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AB3STRACT
Using a He3 cryostat, measurements of superconducting transition
temperature (Tc? or critical fielﬁ (Hc) have been made on three types
of alloy system,
(1) Results of T, measurements on La, _R.Al, 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 Tm Alz' Experiments relating to the thsory of

L9877,02

%brikgsoy-Gorkov (32) for magneéic impurities in superconductors are
discussed and this theory is then used to calculate the effect of the -
}6wgr crystal field levels on Tc' Goog agreement with theory is only
obtained when the expected isolation of the lowest level is large (;31OOKX
Wheg this is::BOK there is evidence that fluctuations in the magnetic
moment of the ground state must be considered,

(2) The results of measurements of Tc (or of an upper limit
to‘Tc) for a series of MgCu2 structure X002 compounds (X=Ce, Ti, Zr,Sc,
Hf and Nb) are briefly discussed with reference to their enhanced
Pauli paramagnetic susceptibilities., There is evidence that fe in
CeGo, causes an extremely strong depression in T, (x10"-10 OK/at.%).

(3) HC(T) measurements have been made on AlZn, AlMn and
AlCr alloys all with Tcz1°K. Within the aécuracy of measurement
(£ 0.003 in HC(T)/HC(O) )} there are no deviations from tﬁe theory of

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

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

first showed thats

(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 Tc 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 susceptibilityvand electrical resistance,this information
has given a better understanding of their magnetic properties
and of the Tactors which suppress superconductivity.

For example, it was the absence of superconductivity at
the end of the La 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 Tc measurements (L}O).

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 eledétrons, 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 Abrikesov-Gorkov (32) for localised magnetic

impurities in superconductors are stated and the experimental
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tests of them are reviewed.

Chapters 3 and 4 are devoted to rare earth impurities
and some results of Tc measurements on LaAlzrare earth alloys
are interpreted in terms of crystal field splittings deduced
from magnetic susceptibility measurements. .

Some critical field measurements have been made on
superconducting allgys 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-

3

netisation stage for the He” cryostat is also described there..

Finally, in chapter 6, the results of some Tc measure-
ments down to 0,4°K on intermetallic XCo2 compounds are given

and briefly discussed,
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CHAPTER 1

SUPTRCONDUCTING PROPERTIES AND SYSTEMS OF INTEREST

161 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 metsllic and, nore recently, of some

seniconducting systems. Therefore at a constant temperature T

the equilibriun 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 wagnetic flux and is equivalent to a certain
magnetisation M(H,T7) per unit volume. If M(H,T) is known for
both the normal,(n), and the superconducting,(s), phases from T=0
to TC (the suverconducting transition temperature) then the Yequation
of state! is known and so the free energy difference for the two
phases,GS~Gh,and all other thermodynamic functions of state, can
be found. In fact Mh is usually negligible compared with Ms’
although for some high field superconductors the Pauli paramag-

netism of the 'electron gas' gives a contribution to Gh which is
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sufficient to limit the upper critical field, Hca' In the
presence of paramagnetic impurities,which also polarise the
electron gas; this can be one of the mechanisms leading to non-
monotonic Hca(T) GUI'VCS,

The response of a ;uper—conductor to many other pertur-
bations has now been measured experimentally and calculated
theoretically from the BCS pairing theory (1) and its subsequent
extensilons, Among the more interesting perturbations are electron
trénéfer (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 befofe this by GL from general considerations
of second order phase changes. From the egquations, which are

only valid within a certain temperature range near T,, (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
K(T),

This'parameter is defﬁned by the relation

k(ny - 2D | 1.1

(1)
where, in the conventional notation, A (T) is the low magnetic
field penetration depth and X (T) is the superconducting coher-
ence length at a tenperature T,
The scale of the M(H) curve, for a given i y is deter-

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

elementary thermodynamics, the area under the curve ecquals Hi/gﬂ%

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

mole by the formula:

HZ
c
g; Vmol = Gn(HC,T) - GS(O,T) 1.2

~ Gn(O,T? - G_(0,T)

where Vﬁol is the molar volume,
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It also follows from the GL theory that the upper critical

fields chand HCB’

conductivity respectively, are related to Hc and £ by the formulae

for the occurrence of bulk and surface super-

k= 0.417 He3 = 0,707 He2

———

H
c

jas]

