ground state isolation. 

For the predicted levels the ground state isolations are both 

approximately 4°X, 	The Tb system is particulary interest-

ing in that the P
3 

non-magnetic doublet probably lies lowest and 

(T) falls by a factor of 4 for Tb from 3°K to 1°K,althoughfor 

both Tb and D5'' the value of 10(Tc2 is consistent with Jeff =, 1.1 as: 

for the nearby elements Ho and Er. 	Since ip(T), is still varying with 

temperature at T one would naively expect departures from the AG 
co 

T
c 
versus x curve to occur for Tb and Dy . 	For this reason T 

 

has been plotted against x for Tb down to 0.7
0
K (Fig.k.3).. It 

can be seen that the AG curve is followed down to 1.2°K but there 

is one isolated point at a concentration greater than x which, cr 

if correct, could be due to either crystal field or interaction 

effects. 	The two possible explanations for the behaviour of the 

Tb and Dy alloys assuming that the theory used here is correct, 

6 
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(a third possibility which does not assume this, is given at 

the end of this chapter).  are: 

The ground state isolation of the F13  level in Tb 

(and probably in Dy also) is less than 1°K. 

(ii) 	Je
ff 	

1.7 for Tb and Dy, and also the r51 > level 
lies lowest for Tb. 

Some Tb and Dy alloys are therefore being prepared and 

susceptibility measurements on La1_xTbxAI2  are being made at 

the time of writing, in order to distinguish between these two 

possibilities and the third one mentioned at the end of this 

chapter. 

Other Workers for LaAl, Based Systems. • 

(1). LaCe Al. --1-x--x--2 
The susceptibility of this system has been measured by 

White et al (62),and more recently by Maple and Fisk (80), The 

latter authors also measured Tc 
versus concentration and the 

electrical resistanceof these alloys. 

The values of 76T/x obtained by the latter authors are 

independent of.x up: to x. ,03. 	Above 4°K the results could be 

fitted reasonably well to crystal field theory with C4.80
0
K 

(6th 
order fields have no effect for de

-11-4-
). 

We have also calculated 2('T from the crystal field model 

with C4=93°K and within the scatter of Maple's data (A/2%). find 

14.6 	Results of 



0 
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excellent agreement with crystal field theory above 20°K, as 

shown in Fig. 4.9, if the measured values of XT are all scaled-

up by 10.. 

The low temperature deviations have been interpreted as 

evidence for a Kondo-Nagaoka bound state by the authors. 

Although there is still some uncertainty about the val-

idity of a crystal field description of Ce it is interesting to 

note that the sign of c4  is opposite to that for neighbouring 

Pr (C4  must be negative for Pr, for any value of C6, if a magnetic 

level is to lie lowest), and that this change in sign is assoc-

iated with an increase in the 'covalent mixing' between the 4f 

electron and the conduction electrons. 

(2) 
	

La, Pr Al n  

The susceptibility of this sytem has been measured by 

Wallace et al (96)., 	Their most dilute alloy (x=0.5) ordered ferro- 

magnetically at- 5°K.- These authors concluded that the rsinglet 
1 

ground state would lie lowest in the dilute limit but that higher 

states (specifically the F14 triplet) were mixed in by the indirect 

ion-ion exchange interaction. 	Cooper (97) has shown that there 

will be no magnetic ordering at any temperature if a singlet 

ground state is sufficiently well isolated from the other levels. 

For this particular case his condition leads to 	<10°K.  <10°K. 
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Where A is the energy difference between the r
11 

singlet and the 

fl  triplet. 	Wallace et al tried to fit their susceptibility 

data on the basis of a r5 ground state for 1 <x <0.8 (here x is 
the'Lea, Leask and Wolf (54) parameter not the concentration) 

and failed. 	Our results indicate that r15  is lowest, but that 

x is between -0.7 and -1.0, a possibility not considered by • 

the previous authors. 	The other possibility is that Wallace's 

result is correct, but then
1 
and 	would have to be extremely 

close together since, as can be seen from Fig. 4..6 , the Tc's of 

La1-xPrxAl2 
obey the AG theory down to 0.9°K, the lowest T 

measured. 	These two cases could easily be distinguished by sus—

ceptibility measurements on (say) a 1% LaPrAl2  alloy. 

4.7 	Results of Other Workers for  Similar Systems  

Bucher, Andres et al (58) have measured the specific 

heat, susceptibility and superconducting transition temperatures 

of a caries of intermetallic compounds having the cubic, Cu3  Au 

type, structure, namely LaSn3, LaPb3  and LaT13 
doped with Tm 

or Pr impurities. The same authors have also made similar meas- 

urements on the ThPr and ThTm binary systems. 	Their results 

indicate that in all alloys except La1-x
Pr
x
Sn
5 
the rare earth 
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ion does have a non-magnetic ground state. 	In this alloy 

dTc/dx = -10
o
K/at. % Pr (in La); the specific heat data gives 

n(EF
) = 1.1 states/eV/atom hence, using AG theory and assuming 

that the magnetic state r 
5 
 lies lowest, and is well isolated, 

one finds 1,1-  „I = 1.0 eV/atom. 	This is extremely large for 
el 

a rare earth ion and 	JeffGO in this case. 	It should there- 

fore be possible to see a resistance minimum in this alloy 

provided that the band of electrons mainly responsible for the 

electrical conductivity is also involved in the superconducting 

transition. 	This would be the first observation of a minimum 

associated with a rare earth ion (other than Ce) in the low con-

centration (f•J1%) regime. 

The fact that dT /dx is anomalously large in La Pr Sn 
c 	 1-x x 3 

initially caused some confusion because Bucher et al had compared 

the values of dTc/dx for La1_xPrxPb3  and Lai_xPrxT13  (see table 

4.3) with this large value in commenting on the effect of a singlet 

ground state. 	There was still a small depression in Tc  even for 

the singlet levels;and in addition the published 1/2/. vs T curves 

for the ternary compounds (e.g. La1-x
Pr
x
Pb
3
), in contrast to those 

for FrPb3  and PrT13 
 did not appear to show 'singlet' behaviour, 
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namely a temperature independent low temperature susceptibility. 

This point has now been cleared by further information from the 

authors rrnd it seems thatx is indeed temperature independent 

below 4°K for all binary and termary Pr and Tm compounds except 

La Pr Sn . The differences in Xthat do arise are attributed 
1-x x 3 

to exchange fields which,-  on a molecular field.model, give a 

concentration dependent displacement of the 1/2( 	vs T curves 

along the 1/ 	axis. (ref.97). 

The ThPr and ThTm systems exhibited unambiguous 'singlet' 

behaviour in X(T)... Since the ThGd and ThEr systems have also 

been measured by Finnemore et al (43) and by Guertin and Parks 

(40) 

and, 

Pr and Tm impurities is considerably lower than that expected 

from a magnetic level. 	Nevertheless there is a residual dep- 

ression in Tc/for all host matrices
)whose origin is not under- 

stood. 	Bucher et al (58) were unable to explain this in terms 

of the effects of the temperature dependent population of higher 

crystalline field levels because these are too far away in 

energy (-2200K). 	Possibly there is a mechanism here involving 

spin fluctuationscnthe rare earth sitel as in the Al Mn alloys, 

respectively, l
jeffi is 

 known to be ^ 0.1 eV for this system 

as shown in table 4.3, the measured depression in Tc for 
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	LaYby LaT13  and LaSn3  - based Intermetallic Compounds 

HOST ) LaT13  
dT 

LaSn 3 LaPb3  
Impurity 

4. 
dT 0 Jeff (eV/aty) 
dxcCKM Te-CKM) dxcCKM 

Fr44+ 

Tm+++ 

Gd-1-4-4 

0.16 
- 

0.1 
_ 

10 
.25 

40 

1.0,* 
.17,* 
.36 

* These are the Jeff  values obtained from dTc/dxy assum-
ing yell isolated (75 levels lie lowest in both Pr and Tm.. 

2 	Th - based alloys 

Impurity dT 
°10)  

Jeff(eV/at.) 

------ 

Calculated 
dT 
--(°KN dx 	i 

Assume. 
Ground 
State 

Pry+  

Tm+44 

Er4-4-1-

Gd-1-44 

.04 

.028 

.13 

3.0 

- 

- 

- 

0.1 

eV }rir
eff:0.1  

.096 

.09 

.137 

- 

r5 

1-(1)  
5 

r6 

TABLE 4.3 dTc/dx  Values for  Other  Rare Earth/Superconductor  
Systems 
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which is responsible for the residual depression caused by the 

non-magnetic states. 

Finally it can be seen from table 4.3 that the value of 

dTc
/dx in Th Er(fce centred cubic) is consistent with that 

expected from a well isolated r16  Kramers doublet level and 
Jeff  . 0.1 eV. 	This indicates that (C4'c6)  both have the 

same sign in Th as in Ag and Au although the magnitude of their 
. — 

ratio must be larger in Th. 	Such values of (C4,C6) would also 

give a singlet ground state (1-12  or r-,) for Tm-1-1-1.  but would 

give the r5 triplet for Pr y  which is not'observed. 	Therefore, 

in Th,as in the LaAl
2 

and the noble metal based systems,some 

variation of C4 
and C6 

must occur along the series between Er 

and Pr. 	It should also be possible to see e.p.r. absorption 

corresponding to the P6 doublet in the ThEr alloys. 
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4,B 	Concluding Discussion and Summary for Rare Earth Impurities 

1. 	T
c 
and Susceptibility Measurements  

The susceptibility of La 
1-x 

 Tm 
x
AI. (x=,022) has been 
2 

measured and fitted to the electrostatic crystal field model 

by suitable choice of the parameters (C4,C6).- These para- 

meters,"J(-40,-13)
oK, have been used to predict the ground state 

and its isolation for the other rare earths in LaAl2
. 	It is 

found that the observed depression in Tc 
can be explained in 

terms of the AG theory when the predicted isolation is larger 

than about 12 K, that is for Tm, Er9 130" and Sm in LaAl2  (and 

for Er in Thorium). 	The'Heisenberg Exchange Interaction -Jeff 

(gj-1)J.s between the degenerate ground state levels and the 

conduction electrons has been used to give a spin-flip scattering 

cross section 1/" s„,  by simply calculating the matrix elements 

of the operator J.s between these levels. 	Exact agreement 

with Tc 
measurements is obtained with an overall variation in 

Jeff of only 15% from Sm, through Gd, to Tm, the magnitude of 

J
eff 

being .084eV for Gd. 	For the elements at the beginning 

of the series, Pr amd Nd, a smooth increase in Jeff, probably 

associated with the increased 4f shell radius, and, for Pr, a 
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larger value of ICk lare required. 

However, in the two cases Dy and Tb, where the predicted 

ground state isolations are both approximately 4°K:.„ this 

simple picture is inadequate; although Te  for La1-xTbxAl2  

follows the AG theoretical curve from 3.2
0 
K to 1.2 K. 	At 

the moment this could be explained in three possible ways which 

could be distinguished by susceptibility measurements on La
1-x 

Tb
x
Al
2 and further Tc 

measurements on the Dy system, these are:.. 

(1) 	The ground state isolation in Tb is 0.6°K or less and 

that in Dy is < 1.5°K. 

(2) eff {Jeff =_Jeff
/Jeff(Gd)) values of at least 1.7 

occur for Tb and Dy, and the levels are in fact well isolated. 

For Tb this would also require a magnetic
5  

1-1(1)  level lowest 

and C4/06 would therefore have to be a factor of two smaller. 

(3) 
	

The simple theory used here, including inelastic scatt-

ering between crystal field l'ovels is invalid when crystal. field 

spIittingsn43.2 cYke(T
c for LaAy occur. Even though a singlet 

state has an average value of J-
z1

‹,1 	there is still a - 

finite probability of observing a non-zero-Jt, That is, there 

are still fluctuations in the magnetic moment which only average 

to-zero- over times larger than il_AT
G 
where Td. is the ground state 
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isolation (°K),. When TG r.Tco- it is probable that the lifetime 

of these fluctuations should be allowed for. 

Until more measurements are made further speculation 

is not very useful but explanation (3) seems the most likely. 

In addition it would also explain the residual depression in 

T
c 

observed for singlet ground states by Bucher et al and(prob- 

ably) the absence up to now of any observable departures from 

AG in the Tc vs concentration plots due to crystal field. 

splittings. 

Crystal Field Effects 

It is felt that the existence of a J
eff 	

0.1 eV 

( '.---=1200°10 in the metallic state does support the view that 

the crystal field potential arises from the electrostatic rep- 

ulsion between the conduction electrons of the host metal and 

the 4f ion core. 

For 
r 	2 

J 	(k,k)= j 	y
12~ 

 ( r )11r, ( 	d 
12 r 	kl 2 	-1 * eff — 

where 'N,„ is a conduction electron wavefunction (wave vector 
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k,spin up) and lt Ff i ̂is a one electron 4f wave function. 	Jeff 
is known from T

c measurements to be eN/0.1 eV/atom if 	
k 

that is Jeff  ti 1200°K. 
	3,y analogy with the free ion case one 

expects associated energy terms such as: 

V(k k) 1H 1/  2 ---- 
2 

4 tk(2; 1)1 	re 	f(r2) 1
2 

=-  
12 

to be one or two orders of magnitude larger. 

In a metal (a) such terms will be strongly reduced by 

th and  I 	6th screening and (b) the 4 order contributions to thopotent 

ial will be even smaller. Nevertheless this will still be equiv-

alent to an electrostatic potential of cubic symmetry and of 

sufficient magnitude to give rise to the observed crystal field" 

energies. 	Moreover, to the extent that the maximum value of 
2 • 

-1/k 	tends to be nearer the neighbouring positive charges, 

the electronic coulomb repulsion will give the opposite sign 

to, and larger paramelters than, the point charge crystal field 

model, as found by experiment. 	This is very similar to the 

proposal of Williams and Hirst, (53) (WH),in their case they 

consider the -) 
k
's to be first perturbed by the impurity poten-

tial to give the correct screening charge (in the form of a 5d 

virtual level) which then interacts with the 4f level via the 
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interelectronic coulomb repulsion. 	This repulsion- was est- 

imated by them from the 4fn-5d repulsion.in free rare earth ions. 

When the rare earth ion constitutes a large perturbation (as 

for a trivalent rare earth ion in Ag or Au) this is probably the 

best description. 	However when the rare earth ion replaces 

La it only constitutes a very small perturbation. 	Therefore  

the screening charge envisaged by WH is now replaced by the 

appropriate (possibly d-like) band of conduction electrons and 

the former description is more apt. 

On this basis one would expect the crystal field para- 

meters in La based alloys to be more constant along the series 

than in Ag and Au hostmetals, at least when J
eff 

is constant. 

It has already been noted that for both sorts of system crystal 

field parameters of about the same magnitude are observed exper- 

imentally. 

Similar ideas can.also be used to give a qualitative 

explanation of the effect of covalent mixing.It is known from general - 

considerations of the Pauli principle that antiparallel electron 

spin alignment corresponds to a spatial electron distribution 

which is symmetric in the electron co-ordinates. 	Such a dist-

ribution maxmimises the total electron density in a certain region 

in space. 	If this is also a region of large attractive potential 
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(as in the H
2 molecule) the energy gained is sufficient to over-

come the electron-electron repulsion, and covalent bindingl assoc-

iated with antiparallel electron spin alignmentlresults. 

Similarly thereforel if the 4f electron - conduction electron 

mixing is sufficient to overcome their coulomb repulsion and-give 

J
eff 

< 0 (as for Ce+" in LaAl
2
)1 the.4f charge distribution will 

tend to have maximum overlap with the conduction electrons and 

be pulled towards the nearby positive ions. 	Therefore, to the 

extent that s-f mixing can be represented by an electrostatic ' 

potential, it will give the opposite sign to the electron-electron 

repulsion case and agree with the predictions of the point charge 

model. 	This is a possible qualitative explanation of the change 

++4- 	+t l -V++ 
in sign of C4  from Tm 	and Pr 	to Ce 

	
in La Al2  which has 

been deduced from the T
C 
and susceptibility measurements and is 

apparently correlated with the change in sign of J
eff 

for ee- 
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CHAPTER 5  

DILUTE ALLOYS CONTAINING 3d TRANSITION ELEMENTS  

5.1 	Introduction  

Accurate measurements on aluminium alloys containing less 

that 1 at. % of 3d transition elements have been made in this 

laboratory by Caplin and Rizzuto (98). 	Below 4.2°K the resist-

ivity of AlMn and AICr alloys exhibited a small variation, pro- 

portional to T2. 	This has now been associated with the occurrence 

of spin fluctuations on the impurity site, even though there is, 

on average, no magnetic moment. 	Measurements of Hc(T) between 

1
o
K and 0.35

o
K have been made on dilute AlT alloys (T=Mn 7  Cr Zn). 

for the following reasons: 

(1) It was hoped that the varying spin-flip scattering cross-section, 

indicated bythe temperature dependent magnetic resistivity, 

would be revealed as departures of lic(T) from the BCS form. 

(2) More mundane, but equally weighty, good single phase, homo-

geneous specimens were readily available, the same ones on 

which resistance measurements and Tc measurements (21) had 

been made. 
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At the time we intended to make H
c
(T) measurements on a 

series of thorium-based rare earth alioysi also having Tc r--,  1°K, 

and this provided a convenient means of testing the apparatus. 

As mentioned in chapter 2 a paper published by Zuckermann 

and Kiwi (27) after these measurements were made, showed theor-

etically that, within the model of Ratto. and Blandin (11),no 

significant departures from BCS theory were expected in H (T). 

apart from a small increase in H/T
2 

associated with the increased Ho/T2 

density of states at the fermi level. 	This increase is associated 

with the virtual bound state and even for the most concentrated 

alloy used here, Al 0.1 at. % Mn,for which the density of states 

of the virtual bound state has its maximum at the fermi level, an 

increase of only 0.3% in 	is expected for a virtual bound state 

halfwidth, rl,of 1 eV. 	However, these authors did find that 

anomalous tunnelTing characteristics and even gaplessness should 

occur at lol reduced temperatures. 

To the writer's knowledge the thermodynamic properties 

have not yet been calculated for a model in which spin fluctuations 

are considered. 

Another transition metal impurity system studied in this 

laboratory is the F. Cu Zn phase containing approximately 0.1 % 
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Fe impurity. 	This was first investigated by Waszink and more 

recently resistance and susceptibility measurements have been made 

by Caplin (111). 	The results indicate that there is a small 

Bohr magnetan5 	
B)

j 	localised moment on the Fe site, its 

magnitude falls smoothly from about 1.411B  to less than 0.311,B, 

as the composition of the E Cu-Zn host matrix is altered from 

21 at. % to 14 at. % Cu. 	The magnitude of the Kondo'lnT.term 

in the resistance and the slope of the X vs 1/T plot (Curie's 

Law is obeyed) are both consistent with such a moment. 	It would 

have been interesting to see the effect of this small moment on 

the superconducting transition temperature if E Cu-Zn were a 

superconductor. 	For this reason attempts have been made to cool 

an ECuZinC15 at % Cu) alloy using an adiabatic demagnetisation 

cryostat which will be briefly described at the end of this chapter. 
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I 	CRITICAL FIELD MEASUREMENTS ON AlT ALLOYS  

5.2 	Experimental Details  

1. 	Measurement of H
c 

The specimens were in the form of 2  mm diameter wires 

about 2 cms long. 	Several pieces of each specimen were used and 

they were electrically insulated from each other with greased 

tissue paper. 	The transition of each one could in fact be dis- 

tinguished and enabled a limit to the homogeneity to be found. 

For example the five pieces of Al .023 at. %. Mn used all had the 

same concentration to within 1.5°4.. 

In order to dispense with an unreliable copper cone 

joint and to accommodate the maximum number of specimens, four in 

all, on each run in the present cryostat, He3  exchange gas was 

not used. 	This turned out to be unwise. 	Instead, as shown in 

Fig. 5.1,the specimens rested in 17" deep holes, containing Apiezon 

'N' grease,, in a copper block and were clamped at that end with 

copper grub screwa. This copper block was in turn screwed to the 

copper base of the He3  pot. 

The four pick up coils (each of 10,000 turns of 48.s.w.g., 

enamelled copper wire) and another, wound in series opposition, 
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FIG. 5.1 Apparatus used for Hc(T) 
measurements on Al alloys. 
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-could be connected in turn to the galvanometer amplifier and 

integrating magnetometer of Jones and Park (7). 	These coils 

were balanced with the series opposition coil. at room temperature 

to within 100 turn cm
2
, the remaining off balance signal could 

be compensated out during the run,when the specimens were normal, 

by rotating a small external bucking coil in the applied mag-

netic field. 