Cc
Therefore there are three ranges of K for which different types
of maghetic béhaviour {type I, I-II, and II) occur,and fypical
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 Hc1 <
H<<H02) was shown theoretically by Abrikosov (2) and later verified
experimentally (8), to consist of normal filaments of radius - i3
occupying a triangular lattice strﬁcture. Supercurrents circulate
around each normal core and the total flux associated with each
vortex is ¢ , the flux quantum. ¢O= 2.07 x 10™27 gauss ci. At H.,s
where the bulk superconductor becomes normal, the cores are packed

g

as closely as possible giving H = o . K also affects

c2 >
21 (3 (1))
the shape of the magnetisation curve through the relation:

amy - 1

W 1,16 (25°=1) M
c2
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Th'is theory has now been extended away. from the GII
region, that is for all elgctron mean free patlﬁs and ali temp-
eratures, by various authors, No drastic changes occur but
different aspects of ‘the ideal M(ZI) curve are now used to define
various K,I(T), KE(T) «... parameters which, although they
all have a different teuperature dependence, have the same lim-

iting value, ko, at T,» For example from the work of Maki (&)

' H (7).,
]Cq(T) = 0,707 -S2 : 1.3
B (T)
c
aM I
aH J o !+ﬂ/9('2ld§-1)' 7 1.0
c2 )
A (IB=’1.16 for a triangular vortex
lattice)
H_.(T) :
< - £fo5(T)) 1.5
R (1) |

where f(l%) = (1n K/.j)/(f/—é— K,B) for 163 >>1,

As a general rule increases in }6,1 and 1'{,2 of between

20 and 60% occur as T falls from TC to OOK, as shown by Eilenkerger
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(5) for weak-coupling superconductors conteining 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. V

For the purposes of this thesis the changes in the
thermodynamic properties which occur on alloying can bé classified
as:

(i) changes in Tc

(%i) changes in free energy, i.e..in M

(iii)changes in M(H) curves, i.e. in I
It is from these changes that attempts have becn made to obtain
information aboult 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, application of the preceding thermodynamics
is invalid. Some irrevérsibility, for example that associated
with supercéoliﬁg in type I materials and with surface screening

currents in type I-II (and possibly type II) materials,can be



23

understood in terms of the GL theory snd still represents ideal
behaviour, Superheating effecls are nearly alQays negligible
for type I superconductors (6) and so, for these, the determin-
ation of Hc is reasoﬂably simple, To check that inhomogeneities
or strains are not broadening the transition at Hc it is better
to have a specimen with a known demagnetiéing factor. The sup~—
ercooling field measured.is rarely the ideal one (HCB) unless
special methods are used, so that no i paraneters can be det-
ermined for type I superconductors.

For type I-II materials, H can be found from the M(H) curve
by the construction shéwn in Fig. 1;2, or for extremely accurate
neasurements (7) the surface sheath can be suppressed by plating
with a magnetic metal. H03(T) and hence K 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
HC(T) for type IT 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 Hc1 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
assuned, ilrreversibilities from this source cannot be estimated
from the GL equationg. For the arc melted specimens which we
have measured thesc defects were probably small cavities and
regions of a normalphase-remaining at thevgrain boundaries. The
radius of a vortex line is approximately 3§ (T) which,increaées
considerably as T— T, thereforé a defect of a given size should
become less effective as a trap near TC and the flux trapping

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

Near Hc s as already mentioned, the flux lines are closely

2

packed, despite the defects. Reasonably defect free, homogenecous
specimens therefore usually exhibit reversible behaviour near

H enabling it to be measured reasonably accurately, and k;a

ca?
can be found from the slope(ﬁM/dH%cz, according to equation 1.4,

Anomalous values of Hc and Hc will be found if different

2 3

regions, especially fhe surface, have different impurity concen-

trations or electronic mean free paths and hence different ko values.

2.. Non-Ideal behaviour in T and Hc

2

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 Hca. Some workers have overcome this by remeasuring
Tc after powdering the alloy. Care has to be taken that the‘
particle size is less than the grain sige (typically TOO/L or
more) and yet still considerably greater thanvthe penetration
depth A(T) at a few millidegrees K. from T, (this is not likely
to be greater than 10/u, even for the dirtiest superconductors).

Erroneous values of T  have been found to arise from
surface inhomogeneily 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 definitelymeasured, If two or more phases are present their
tgansitions can often be unambiguously identified because their
magnitudes are proportional to the relative volumes present.