The magnetisation curve could be plotted out at each 

temperature on an X-Y recorder as the external field was slowly 

swept up electronically.. 	A fuller description of this system, 

which has been used by Jones and Park for sensitive measurements 

on the surface sheath of type I--II superconductors, is given in 

reference (7). 

In practice, for accurate H
e 
measurements, the offset 

facility of the recorder was used to expand the sharp transition 

at He  along the magnetic field ( -X ) axis. 	The external field 

was provided by a pair of Heltholtz coils of 14 cm radius and 

was uniform to within 0.3 % over the experimental volume. 

If was found that the sweep rate had to be extremely low, 

about 1.0 gauss per minute, otherwise the heat of magnetisation 

(r•-•25 ergs)l absorbed when the specimen started to go normal, cooled 
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the specimen and too high a value of H
e 
was obtained. 	The point 

at which the specimen became completely normal (point A in Fig. 

5.2) was more sharply defined than the point where the transition 

first began, so this had to be used to define H . 	The slow  

sweep rates which had to be used made the measurements rather 

tedious. ,An approximate value of Hc(T) was found with a faster 

sweep rate and this was then reduced to 1 gauss/minute just for 

the transition. 	The comparatively poor thermal contact between 

the specimens and the He3  pot was responsible for this effect 

but it was aggravated by the very sharp (0.7 gauss in 100 gauss) 

transition at Hc- 

2. Thermal contact measurements 

Neglecting eddy currents in the normal regions of the 

specimen, the measured 'sweep rate effect' referred to above gives 

a value of 20 millidegrees K/Microwatt(Md/Pg) for the thermal 

resistance between the specimens and the He3 pot. 	Measurements 

of thermal contact were also made using an unclamped aluminium 

specimen resting in 'N' grease on a similar copper blOck. 	A 

manganin heater,non-inductively wound on the specimenl was heated 

with a direct current of a few hundred microamps. 	At 0.4°K 
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the thermal resistance to the copper block measured by this 

method was determined to be 35 md/IUW, in reasonable agreement 

with the previous value. 	This resistance fell by a factor of 

10 when He3  gas at a pressure of -02mm Hg (at 1° was: introduced,  

into the specimen chamber. 

Thus it can be seen that the use of exchange gas would 

have made the measurements easier in the long run by allowing 

faster sweep speeds to be used. 	Even with a resistance of 

35 md//t!W to the He3  pot the calculated thermal time constant of 

the Al specimen at 0.4°K was less than one second. 

It was also established that the copper block was in ad- 

equate (1 md/p resistance) thermal contact to the He3  pot at 

0.7 K . 	Also the specimen temperature followed that of the block 

to within 1 md,when a power of 3/1.W was dissipated on the block.. 

This was adequate since the total heat leak into the system, most 

of which would go directly to the He3 pot, was 101&W at the lowest 

temperature. 

3. Other ex.pflat211=LLILLarla 

The earth's magnetic field was balanced out to .01 gauss (g) 

This was- over the experimental volume by three pairs of coils. 
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checked on occasion by measuring Hc(T), near Tc, in the reverse 

direction. 	The dilute specimens had a remanent moment (trapped' 

flux) in zero field of less than 5% of H . 	Such a moment, it 

was calculated, would give a spurious magnetic field on the. 

neighbouring specimens of .01 gauss at the most. 	Finally it 

was calculated that, if one specimen went superconducting, the 

upper limit to the field increase at the neighbouring specimen 

was .05 %. 

4. Temperature measurement  

Two 30 ohm Speer carbon resistors, one with the ceramic 

insulation ground away, were used as secondary thermometers and 

for the measurement of thermal gradients. 	Above 0.7°K the 1962 

He3  vapour pressure temperature scale (99) was used as a 'primary 

thermometer, the pressure being measured with an oil manometer 

connected to the pumping tube,. No significant pressure gradients 

occurred along this tube, He3  temperatures obtained when pumping 

were consistent with those obtained when the pump was shut off, as 

in both cases the same resistance.-temperature curve was obtained' 

for-the 30 ohm Speer resistor (to within 1 md). 	Although temp-- 

eratures down to 0.55°K could be measured this way and, inact, 
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readings were taken, it was decided that the superconducting 

aluminium thermometer was more reliable below 0.7°K. 	The 

deviation between the two methods was 1 and at 0.7°K rising to 

4 and at'0.55°K (the temperatures from the He3  vapour pressure 

being lower) and probably arose from the Kapitza boundary res,. 

istance between the He3  liquid and the floor of the copper pot. 

It was calculated that this gave- a temperature drop of 2 mot 

at 0.55°K,by using the measured heat leak into the He3  pot of 10/tiK. 

The. area of contact was taken to be 2 cm
2

nd the value of the 

boundary resistance used Was that quotedfby Rose-Innes (100 

of 130/T2  (deg/cm2/Watt 

To calibrate the aluminium thermometer the values of 

above 0.7
o
K,measured by the same method as for the Al alloys, 

were used to find H
o. 	Temperatures below 0.7

o
K were then found 

from the measured values of He 
	In practice all the results 

were calculated in terms of I
c
, the current through the coils 

corresponding to a field Hc. 	Two methods were used to find H
o 

(Is) and hence T. 

(1) I was chosen so that the usual deviation function D(hj=1-h-t2  

agreed with the data of Mapother and Harris (101) above 0.7°K. 

Here h and tare the.reduced critical fields and temperatures'. 
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t = T/fc  and h = He/H0  =-Ic/Ia  

Mapother and Harris in turn based their data (for polycrystalline 

6N Al) on temperatures found from 	the susceptibility of a chrome 

methylamine alum salt pill below 1.10-k.- 

(2) The procedure of Sheahen (102) was followed and Hc.(T) was 

fitted to the formula: 

1-h-t2 = Do 
sin 1:(1-t

2
), 

by the method of least squares, for T 0.7, regarding Ho  and 

as adjustable parameters. 

This formula was then used below 0.7°K to find T from 

the measured Hc(T) values. 

Both methods gave the same value of D
o 
andif

o 
within 

the experimental:_ errors and hence the same temperatures, to within 

2 md, below 0.7°K. 	In both cases the measured value of Tel 

which was found by a least squares fit of He vs T
2 
near TeI  was 

used. 

This was Tc 	
1.179:L.001°K,  in agreement with 

Mapother's value of 1.179 '141- .003°K. 

The values of Io and D0 were: 

I
o 

= 5.944:L.015 amps  

D 	= 0.041=± .001  
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The HeiMholtz coil pair was later calibrated using a 'Bell and 

Howell) gaussmeter model 620 to give a coil constant of 

17..65 	.08 gauss/amp. 	Hence Ho  = 104.9 	:6 gauss. 	This 

is also in excellent agreement with Mapother's value of 104.93 

- 0.2 gauss._ 

5. Temperature control  

The temperature was controlled manually by using a 

needle valve to bleed a small quantity of He3  gas into the inlet 

of the Edwards 2M4 diffusion pump. 	Hence its effective pumping 

speed could be finely controlled and the temperature maintained 

constant to within 2 and over a period of several minutes. 

6. Secondary thermometer  

The 2 Watt 30 ohm Speer resistance was measured using 

a 3 lead AC Wheatstone bridge, which was operated at 260 c/s, 

and a home-made phase sensitive detector. 	Typically the resist-

ance
a 

 was 350 ohms at 1.3°k rising to 1000 ohms at 0.35 K, The 

resistor used was not always reproducible from run to run, sometimes 

changes of up to 5% occurred, on other occasions the calibration 

curve was reproducible. 	Small measurement errors also resulted 
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from changes in the phase shift produced by the highly tuned 

detection system over a period of time. 	In addition the sensi- 

tivity of the detection system fell for resistances above 1000 ohms 

and spurious quadrature signals increased. 	All in all the det- 

ection system and the resistor were not satisfactory for accurate 

md) temperature measurements, so in most cases pure alumin- 

ium and aluminium alloy critical field measurements were made 

consecutively. 	The resistance thermometer was then only used to 

correct for small temperature drifts during measurements. 	It 

was adequate for this purpose and at the low power level of 1/200C 

ergs/second the discrimination at 0.35°K was 0.5 md. 

5.3 	Results and Analysis  

1. Magnetisation curves 

Magnetisation curves for the Al and Al .023% Mn specimens 

are shown in Figs 5,2 and 5.3. 	There is no surface sheath above 

He and there is some supercooling in both cases. 
	The supercooling 

transition is not as sharp as usual, probably because of the low 

thermal conductance to the He3  pot. 	Similar curves were obtained- 

for the AICr and AIZn alloys measured. 

According to the Gorkov-Goodman formula (chapter 2 

equation 2.2), even the most concentrated Al 0.1% Mn alloy has k/.0.1 
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To make these plots one needs to know both H and T . 
o 	c 

The latter quantity was found by least squares fitting He 
to T2 

for t2 	0.9 and extrapolating to H=0. 
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and should be type I. 	Unfortunately a detailed magnetisation 

curve was not kept for this alloy, it did show some supercooling 

but any possible tail associated with screening currents in the 

surface sheath would have been obscured by a combination of output 

voltage drift and imbalance of the detecting coils. 	It is just 

possible that the small amount of supercooling observed for this 

particular alloy was in fact hysteresis associated with the surface 

sheath. 

2.. Critical field measurements  

Referring to Figs. 5.2 and 5.3, He  was taken to corr- 

espond to the points marked A. 	In practice detailed magnetisation 

curves were not usually made, He  was detected when the movement 

of the pen recorder in the y-direction suddenly slowed down, and 

the appropriate coil current was measured to 1 part in 104 using 

a standard 0.1 ohm resistor and a Solartron digital voltmeter. 

The results are plotted ih Figs. 5.4 to 5.9 in the 

form of D(h) = 1-h--t2  vs t
2 

curves. 
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3. Methods of finding Ho  

As discussed by Harris and Mapother (101), for reduced 

temperatures t< 0.25 the superconducting entropy Ss(T) is negligible 

compared with that of the normal state Sn(T). 

The thermodynamic relation 

Sn - Ss 
—Vmol 	aCTID' ---- • 	 

dT 

therefore becomes 

-Vmol  d(Hc2 ) 
Sn 	YT 

	

871-- 	dT 

Integrating: 

76 	
Hc
2 
 H2o 
	

. T
2 

Vmol 

If data is available for sufficiently low temperatures then both 

Ho and 	(the coefficient of the electronic specific heat) can 

be found from a plot of H
2 

vs T
2
. 
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However, in this case the lowest values of t obtained 

were 	0.3 and some approximation for S
s
(T) has to be made to 

obtain Ho
. 	One possible method would be to use the BCS form for 

Ss(T) in the low temperature region (or equivalently the BCS num- 

erical data for D(h)). 	It was shown by Sheahen (102) that for 

t >/' 0.3 the empirical formula: 

1 - h 	t2 = .037sinic(1-t2) 

is equivalent to the BCS form of D(h) to within .001 in h. 	He also 

showed that nearly all experimental critical field measurements 

on superconductors can be adequately represented by the empirical 

formula: 1 h t2 D sin 7t:(1-t2), with a suitable choice 
o 

 

of Do 
and H 

 

Furthermore, within the temperature range: 

0.1 ‘t
2
.< 0.2 

that is 	0.31 4.t O.44 

which is just above the range where H2 vs T
2  gives a straight lined  

it follows that the BCS theory (or Sheahen's approximation to it)/ 

becomes h(t) = 1-(11-Don)t2, to within .003 in h. 

Therefore in this limited temperature range Ho  can 

also be obtained by extrapolation, this time by plotting He vs T
2 

rather than H
2 vs T2. 	The slope of the line is no longer simply/ 

related to Y 
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.0413 <5x103 1.3 1.2 

± .002 	(from Hc)(from Tc) 

.074 1.8 ± .3 3.2 ± .4 

.322 •••• 

.337 0.8 ±0.7 2.5 ± .4 

.14 1.5 ±1.0 2.8 ± .5  

.0347 
± - - .0011 

.057 

- .005 

.039 
± - .002 

2 1823 ± 

HO ( gauss) 

2 	• -2 <a > x 10 Using 
Specimen 	T c oK 	Low Temp- 	ISheahen 	D61 	% Increase 	' Resistance 	Clem's theory 

erature 	Fit 2 	Ratio in Ho/Tc 
2 

Extrapolation 	 R4.2/R273 	from 16 from H -/T c2 

11100•••• 

(1)  (2) If\ 	' 
o (gauss) over Al ' 

5J Al 	1.179 (104:9 ± .2&) 104.8 ± 0.4 0 
= .001 

Al..023 at. 	„. .994 90.9 ± .14 91.0 ± 	.12 ± .8 
Mn (A) - .001 

Al 	0.1 at. 	.592 56.0 ± 	.4 12.8 ±2.2 % 	(B) 	- .001 

Al .095 at. 	.942 86.2 ± .3 85.7 ± 	.14 5.0 ± .8 
% Cr (C) 	

± .001 - .001 

Al .23 at. 	1.149 105.1 ±0.12 104.2 ± 	.12 402 ± .8  
% Zn  (D) ± .001 

* Value obtained by fitting to Mapothers results above 0.7oK (NB the error given here is smaller 
than that given in the text because a systematic error in the gauss/amp ratio would not affect 
the relative values of H

o) 

TABLE 5.1 Summary Of Hc(T) Data for Al and Al Alloys  

o 
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With this in mind two methods were therefore used to find 

H
o
. 

(1) The data was fitted by least squares to the Sheahen formula 

D(h) = Dosin7Cn-t2) over the whole temperature range. 	The 

standard: deviations in D and H
o 
were also found by the usual 

0 

method. 

(2) For alloys with Tc
o
K,Hc  was fitted by least squares to 

the formula He 
	

H 
o
-AT

2
, by varying Ho 

and A, for 0.1
2
•,.< 0,2. 

The results for both methods are given in table 5.1. 

5.4 	Discussion of Results  

1. Experimental errors 

The estimated error in He  was ▪ 0.1%, corresponding to 

the last figure on the digital voltmeter used for the measurement 

of current. 	That in the temperature was ±-1 md above 0.7° 

rising to -▪ 2 md at 0.35
oK as the superconducting thermometer 

became less sensitive. 	It can be seen from Figs. 5.4 to 5.9 

that, especially for the low temperature points, in some cases 

the measured values of D(h) exhibit considerably more scatter 

that this, up to a factor of three more. 	This was partially due 

to the difficulty in holding the temperature constant for the 

long sweep times. 



2. 	Values of H2  /T2  and Do  obtained Ho  /T2 

Referring to table 5.1 it can be seen that the 
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values of 

Ho 
found by both the methods described agree within the limits 

of error for alloys A and C. 	For alloy D(A1Zn) there is a 1% 

difference, but from Fig. 5.7 for this alloy it canoe seen that 

there is systematic departure from Sheahen's formula near t=0.4 

which probably causes the discrepancy. 

Ignoring the Al 0.1 at. % Mn alloy for the moment it can 

be seen from table 5.1 that all the values of H
2/T2 are larger 

than that of pure aluminium by 5%. 	It was at first thought that 

this could be due to spin fluctuations and therefore the AlZn 

alloy was measured. 	This also had the same increase in H/T
2 

o 

indicating that the increase is probably a result of gap aniso-

tropy in pure aluminium. 

The results of Clem (16), for the change in the reduced- 

= Iic 	2  /8-icY T quantity 11(23 	on alloying, can be used to estimate 

<a2> the mean square anisotropy of the energy gap. 	Similarly 

his results can be used to find ‹a
2>from the change in D. 

Both values of (a2> are listed in table 5.1 and unfortunately 

they do not agree. 

-% 
The <*a.

2 
 / values obtained from Ho 

are consistent with 

(a2> = .028 ±.004. 	Those from D 
0
, with <a2> = .015 ±. .004  
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Possible ways of accounting for this discrepancy are:- 

(1) There is also a mean free path effect on Y, increasing 

it byA2% for Zn, Mn and Cr impurities. 	Thus the correct value 

of (a2> is .015 t .004 in agreement with Boato et al (21) and 

Mapother et al (101). 

(2) The correct value of(a2>is..025 ±.003. 	This would be  

just consistent with all<a
2
>values except the one from Do  for 

AlCr. 	Although this would disagree with the results of Boato 

et al (21) (T
c 

measurements) and of Mapother et al (101) (H 

measurements for pure Al), in the first case only the quantity 

-Ai  <a2> is found from Tc measurements. 	As mentioned in 

chapter 2, A. is an unknown parameter varying between 0.5 and 

2.0 for different impurities; reducing all 	by a factor of 

two would again give agreement. 	As far as the critical field 

data of Mapother is concerned, it is possible that anisotropy 

is not the only cause of deviations from the BCS reduced field 

law in pure aluminium. 

3,, Conclusions for the alloys with T 	1°K c. 
The critical fields Hc(T) of three aluminium specimens 

A1Mn, AlCr and AlZn, all with T 	1
o
K. have been measured to 

an accuracy of ± .003 in H /H down to 0.35°K. 	Within this 
c o 
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accuracy the alloys follow-the BCS theory for a weak coupling 

superconductor. 	However, the values of H
o 

obtained are such 

that the quantity H2, 
/T2 is 5.0 1-.8% higher than for pure aluminium 

in all three cases. 	This is twice that expected from the theory 

of Clem using the accepted value for<:a
2
> in pure aluminium 

obtained by Tc  measurements on. dilute Al alloys, and assuming 

that ', the coefficient of the electronic specific heat, is 

the same for the alloys as for pure Al. 	The reason. for this 

discrepancy is not known but despite this it is possible to say 

that, within the accuracy of the measurements, there is no diff-

erence in the H
c
(T) behaviour of the non-magnetic AlZn alloy, 

the non-magnetic alloy with short lifetime spin fluctuations 

AlCr and the non-magnetic alloy with longer lifetime spin fluct-

uations A1Mn, 

4. The Al 0.1 at. % Mn Alloy  

Data was only available for this alloy above t=0.55, 

hence only the method of Sheahen could be used to find Ho. There 

is considerable deviation from BCS in both Ho and Do obtained 

by this method, which cannot be caused by anisotropy, 

In Figures 5.8 and 5.9 the D(h) curves are plotted for 

two values of Ho 
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(1) Ho as determined by the Sheahen procedure, using the least 

squares program. 	For this case one then has:-  

I
a 

= 3.173 t .023 amps 

Do = .057 — .0044 

and 

s (11:/,41.- =-1-13%, 

( g(H2/T2) is the increase in H 2/T2 over the pure aluminium value) 
o c 	 0 c 

(2) Ho 
is chosen so that Do ...035, as for the more dilute AMA 

alloy. 	The best fit with this constraint is I = 3.04 amps. 
0 

Hence 

S ol(23/T y = 14.30/0  

Although (1) is a better fit than (2), as one would expect 

from the calculated errors in D
o 
and H

o
, there is considerable 

scatter in the data. 	It is possible in this case that the data 

Is such a bad fit to the formula that the calculated errors are 

invalid. 	Therefore, on the basis of this one set of measurements,• 

no firM conclusions can be drawn. 
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II 	THE DEMAGNETISATION CRYOSTAT 

5.5 	Introduction  

The He3  cryostat which has been used for the measurements 

reported in this thesis was designed with a large specimen chamber, 

3 cms diameter and 20 cms long, and a wide helium dewar, in order 

to extend the temperature range down to 20 millidegrees K (md),  

or so by adding an adiabatic demagnetisation stage. 

There are several advantages in having a lower initial 

temperature for adiabatic demagnetisation: 

(1) For a paramagnet with a magnetic moment, of 3 Bohr magnetons 

( /LB) per magnetic atom a field of 6 kilogauss at 0.4°K produces 

the same entropy reduction (about a factor of 2) as 18 kg.at 1.2°K. 

(2) The heat leak into the system is much smaller,being proportional 

to Ti  (the initial temperature is Ti) for electronic conduction 

and Ti for phonon conduction. 

(3) Calibration of the thermometer (usually a cerium magnesium 

nitrate (CMN) thermometer) is easier, since the He3  vapour pressure 

can be used. 

Since 1963 when this project was first considered the 

position has altered in two respects. In the first case high 
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field superconducting solenoids are commercially available, 

negating (1) above. 	Secondly, and much more relevant, He3-He
4 

dilution refrigerators, which can maintain a temperature of, 

about 30 and in the presence of a heat leak of about 1 /I Ware

now commercially available. 