(ii) H, c%n be determined, even if there is irreversible
nagnetic behaviour, by use of the thermodynamic equations, such

as el

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

Tokt 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 freelatom are retained in the metal

then these states are 'localised', Converselyy if the outer

electronic structure of ﬁhe 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, thej;are itinerant!
It is not péssible to classifly all systems this way but there

are good e%amples 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 At shell, the small Lkf-shell radius
(0.h X),combined with the shielding effect of the outer '5p6and 5s2

closed shells,enables the conduction electrons (responsible for
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superconductrdtﬁ.and the 4f electrons to be considered separ—
ately. The Uf states are believed to form recasl bound states
(that is states below the bottom of the conduction band in
energy) oOr vVery 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 ~1%K from magnetic
susceptibility measurenents, The reason for this is that the
width of the virtual bound state represents the ﬁrobability that
a U4f electron will hop into the conduction band. As long as
the same 4f level is reoccupied the crystal fielé plcture will
be unchanged).

Results of measuremepts for a syétem of this type,namely
L, R Al where R is a rare earth element, are given in.chapters

"M1-x x 2
3 and b,

3d transition elements dissolved in simple metal hosts (for
example ZaMn) and in transition elementis well separated from them
in the periodic table (for example EgFe) are other examples of
localised behaviour. Somne HC(T) measurenments 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 34, L3a and 54 transition clements,d electrons of both
elements seem to enter a qollective band. These alloys have
the same corystal structure (usually b.c.c.) as their constituent
metals,

As will be discussed in chapter 2, in many of these alloys,
féther surprisinglyy the rigid band model applics.

Alloys of tsimple! metalsjyand intermetallic compoundé
not containiné rare carths,will aiso be placed in the 'itinerant'
category, Measurements of TC (or in most cases of an upper limit
to the possible value of Tc) for é system of this type,the Laves
phase cobalt compounds X002 (X=Ce, Ti, Zr, Sc, Hf and Nb),will be

reported in chapter 6,
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CHAPTER 2

EFFECTS OF ALLOYING: THEORY AND EXPERIMENT

2ol General Theories

The basic pairing theory of superconductivity is due
to Bardeen, Cooper and Schrieffer (1957 ) (ref 1), The main
result of this is that, in the superéonducting state, electrons
of opposite spin ({,1), and wavevectors (-k,k) are paired in
the sense that the states ET and ﬁ&i 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 teking a constant attractive
electron-electron interaction,V, BCS derived the following formula

for T_, valid for weak coupling superconductors (W(0)V&1):

T, = 1. 1% QDexp(-VN(O)V)

Where @

p 1s the Debye temperature and N(0) is the electron density

of states at the Fermi level, T, (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, tumelling density of states and ultrasonic at£—
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 derivationand use of more generalised Ginzburg Landau
equations enabling H_, (7) and H > (T) to be calculated for type
IT 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 lreatment of the electron-phonon

interaction, especially for strong coupling superconductors. The

effective coulomb repulsion U'ff between the conduction electrons
e
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 Hamillonians
used to describe localised impurity states in th~ normal metal,
For cxample the theo£y of Abrikosov and Gorkov (AG) (32) using.the
—Jeff S.s 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 nrore
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,

L, Miﬁor 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 ,and to Clem (16) for the calculation
of H .

c

242 Mean Free Path Effects on T and H
“

A

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 k4 , k% k'l ... states to be

paired with their time reversed partners, the same combinations
of -ki, -k¥, -k"t ... 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 T

c which is in fact observed was first explained

quantitatively by Markowitz and Kadanoffl (MK) (15) in terms
of the mean square anisotropy, <a2> , of the superconducting
energy gap, but here the more compact formula of Fulde (18) is

used:

T .
. co 2
m =2 2> (VG ) - ) 2.1
T
c .
In this formula:
Tco is the transition temperature of the pure host metals

WF is the digamma function (19), which has the initial expansion

e 1Y

2 -
Y () =43 = 2 as x— 0, and p-=
2. 2mKT T,

i is.the scattering rate due to the impurities and is assumed
2T :
1

to 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 , 'fo, FV?fxsa/l,
o o

Since ?O is typically 10° - 104 Ayand 1 & 300 A for a residual

resistivity, f)r,fuqftﬂcms, even the most concentrated alloys

(2= 10 LR cms) have 1~};/foo. The maximum change in T from

this mechanism is therefore given by

T =T <> 1 Y(wo0) - ) ]

Cc

2
~-6 La > Tco

Since <a2> is usuvally = 10"2,the maximum value of éSTc is 6%.
"of Tco' In fact W(x)-varies mére slowly for large x and so
66% of the maximum depression in Tc has occurred at 1 = 30/10.
Clem (10) has shown that, because of anisotropy, HC(T)'
is altered on alloying. A" fractional. increase of the ofdef '<a2>
occurs in thé quantity H;(OYZ/XTi ( ¥ is the coefficient of fhe
electronic specific heat).
In addition a reduction of the order <a2> occurs in
the deviation function,D(h) = 1~h—t% on alloying,(h is the red-
uced field HC(T)/HC(O) and t is the reduced temperature, tzT/Tc),,

that is,D(Z).—-D(E) - <a2>,z~

To the writer's knowledge values of <é2> have not been
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obtained by measurements of H_(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 T, measurements of other workers.