Several of the disadvantages of the present He3  cryostat„, 

for operation between 1.3°K and 0.4°K, for instance the-diff-

iculty in condensing He3  and the relatively large (4 litres) 

quantity of liquid helium used per run, are a direct result of 

this change in design. 

The demagnetisation system has been made to work despite 

this:, although no new superconductors have been discovered. 

The system is briefly described here, mainly for the benefit of,  

future users of the apparatus. 

5.6 	Design Criteria  

Adiabatic demagnetisation is a well established technique 

and detailed accounts and further references are given in the 

books of Rose-Innes (100), White (103) and of Hoare, Jackson and 

Kurti (104). 	The design of the present system was based to 

some extent on the more recent work by Wheatleyand co-workers (1056). 
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The essential features of any refrigerating system 

are: 

(1) the quasi•-isothermal production of a more ordered state at 

one temperature, either continuously, for example the separation 

• 
of He3 and He

4 in the still of a dilution refrigerator, or once, 

for example, by magnetising a paramagnetic salt or condensing 

He3  liquid. 

(2). Thermal isolation of the ordered state. 

(3) Production of a less ordered state, for example by mixing 

liquid He3 and He
4, removal of the magnetising field or evapor-

ation 
 

of He3  liquid. 	Thus, since the total entropy is conserved 

in the absence of heat flux, the temperature of the system falls- 

Since (1) always involves the production of heat, to 

achieve both (1) and (2) some form of heat switch is needed,.. 

The two methods commonly used in adiabatic demagnetisation are 

exchange gas and a superconducting heat switch. 	The original 

plan was to use a small quantity of He3  exchange gas and to pump 

it away just before demagnetisation, relying on the cooled salt 

pill to absorb any remanent gas. 	However there are well-known 

difficulties in removing exchange gas from a very low temperature 
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(. 0.4
o
K) space, since the walls of the chamber outgas very slowly 

and because pumping speeds are very low for slow moving atoms. 

This was even more serious in our case because the narrow, 4 mm 

diameter, pumping tube also carried the measuring wires to the 

specimen chamber. 	For these-reasons a superconducting heat switch 

made of 6 N lead wire was used. 	This was operated by the fringing 

field of the superconducting solenoid which provided the field 

for magnetisation.. 

1. Choice of Paramagnetic Salt  

Basically one requires a salt whose magnetic entropy is 

increasing smoothly over the temperature range (T), of interest, 

0 
this usually dominates all other entropy contributions below 1 K. 

This can be achieved by using a paramagnet with magnetic crystal 

field levels having energy differences L'Ar\-- kT, 	by using a 

paramagnet whi.ch orders magneticaliy'just below thu range T,or by 

retaining a lower magnetic field so, that level splittings in the 

field are r\dkT. 

The first method is preferable since the entropy changes 

over a temperature interval% giving an anomalously high 'Schottky.' 

specific heat in that range, whereas long range order sets in over 
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a very limited temperatUre range. 	It is also difficult to make 

other measurements, for example susceptibility (for temperature 

measurements), in the proximity of a magnetically ordered salt, 

or in a magnetic field. 

Subject to the restriction that the ordering temperature 

is not in the range of interestl it is usually better to have as 

large a concentration of magnetic ions as possible in the salt 

(except for a possible heat switch limitation mentioned later), 

and the magnetic moment per ion must be large enough to allow app-

reciable entropy reduction (about a factor of 2) at the magnetising 

temperature by the available magnetic field. 

The salts considered were the commonly used hydrated ones, 

among them :ferric ammonium alum, chrome potash alum (CPA)) and 

cerium ethyl sulphate. 	It was decided by Dr. I. P. Morton of 

this laboratory that CPA, with a ground state isolation of .09
0
K 

due to crystal field splitting, and an ordering temperature of 12 md, 

Hoare Jackson & Kurti (104),best satisfied the above requirements. 

All the above salts have the practical disadvantage that they lose 

their water of crystallisation over a period of time at room temp- 

erature and their magnetic properties change. 	CPA is no exception 

to this and,despite periodic coatings with General Electric (GE). 
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varnish,after several runs the CPA degenerated into an amorphous 

mauve powder. 

It is perhaps worth mentioning briefly in this connection 

that the recent experiments on gold-based rare earth alloys in 

this laboratory (referred to in chapter 4), showing that interactions 

between rare earth ions are smaller than originally thought, raise 

the interesting possibility that these alloys could be used for 

adiabatic demagnetisation. 	Initial calculations show that for 

the 0.3% AuGd alloy mentioned previously (interaction temperature 

Ig I < 50 md) the magnetic entropy/cc is about 1/10 that of CPA at 

high temperatures. 	The thermal conductivity, which, together 

with the volume over which the magnetising field can be generated, 

limits the allowed volume of the paramagnetic material, is about 

1,000 times larger in such an alloy than in CPA at 20 md. 	There—

fore such an arrangement, using Au Ho say, with closely spaced, 

crystalline field split, levels, may he useful in laboratories 

where 10 kg. magnetic fields are already available, for small scale 

experiments which do not justify the purchase of a dilution ref- 

rigerator. 	A superconducting heat switch could be soldered directly 

to the alloy and metallic specimens could be clamped firmly to it.. 

Providing the magnetising field were reduced reasonably slowly 
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FIG. 5.10 The Demagnetisation  
Cryostat  (scale 1:3) 

Key 

1 . 3 x 28 s .w .9 . copper wires 

2. 1 x 26 s .w .9  . copper wire 

3. 1 x 12 s.w.g. enamelled copper wire 

4. Superconducting solenoid 

5. Demountable copper block holding 
26 s.w .9 . copper wires for thermal 
contact to He bath 

6. Cd-Bi solder joint 

7. Thermal anchor 

8. 1 cm diam. He3 pumping tube (Cu-Ni) 

9. 4 mmdiam. pumping tubes 

10. Copper radiation shields 

11. Radiation traps 

12. Fle3  pot 

13. Copper cone joint 

14. Terminal block 

15. Stud to hold salipill assembly.  

16. Vacuum spaces 

17. Typical He level 

18. Salt pill assembly (see Fig. 5.11) 
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(1 kilogauss/min) there would be no significant eddy current heating. 

In fact, according to ref. (58), the ThGd system (another system 

where the interactions are extremely weak) has already been used 

for this purpose, although the disadvantages associated with 

magnetic ordering presumably arise in this case. 

5.7 	Experimental details  

The general overall arrangement used is shown in Fig, 5.10: 

and a more detailed diagram of the salt pill assembly is shown in 

Fig. 5.11. 

1. The magnetising field  

This field was obtained with a home-wound superconducting 

solenoid wound with Nb 25% Zr copper.plated wire, which produced 

770 gauss/amp at its centre over a 4 cm diameter bore. 	Because 

it was uniformly wound with a length/diameter ratio of only 2 the 

field was not uniform axially but this did not give significant 

temperature gradients in the CPA. 	The copper current leads to 

the superconducting solenoid had to be carefully designed, a sub- 

stantial increase. in the heat leak into the main helium bath could 

not be tolerated because this would have prevented the He3  from 

condensing at the maximum backing pressure (3.5 cms Hg) of the 2M4 



Edwards diffusion pump. In fact this pressure could be increased 

to 3.9 ems Hg for short periods by running the 2M4 at 245 volts. 

off a mains transformer. Even so~this He3 vapour pressure corr-

esponds to a temperature of 1.450 K and the yoke of 26 s.w.g. -copper 

wires dangling into the ~'elium bath was later provided, so that 

the point A (Fig. 5.10), where the He3 condenses and drips down 

into the He3 pot, was at about'1.30 K. Hence the latent heat of 

condensation of the He3 could be removed in a reasonable time 

(30 to 60 minutes). The 12 s.w.g. copper wires shown in Fig. 5.10 

were used to take the heat coming down the solenoid current leads 

directly int~ the helium bath rather than via A. At tempts w.ere 

made to optimise the leads according to the paper of Mcfee (117) 

~ut these were unsuccessful and the best guide for the choice of 

wire gauge turned out to be the room temperature fusing currents 

for the various wire diameters. The wires used for various temp-

erature intervals are shown in Fig. 5.10. 

The solenoid was operated in the persistent mode during 

magnetisation. It was switched in and out of this by sending a 
. ) 

superconducting short circuit· (also of Nb 25% Zr) , spot welded 

across its ends,. normal with a heater. The circuit for this 

arrangement is shown in Fig. 5.12. As can be seen, two superconducting 
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switches were used in parallel. 	The self inductance of the sol- 

enoid was 0.3 Henries and a small resistance in series with one 

short gave a time constant of 100 secs with which the field was 

slowly reduced on demagnetisation. 	With both switches normal 

the time constant was 5 secs. 	These switches had to be kept out 

of the liquid helium on a stainless steel tube. 

Referring to Fig. 5.12 the 0.1aresistor/(R),provided a 

safeguard in the event of the solenoid going normal or a lead-in 

wire fusing, it effectively converted the constant current Wareham 

power supply into a constant voltage source. 	The milli voltmeter  

across it showed that the field was being established becaUse it 

detected the 'back. emf' in the solenoid;7 if the:'current in • 

the 'persistent' mode fell the induced voltage in the solenoid 

could also be detected. 	At 13A total current about 1.3 Amps llowed 

through R so that the total power dissipation in the cryostat was 

1.5 W, 30 times the normal heat leak.- Preliminary experiments 

with an integrating fluxmeter were made to determine the best pos-

ition for the Pb heat switch and the gauss/amp ratio of the super-

conducting solenoid. 

2. The saltpill assembly  

This is drawn in Fig. 5.11. 	The CPA crystals (about 20 cc) 
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were tightly bound and GE varnished between 3 strips of 'coil 

foil' as first used by Wheatley et al (105). 	This was made by 

winding 46 s.w.g. copper wire on a drum, coating with GE varnish 

and baking out at about 60°C. 	This combines the advantages of 

good thermal conductivity in one direction with low eddy current 

heating in changing magnetic fields. 	The whole assembly was 

supported from a threaded brass rod frame by pre-stretched nylon 

thread (0.2 mm diameter). 	The Pb heat switch, positioned so 

that its top end was just normal in the maximum magnetising field, 

was soldered at that end to a copper post on the He3 pot and at the 

other end to the coil foil. 	Most of the details of this construc- 

tion were obtained from the paper of Wheatley et al (105), which 

also contains useful information on thermal contact in such' systems. 

3. Temperature measurement and detection of superconductivity 

A Hartshorn bridge,based on a Tinsley 0.1-1000 /LH variable 

mutual inductor and operated with a home-made phase sensitive det- 

ector at 190 c/s,was used to measure both the mutual inductance of 

the CMN system and to detect superconductivity. 	The circuit used 

is shown in Fig. 5.13. 	The measuring field used was usually 1/10 g. 

p/p. 	Calculations showed that eddy current heating was negligible 
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for alloy specimens at this level, the discrimination at this 

power level was ± .05 P- H. 	Since the usual change in mutual 

inductance (M) at T
c 

was about 50% of the normal .state value of 

r-10JtH there was plenty of sensitivity in hand and the measuring 

field could be reduced as desired. 	The primary coil was wound on 

the brass vacuum can, with overwound ends to produce a uniform field, 

according to the prescription of Garret (112). 	The secondary 

coils of the CMN were made of rectangular cross section (4,000 turns 

48 s.w.g.). 	These were made rigid and formerless by coating 

alternate layers with GE varnish. 	To minimise magnetic interfer- 

ence from the CPA these had to be placed side by side, and flat 

pieces of CMN were varnished and tied to a piece of coil foil within 

one of the coils. 	CMN is highly anisotropic and this arrangement 

ensured that the coil axes were parallel to the direction of max- 

imum susceptibility. 	The use of rectangular geometry was helpful 

in making good thermal contact between flat surfaces, the results 

of Wheatley et al (105) show that boundary effects are an important 

source of thermal resistance in such systems. 	With a 1 cm2 cross 

sectional area of CMN, the measured mutual inductance M typically 

followed the law 

M 	-15 ± 1  + 30 /tt °K' 
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This agreed with the calculated slope of about 20/T (p1,/°K ). 

Each specimen had its own secondary coil (iN-500 turns 

48 s.w.g.) wound directly on the metal and was tied tightly to 

the coil foil between the CPA and CNN crystals, and covered with 

'N' grease. 

. 4, 	Secondary Thermometers 

On the first few rUns-,  a -1 1/130 ohm Speer carbon resistor 

was used as a secondary thermometer. This was rather insensitive, 

and too large physically for the demagnetisation apparatus, and 

in later runs a pair of matched 100 ohm 4  W Speer resistors with 

the ceramic ground away were used. 	One of these was situated near 

the CPA and the other near the specimens in order to check that no 

significant thermal gradients occurred. 	These resistors were 

measured with the same 3 lead AC bridge described earlier in this 

chapter. 	The power dissipation used was 10
-10 

 W,a factor of 30 

higher than the maximum recommended by Wheatley et al (105). 

Although no self heating effects were detected down to the lowest 

temperature tested (70 md), further efforts will have to be made 

to reduce this dissipation for the lowest temperature range. 
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5.8 	Performance of the Apparatus and Experimental Procedure  

As has already been mentioned the CPA deteriorated after 

several runs with the result that the minimum obtainable tempera- 

ture rose from 28 md to 70 md. 	The details given here refer to 

the first case when the CPA had its normal magnetic characteristics. 

The He3  liquid was condensed in the normal manner and by 

connecting the He3 pot to the main storage cylinder a steady temp-

erature of about 0.8°K was maintained. 	The magnetising field was 

then applied and the solenoid was maintained in the persistent mode, 

giving a field of about 9 kilogauss. 	An external field of about 

170 gauss also 'helped' the lead heat switch become non-supercon- 

ducting. 	The He3 was then pumped away at maximum speed to give 

a He3 bath temperature of 0.4°K. 	Under these conditions the time 

constant of the assembly (with tw(xPb heat switches in parallel each 

2.5 ems long and 0.5 mm diam.) was about 10 mins. 
	This was consistent 

with a measured resistance ratio of about 1,000 for the Pb wire used. 

The CPA reached a temperature of about 0.5
o
K after about 30 mins. 

The external 170 g field was then reversed and by passing a current 

through heater H
1 
(Fig. 5.12) the magnetising field was reduced 

with a time constant of 100 secs. 	The remaining flux was expelled 

- quickly by heating H1  and H2, and the superconducting solenoid could 
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then be hoisted up so that it was about 20 cms away from the spec- 

imens. 	This was necessary (a) because in the persistent mode it 

prevented AC fields being established inside it and hence the mut- 

ual inductance measurements were greatly changed. 	(b) the solenoid 

retained some trapped flux. 	The remanent field at the specimens 

due to this (even with the solenoid raised) was later found to be 

0.9 gauss.. 

The CMN reached its minimum temperature about 10 mins after• 

demagnetisation and thereafter warmed up from about 30 and at a rate 

of 1 and/minute. 	This corresponds to a heat leak of 10 ergs/sec 

which was larger than envisaged, but calculations showed that this 

was to be expected from the lead heat switch used, which accordingly 

was later reduced in diameter. 	As the system warmed up measure-

ments of mutual inductance for the CMN and the specimen secondary' 

coils, and carbon resistance measurements, were made consecutively. 

(The superconducting transitions were usually plotted out on a 

chart recorder). 	Finally the CMN thermometer was calibrated against 

the He3  vapour pressure by allowing He3  exchange gas into the specimen 

chamber. 	(On some runs this vacuum chamber was not used and the 

0 	 0  
He vapour pressure could only be used between 1.2 K and 1.4 K). 
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5.9 	Results 

As already mentionedl no new superconductors have been 

discovered in this temperature range". 	The 15% ECu-Zn alloy 

measured has been found to be normal down to 0.03°K although the 

remanent field (0.9 g) was not compensated on this run. 	Two spec- 

imens of iridium have been measured, one was in the form of a 

sintered 1.5 mm diameter rod and the other was a 0.5 mm diameter 

wire. 	By extrapolating their critical fields to zero (after 

allowing for the remanent field) respective transition temperatures 

of .107  and .096°K  were found. 	These are consistent with the 

recent value of .105 ±.005°K  found by Andres and Jensen (107). 

The slope of the critical field-  temperature curve at Tc indicates 

that H 	2g for Ir. 	The AC transition showed a "peak" effect 
o 

 

and there was some supercoolingasthe field was lowered, showing 

that both specimens were type I. 	He was taken to be the field 

at which the peak value of the inductive component (M) occurred. 

Therefore the failure to compensate for the remanent field 

on the ECuZn run was serious and the valid upper limit on a poss- 

ible T is probably about 0.1°K, since the results for Ir show that 
c 

 

Tc's of 0.1
o
K can be detected in the presence of this remanent 

field. 	As discussed by Wheatley et al in their paper on the 
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superconductivity of tungsten , (106) such fields can prevent the 

appearance of superconductivity, especially for very pure materials 

(with h=<:Z1),even if ,they are considerably less than the thermo-

dynamic critical field at that temperaturc,bccauso of supercooling. 

5.10 	Conclusions and.Final Suggestions  

Although the adiabatic demagnetisation cryostat has been 

made to work there have been various difficulties associated 

(a) with the hydrated salt used and (b) with problems of remanent 

field. 	With the present heat switch used there is also not much 

advantage in using such a magnetically concentrated salt as CPA 

because on the warm-up the present measurements show that the dom- 

inant heat leak comes from the Pb heat switch itself, 	If less 

heat of magnetisation were generated then this could be made smaller 

and the overall warm up rate and time constant for magnetisation 

would be unaltered. 	Recent measurements have also revealed a 

small phase shift in the AC field caused by the brass vacuum can. 

(This is mentioned in chapter 6). 

This should not have affected the relative values of the 

CMN mutual inductance at high and low temperatures, but it would 

be better to use a lower operating frequency than 190 c/s in future,. 



so that the occurrence of any other AC losses (for instance in 

the CNN itself) could be detected. 	Provision exists for rais- 

ing the solenoid 	to the top of the cryostat but at the 

moment this is not possible because of the radiation thields in 

the main helium dewar., This would certainly eliminate the 

remanent field problem.- 

194 



CHAPTER 6  

INTERMETALLIC COMPOUNDS OF TRANSITION METALS 

6.1 	Reasons for Interest 

The effect of the screened coulomb repulsion Ueff  

between electron states within the d bands of transition metal 

superconductors has been mentioned in chapter 2, Especially 

towards the end of the 4d and 5d series Ueff 
becomes large enough 

to give long range spin fluctuations which strongly depress Tc. 

Such fluctuations are also associated with an enhanced Pauli 

paramagnetic susceptibility 	and give an extra contribution, 

in addition to the electron-phonon enhancement, to the elect- 

ronic specific heat )(T. 	An example of this behaviour is shown 

in Fig. 6.1 where Tc) )/ and 7(., are plotted against electron 

density for several alloys of 4d and 5d elements at the end of 

the transition series. 	(This graph has been taken from a review 

by Muller (115) 1969). 	Both ' and % p  are plotted here in 

states/eV/ c. c, 

The free electron formulae: 

n.xj(EF) 
	

6.1 

and 
	 6.2 
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FIG. 6.1 Tc'X and Y vs. Electron Density for some 1+d and 5d alloys  

have been used to find n,(E
F
)- and n (E

F 
 ) the enhanced 

'susceptibility' and 'specific heat' density of states for both 

spin directions, from the measured values of X and Y 

(k is Boltzmann's constant and /413  is the Bohr magneton). 

It can be seen that Tc 
falls rapidly just as enhancement 

in the susceptibility first occurs. 	The specific heat, if/  

continues to rise towards the end of the series, probably because 

of the effects of spin fluctuations. 	Therefore the empirical 

rule linking the increase inTc 
with an increase in n ?),(EF) I  

which is obeyed for alloys between earlier members of the 4d 

and 5d transition series (116)is not obeyed here because of the 

pin fluctuations, 
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It is of interest to see whether similar considerations 

apply to some intermetallic compounds of transition elements. 

The Laves phase compounds XCo2  and XRu2.  (X is an early member 

of the 3d, 4d, 5d or 4f transition series) were a promising 

system for such a study. 	For, while itis known that YCo
2 
is 

a 'weak' ferromagnet with a Curie- temperature of approximately 

300
0 
K and a saturation moment of approximately 1/IB  per atom 

(59), other XCo
2 

compounds based on nearby elements, for example 

Ti and Zr, have a temperature independent paramagnetic suscept-

ibility (113). 