In fact MK introduced another parameter 7\i relating
1/’t1, Fhe scattering cross-section for smoothing out anisotropy,
to the scaﬁteriﬁg cross-section obtained from residual resist-
ivity measurements. 7\i varies from 0.5 to 2,0 for variouss
impurities in Al@nd only the quantity ;\i <a2> can be deter~
mined from Tc measurements, For'more concentrated alloys Hc
data should, according to the theory, give <ia2> directly.

This point will occur again in chapter 5 in the discussion of
the HC(T) neasurements for Al alloys.

The effect of magnetic impurities can siumply be added to
the anisotropy effect by adding another(?”({+,05/2)—“P0%» term
to the right hand side of equation 2.1. Here [O Sis the scatt-—~
ering cross-section associated with that part of the interaction
which is not time reversal invariant. Since /DS is often 2:10—?3
for rare earth impurities and non-magnetic virtual bound state

impurities, the initial depression in T from the 'magnetic' term
c
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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) thece are no limits
on solid solubility, therefore the <a®>Y term 'saturates"
long before the magnetic'+ term; (b) the mean free path 1 of
the host matrix is probably short enough to smooth oubt 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 /£

For non-magnetic impurities the changes in K are well -
described by the Gorkov~Goodman formula, derived by Gorkov from
the BCS theory. (De Gennes p.224) (22)
5 b
K = Ko+ 7.5%10 Y Pr ' 2.2

Where,

£, is the residusl resistivity (in//:Slcms-)‘ )

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

&0 is the Ginzburg~Landau parameter of the host metal.
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In terms of ?o and 1 it follows that:

K- &, ¥o

Ko 1

Therefore for extrémely type'I host metals (such as aluminiunm ,
for which }60 ~ ,01) most of the effect of anisotropy on ‘I'c
has been washed out before the first change in the M(H,Tl’curve,
thé appearance of a surface sheath, occurs.. This would not bhe
so for materials with }60;2.05 or more,

To give an idea of the order of magnitude of K- K%
for A1, equation 2.2 gives I¢ —~ ICO = 0.4 for /Or = 1.5 fbflcmsu
Hence for Al Zn alloys one first expects the appearance of a
surface sheath at about 10 at. % Zn.

Filenberger (5) has calculated }61(T) and KE(T7'for arbit-
rary non-magnetic impurity concentrations and finds considerable
difference in these parameters if he includes p<wave electron
scattering as well as s-wave, Presumably non-uagnetic virtual
3d states would also give anomalous temperature dependence of
the [ parameters although no work has been done on this to
the writer's knowledge.

‘ The question of the K 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.k 'Valence! Effects

In additionto the mean free path effects there are
gradual changes in Tc and Hc dependent on the particular imp-
urity, the so~called 'valehce' effects. These are usually linear
in impurity concentration and can be estimated from Tc 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 BC3 parameters
N(0), V, and Ope

On the other hand transition elements have extensive rangess
of mutual solid solubility. For these alloysiand many inter—
metallic compounds,empirical correlations between Tc, electron
concentration, electron specific heat and crystal structure have
been found by Matthias and co-workers., A review of these ru;es
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 Machillan (1¢) for alloys of the 3d, 4d and 54 trans-
ition elements. fost of the alloys he discussed were between
elements in the same row of the periodic table. For example,
he has used the measured transition (TC) and Debye (@D) temper-—
atures for a series of Hf-Ta~W-Re alloys to obtain empirical
values of the electron-phonon coupling constant A from his
theoretical formula for TC. By dividing the measured electronic
specific heat for the alloys by 1+ A 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 Hensity‘of states’ vefsus '‘elecbtron per atom
ratio! was found to be in remarkably good agreement with the
calculated band structure of W, confirming the validity of the
" rigid band model for these alloys.