In these AB2 compounds both the larger A atoms and the 

smaller B atoms can be replaced by neighbouring elements over 

a large range of concentration. 	It should be possible to intro- • 

duce spin fluctuations by the addition of Y to ZrCo2(say), YCo2 

being equivalent to Pd in the previous example. 

Furthermore, if such compounds were superconducting it 

would be of interest to compare them with the behaviour of the 

-CeCo
2 
 and CeRu

2 
 compounds with the MgCu2  structure, studied by 

Smith et al (92). 	These authors showed that Ce is 4-valent in 

these compounds, thus one might expect the iso-structural XCo2  

compounds of 4-valentTi , Zr, and Hf to be 'superconducting. 
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6.2 	Experimental Details  

The He3  cryostat and the AC detection system described 

previously were used. 	There were slight differences from the 

measurements described in Chapter 3. 	The extra vacuum can, 

sealed with a copper cone joint, was employed and contained about 

.01 mm Hg pressure (at 1
o
K) of He3 exchange gas to make thermal 

contact between the specimens and the He3  pot. 

The Hartshorn Bridge used to measure the mutual induct-

ance of the small coils containing the specimens was usually 

balanced at 174 c/s. 	These coils had about 300 turns but a 

smaller cross-sectional area than before. 	The standing mutual 

inductance (M) was typically 40/LH. 	At the superconducting 

transition temperature this fell by about 10/LH for an inter- 

metallic compound specimen of 20 (mm)3 volume. 	Sometimes smaller 

pieces contained in a 3 mm diameter plastic tube were used and 

these gave a change of about 4/LH at Tc
. 	At 174 c/s the dis- 

crimination of the bridge was at least ± 0.05 it, H for the meas- 

uring field used (0.5 gauss peak to peak). 	Occasional measur- 

ements were made at 30 c/s, for which the standing mutual in- 

ductances (and the changes at Tc) were 20% larger. 	An empty 

coil measurement showed that this was due to eddy currents in the 

brasS vacuum can rather than in the specimens. 	Eddy currents in 
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the specimen only gave a significant reduction in the change 

in mutual inductance (AM) at T
c 
for a 5N aluminium specimen. 

AM was reduced by a factor of ten but even so was still easily 

detectable (4 MeN.- 0.)1,a11) . 	The resistance ratio of the Al 

specimen was later measured and was so large that only an upper 

limit (2000) could be found. 	Therefore there was nc possibility 

of a transition in one of the intermetallic compounds not being 

detected, or even being reduced significantly because of induced 

eddy currents at 174 c/s. 	During a run the procedure was 

usually as follows: 

The mutual inductances (M) of the six specimen coils 

were measured at 300°K, 77°K and 14°K (the triple point of H2, 

where the exchange gas used to precool the He3  pot solidified). 

The He3  liquid was condensed and M measured at 1.3°K and 0.4°K. 

In the absence of any transitions the values of M at 14
o
K, 1.3°K 

and 0.4°K were usually the same to within about 0.1//k 14 If any 

transitions had occurred these were then plotted out on a pen 

recorder, allowing the specimens to warm up; 	As described in 

chapter 5 the 1962 He3  and 1958 He
4 

vapour pressure temperature 

scales were used to calibrate the 30 ohm Speer carbon resistance 

thermometer. 	This had been previously calibrated below 0.6°K 
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against Hc(T) for aluminium, again as described in chapter 5. 

This procedure has been described in such detail because 

it will become apparent from the next section that many results 

are negative, in that superconductivity was not detected, but 

with the present arrangement there is almost no possibility of 

a transition being missed. 	Sometimes a small amount of second 

phase was detected by microscopic analysis. 	If the matrix were 

not superconducting down to 0.4
o
K then, providing the second 

phase exceeded about 5% of the total volume, any superconduct- 

ivity in this phase would also have been detectable. 	Finally, 

there was no ambiguity about whether the flux was expelled 

(superconducting transition) or whether there was an increase 

in flux through the specimen (ferromagnetic transition), and 

any ferromagnetic and (possibly) antiferromagnetic transitions_ 

in the specimen should have been detectable. 

6.3 	' Results and Discussion  

The results of T. measurements are given in table 6.1. 

Surprisingly, none of the more recently made CeCo
2 
alloys were 

superconducting down to the temperature (Tn) shown. 	Two sup-

erconducting CeC alloys which had previously been measured 
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Table 6.1  

Tc Measurements on Intermetallic Cobalt Compounds  

1 Non-Superconducting Specimens  

Specimen 	Source Tn(°K) Remarks  

TiCo
2 	1 	0.4 	,,-,100 p.p.m. Fe impurity 

All Ti and Zr specimens used Ti0.8Zr0.2Co2 	1 	o.4 for 	X, 
P
(T) measurements (113) 

Ti0.5Zr0.5CO2 	1 	o.4 

8002 	1 	0.4 
Ti0.2ZrO. 

ZrCo2 	1 	.0.4 - 	rv100 p.p.m. Fe impurity 

HfCo
2 	

2 	0.38 

ScCo
2 	

2 	0.38 

NbCo2 	2 	0.38 

Ce24C°11 	2 	0.4 
 

CeCo
2 
- non stoichiometric specimens all homogenised by I. R, Harris 

Ce.33Co.6?  

C°.3333C°.6667 

Ce.34Co.66  

Ce.3475C°.6525 

Ce.35Co.65  

Ce.355C°.645 

2 	*0.4 

2' 	0.4 	X100 p.p.m. Fe impurity 

2 	0.4 	-f 5% Ce rich second phase 
p.p.m. Fe impurity 

2 	0.4 

2 	0.4 

2 	0.4 
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2 Superconducting Specimens  

Specimen 

 

Source T °K 	80% trans- Remarks c  
ition width 
(md) 

         

Ce.34Co.66  

Ce.355Co.645  

ZrCo 

LaRu
2 

2 

2 

2 

3 

1!07(5) 

0.97(5) 

1.5 

3.12 

- 15 

- 25 

+ 
- 120 

60 

! ---,No detectable Fe imp—. 

1/10 expected 	at Te  

Two more broad trans-
itions at 2.2°K and 
1.4°K, 

KEY TO TABLE  

1 Specimens kindly supplied by Professor R. S. Craig, 

University of Pittsburg 

2 Specimens kindly supplied by T. F. Smith (Harwell) and 

I. R. Harris (Birmingham University) 

3 Specimen made here by arc melting 
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in another He3 cryostat by T. F. Smith were therefore measured 

here. 	These were measured on the same run as some of the newer 

alloys and the transition temperatures agreed with those of 

Smith. 	Subsequently some of the specimens were examined by 

emission spectroscopy in the Analytical Services Laboratory, 

Imperial College. 	As shown in table 6.1 the two non-supercon- 

ducting CeCo2  alloys examined were found to contain approximately 

100 p.p.m. Fe, whereas the superconducting one did not. 	This 

result must be treated with some caution because a considerable 

number of the stronger lines in the Fe spectrum were obscured 

by Ce lines. 	The nominal purity of the starting materials is 

not known but presumably was the best commercially available 

"off the shelf", namely 99.9% Ce. 	In fact a new batch of Ce 

was used for the non-superconducting alloys. 	Assuming 100-4 

1000 p.p.m. of Fe in solid solution is responsible for the 	

,

dep- 

ression in To then the depression is n.10310
3 to 104 0 IC/at% for 

Fe in CeCo2. 	This is extremely large (to the writer's knowledge 

the largest depression found up to now is 300°K/at % for Mn in 

Zn) and so the CeCo
2
-Fe system would be worthy of further invest-

igation. 

The two Ce
.34

Co
.66 

alloys (one superconducting, the other 



pure A AB
2 

AB
x 

Temperature 

not) were also examined by electron probe analysis which 

confirmed that the bulk of the alloy was CeCo2. 
	Microscopic 

examination of.these two alloys revealed about 5% of a Ce rich 

second phase at the grain boundaries, despite the homogenisation 

of the non-superconducting alloy carried out by I. R. Harris:. 

This phase was presumably not detected by his X-ray measure- 

ments. 	The second phase is insufficient to give a supercon- 

ducting transition of the observed magnitude (the Ce rich phase 

does hot appear to be multiply-connected and in any case, a 

powdered specimen was also superconducting) but could be respon- 

sible for the observed increas6 in X at low temperatures. 
P)  

While on the subject of the homogeneity of the specimens 

it should be noted that none of LaRu
2'

CeRu
2 

or CeCo
2 

melt con-..  

gruently (60), that isI the phase diagram near these compositions 

has the form: 

204 
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Thus on cooling an alloy of composition AB2  from the melt 

there is bound to be some AB
x 
and an A-rich phase formed as 

well as AB
2. 	

For CeCo
2 

this results in only a small amount 

(A/5%) of unwanted second phase, but we have been unable to make 

even reasonably single phase LaRu
2 

or CeRu
2 
by arc melting. 

(t)re have also examined a La
.94

Gd
.o6

Ru
2 

alloy used by Peter et 

al (77) for susceptibility and e.p.r, measurements, this con-

tains approximately equal amounts of three phases). 

The three-phase LaRu2  alloy which was tested for super-

conductivity in fact had three transitions the main one being 

at 3.12°K, none of which agreed with the published value of 

1.63°K (114). 	It seems that X-ray diffraction is not a sensi-. 

tive enough method for detecting other phases and any results 

obtained for intermetallic compounds which do not melt congru-

ently must be viewed with caution in the absence of further 

annealing treatment and metallographic analysis by optical 

microscopy. 

With the present limited amount of data it is difficult 

to give a detailed discussion of the other XCo2 
compounds. 

The known paramagnetic susceptibilities at 300°K of the alloys 

measured are given in table 6.2. 	For comparison that of a 



non-transition metal cubic Laves phase compound, LaAl
2' is 

given as well. 	(% for this alloy has been taken from the 

work of Maple (80) and as corrected for the core diamagnetism)... 

Table 6.2  

Paramagnetic Susceptibilities of MgCu2   Structure Intermetallic  

Compounds at 300
b
K  

Compound X 	(300) n (E % 	F 	• Reference 

emu/mole 	States/eV/atom 

TiCo
2 

1.5 x 10-3  16 (113) 

ZrCo
2 

1.5 x 10-3  16 (113) 

CeCo2 1.2 x 1G-3  13 	• (108) 

LaAl
2 

0.075 x 10-3 0.8 (8o) 

In table 6.2, formula 6.1 has been used to calculate nE % 	F 

For LaAl
2 
nx,(E

F
) is a factor of two lower than the value obtained 

in chapter 3 (n(EF)=1.4 states/eV/atom, corresponding to m/m*=3) 

but 	does increase by a factor of two from 300°K to 20°K (80) 

so that exact agreement cannot be expected. 

If one compares the values of n (E
F 
 ) given in table 6.2 

206 
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with those of Fig. 6.1, where Tec,_LO.02°K for n x)( 2 states/ 

eV/atom, it is understandable that TiC0J2_ and ZrCo2 
are not 

superconducting downto 0.4°K, the question is, why is CeCo2 

a superconductor ? 

Both 4-valent Ce and 3-;Talent La have an empty 4f shell 

and the possibility of a different mechanism for superconduct-

ivity in La (and U), involving occupation of virtual 4f levels, 

has been raised by some authors, for example Kuper et al (109).  

(1963). 	Alternatively Peter et al, (77) (1967), suggested 

that LaRu
2 

could be a two-band superconductor. 	The large, 

enhanced Pauli paramagnetic susceptibility could be a property 

of a "d-like" band and superconductivity could arise from pair-

ing of electron states within an "s-like" band. 

The only superconducting compounds with the cubic MgCu2  

structure which have been found to be superconducting up to now 

are those containing La and Ce, although the hexagaonal, MgZn2  

structure compounds ScRu2, YRu2  and ZrRu2  are superconducting 

(24). 	Some other MgCu2  structure phases TaCo2'TiRu2' HfRu2 

and NbRu2 have yet to be tested. 	
Before further speculation 

is made about CeCo2 it would be interesting to know, 

( a) If the Pauli paramagnetic susceptibility of superconducting 

ScRu YRu
2 

and ZrRu
2 
is as large as that of CeCo 

2' 	 2 
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(b) If the remaining,MgCu2  structure,M12  and XCo2  compounds 

are superconducting and yet also have large values of n,x,(EF), 

If (a) or (b) were true then the '4f mechanism' would not be 

needed to explain the superconductivity of the Ce- and La--based 

compounds. 

The measurements on ScCo2 indicate that there may be 

magnetic ordering in this compound at low temperatures. 	In 

contrast to HfCo
2 
 and NbCo

2 
 where M was constant (to within 0.14H) 

from 14°K to 0.4°K, for ScCo2 
there was a smooth increase of 

0.5p in M from 14°K to 1°K and  then a decrease of 0.5 /4H down 

to 0.4°K. 	The corresponding variation. in AC (174 c/s) 

susceptibility is ,,5 x 10-3 emu/cc)n-10
-1 

emu/Mole. 	This is 

far too small for a ferromagnetic transition but could possibly 

be due to antiferromagnetic ordering. 

In view of the.effect of ^.,100 p.p.m. Fe impurity on 

CeCo
2 

the remaining XCo2 
alloys should have been tested for Fe. 

Unfortunately most of the alloys were returned to the Solid State 

Division, Harwell, before this was done and only TiCo2  and ZrCo2 

have been tested. 	This has been done recently and, as for CeCo2, 

ti 100 p.p.m. of Fe impurity was found by emission spectroscopy. 



Although Abel and Craig (113) made measurements of Z(TY down 

to 4.2°K on these alloys such a small concentration of Fe 

impurity, even with a giant moment 
	

VtE/atom aould not have . 

given a detectable contribution to 	compared with Zp(T). 

Therefore it is still possible that higher purity ZrCo2  and 

TiCo2 will be superconducting. 

In conclusion then, further measurements on the XCo 2 

and XRu
2 
systems are required.- For measurements of Tc 

care 

must be taken to ensure that contamination with Fe does not 

occur. 	For measurements of X the specimen must be truly 

single phase. 	These should then throw some light on the sup- 

erconductivity of the CeCo2, CeRu2  and LaRu2  compounds and on 

that of neighbouring MgZn2  structure compounds. 
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APPENDIX I 

Transition Temperatures of LaAl
2 
 and La R Al  Alloys 

1- 	2 

Unless stated otherwise these temperatures were determined by the 

AC method. 

Key to tables: a, b, c, d refer to metallurgical features OA 

to (iv) respectively in Chapter 3, section 3.4. 

hh, electron probe analysis indicates overall homogeneous impurity 

distribution, to within 10%. 

h, indicates homogeneous impurity concentration in LaAl2  matrix 

only (to within 20%), there are small regions (..,10 ft) of higher 

impurity content. 

210 

inhomoge-neous impurity concentration; 
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1 LaAl
2
Samples 

Spec. 
No. 

Tc 
oK 

3.19 

8o% 
width 
md. 

Metall. 
examin- 
ation 

Elect. 	Source 
probe 
analysis 

Remarks_ 

1 - 5
La a Jolla 

1 3.24 a,b anneal 24 hrs 850
o
C 

T
c 
obtained from H(7) 

2 3.24 t 8 a,b,d 1 

3 3.32 -. lo 1 He level very low, 

4 

3.28 

3.28 

± 5  

-2: 	11 

a 

a,d 1 

transition 	on warm 
up was at lower temp, 

5 3.23 ± 15 a 1 

6 3.19 - 30 Harwell arc melted button 

3.1 Harwell powdered specimen 
2.1 

8 3.25 ±3o B'ham 

p11_, 2.86 -go 
+5o 1 new batch La 

-A-2L 3.24 ± 8 1 same batch La as f1L 
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La 
--1 -x--x 

Nom. 
Conc. 
x % 

Tm AT 

T
c 
o K 

80% 
width 
and 

Metall. 
examin- 
ation 

Elec, 
probe 
analysis 

Source Remarks 

3.0 2.89 t 50 a La Jolla Later powdered, 
used for 	21.:("T) 

2.0 3.01 
6o 
20 a 1 x=1,3%1 e-probe 

4.0 2,74 
90 
50 a,d 1 or e--probe x=5,3P 

0.89 3.106 12 a 1 

4.2 2.76 -1 F0 a,b,c,d, h 1 

5.7 2.64 1-18 a,b,c d h 1 

7.2 2.17 20 a,b,c,d i 1 off Tc(x) graph 

7.2 2.39 + 1
13
o 6 

- 	0 
a
'  b' 

 d 1 
1 

5.0 <1.3 a Small specimen 
trans. not detect. 

8.73 2.30 1  12 a,d h 1 x=9.0%,e-probe 

0.5 3.04 ± 30 Harwell: powdered before 
measurement 

0.9 3.06 30 B'ham 
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LaA -x--x-- Tm Al, (contd) --1 

Nom. T 80% Metall. Elec. Source 	Remarks 
. Conc. c width examin- probe 

K 	and x %. 	o 	ation 	analysis 	 

0.5 	a,b 	La Jolla 

4.0 

4.o 

The remaining specimens were made from 99.7% La 

	

2.33-F  100 	 Only 1 arc melt 

	

1.54 t 100 	 After 2 hrs @ 600.°C 

4.o 2.9-- 2.2 After 48 hrs @ 1000°C 

5.2 (a)2.38 !,:7 	2 2 transitions, (b) 
(b)2.86 15o is very small 

6.3 2.14 ± 5o 

8.7 2.74 ± 30 Off T
c 
graph 



La Jolla 

Lu inclusions 
present._ 
nom. concentratio. 
1.2-1.5xlarger 
than those from 

J 
	e--probe. 

3 La Lu Al 
--1-x--x— 2 

Spec. Nom. Tic 	80% 	Metall. Elec. 	Source 	Remarks 
No. 	Conc.o 

K 	
width examin- probe 

x 	and 	ation  analysis  	 

214 

0.5 3.20 ± 7 

2 3.15 ± 15 a,b,c h 

3 	- 3.12 ± 16 a,b,c h 

5 3.06 + ... 24  72  a,b,c h 

a Pr Al -x--x--2 

2.0 2.14 50 a,b 	h 	1 

fi 	
2.98 1.49 ± 100 

p2L 4.02 

./j 3L 	3.42 0.925 - 3 

accurate e-probe 
analysis not 
possible because 
of coincident La, 
Pr, X-ray lines 

5 La Tb Al --1-x--x--2 

f2L 	0.8 	1.28 ± 70 a,d 	1 	used for 2((T) 

3L 0.6 1.88 80 aid hh 	1 	e -probe 
x=. 69%  
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5 La1-  Tb Alxx2 (Contd) 

Spec. Nom. Tc 	80% Metall, Elec. 	Source 	Remarks 
No. 	Conc. . 	width examin- probe 0  

% x 	and 	ation 	analysis  	 

"Irl5L 

,// 	6L 

0.37 

1.87 

1.16 

1.22 

2.43 

0.77 

5. 63 _ 1  

+ 80 
- 160 

hh 

a,d 

1 

1 

1 

6  La Ho Al_ --1-x--x--2 

pl., 	2.41 <0.4 

1E2L 	3.01 \O.4 	 1 

-?j 3L 	2.0 	1.42 t 90 	1 	used for e.p.r. P 

1.57 2009 ±80 a 
	hh 	La Jolla 	1.88% from e-probe 

141-x2YxAl2 

	

1L 	1.42 <0.4 	 1 

	

11-2L 	1.62 <0.4 	 1 

	

V
3L 	1.09% 	 1 

	
Not measured yet 



Spec. 
No. 

1q1L 

4-F2L 

8 La Er Al 
-1 -x--x-2 
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Nom. Tc 80% Metall. Elec. Source 
Conc., width examin- probe 

.% x -K and ation analysis 

0.47 2.88 ±9 a,d hh La Jolla 

0.5 2.96 ± 30' Harwell 

1.03 2.77 26 a,d 1 

 1.7 2.38 - 30  

+ 200 
3.75 2.0 —  300 1 

2.4 

2.4 

2,4 

2.4 

The remaining specimens from 

- 300 

	

1.67 	+ 100 

	

1.67 	- 300 
+ 100 

	

2.01 	± 90 	d 

	

1.83 	± ko 

- 1.87 +10060 

99.7 % La 

1 

1 

1 
1 

1 

Remarks 

used (powder) 
for M(H) 

off Tc
(x) graph 

one melt only 

after 24hrs @ 600°C 

48 hrs @ 1000°C 
2 transactions 

surface removed 
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