MacMillan also allowed for the cffective electron-
electron coulomb repulsion (Ijeff) which opposes the abtractive
electron~electron ipteraction and reduces TC. 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 TC on the isotopic mass M, BCS predicts TCcL M”~?/%iwhereas

for many transition metals,and some non~transition metals,;it is

p
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found experimentally that T d.M“{i where 3 is less than %,
Ueff is responsible Dr electron spin correlations in
the apprbﬁriate band, If it is large enough compared with
the bandwidth, ferrOMagnétism of the band occurs below a certam
temperature. As Ueff 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 gbsence of super— -
conductivity in Pd, which according to the rules of Matthias
would be expected Lo become superconducting.
It will be seen later on that there are analogous cffects

+

for localised impurities. Ileff is then the coulomb repulsion
between two electrons on a Bd,site¢ This initially gives a
'static! depression in Tc according to the model of Ratto and
Blandin, As I%ff 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 quicklye.
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2.5 Localised Impurity States

1. Non-magnetic ‘virtual bound state

Béatd.et al (21) measured Tc and tﬁe residual resistivity
/Or‘ of a scries of dilute A1T alloys (T is a 34 transition
element). After applying the analysis of MK they found anom=
alously large 'valence' effects, (= 6%°K/at. % for Mn).
This was later explained by Ratto and Blandin (11) using the
Anderson model (12) for the localised non-magnetic state. Reas~:
onable agrcement was found using a value of 1 to 1.5 eV fér r:
the half width of the virtual bound state, for all alloys except
Al Mn whose value of ch/df>rwas still a factor of two too small.
As distinct from those used in the earlier theory of Zuckermann,
the above values of 7 were approximately constant through the
series, and when used in Andersonls criterion for the occurrence
of a local moment, correctly predicted '"nmo moment',.

Physically the large depression is caused by the effective

coulomb repulsion ( Ue j:,) between § and ¢ spin electrons of

f
the bound pair when one of them occupiles the impurity site.
Zuckermann (27) has shown that,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 uhich could be detected by tunnelling experiments,
Tt has recently been suggested by several authors (28)

that the extra dT,/dp, observed in AL Mn and Zn Fe alloys could
be associated with localised spin fluctuations(l,s.f.) on the
impurity site. If the lifetime (U _) of the l.s.f. is'zﬁ/kfrc
then there will be an additiogal pair breaking mechanism to the
one considered above. For, in this case the occupancy of a d
state by a}gT 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 iimit 'toc:( ﬁ/kTC) 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 TI 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.- Magnetic virtual Bound sState

These states have the strongest effect on superconduct-
ivity because they combing a localised magnetic moment with a
strong interaction with the conduction electrons, for example
in ZnMn dT /dx is -300°K/at. % (21).

Until recently such systems were discussed from-the
viewpoint of the AG theory, using the scalar Jeff§‘i interaction
between the localised spin S and the conduction electron spin s.

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

and Cogblin and Schrieffer (31) will also be mentioned,

3, Localiscd magnetic moments - the AG theory

As alrcady stated the theory assumes a scalar Yimpurity— -

conduction electron'interaction which can be written in sccond

quantised form as:

o + ) -
;Z:| 25? J(k k'){(akv+ k+ k' k )s * ak 8k—s' * a k+ n:}

k! n
(Yosida (76))
where:r k + ,label the conduction electron states with wave vector

L* g
k,end z component of spin - %1 ,
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+ . . ey .
B)pr e+ are the usual Fermion creation and annihilation operators,

8. is the local impurity spin operator on the n th

magnetic site,
-n

+
. : x Z - , .. .
with components S, Sz and Sn ; and Sn,are.tne raising and lowering
operators given by, s™ = 8% 4 18y |
n n n

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 ‘%k and the localised q'hf states. (These

could alternafively be 3d states) .

This is given by:

. B £ 2 : . . ' i 3 3 3
J(.l.{.,l{_') = f’\f’!s (£1) ’\},}‘I'f.' (}’_‘_2) —l';:e——r"‘-l' ) \%’k' (}:2) "rL}f (21)d 5 .4 rs
—17=2 - :

To arrive at this formula it has already been assumed that the
couwlomb exchange repulsion between 4f wavefunptions and conduction
électrOn wavefunctions based on different sites can be neglected.
(Doniach ref.(33)).

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

2.. The negative, mixing contribution te J(k,k') for a virtual
- U
bound state which is given by J(k,k') = V. V. ., ——
) ~i= kd k'a v
=" - Ed(Ed+U)
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where I%i: E~EF is theCnegative)energy separation of the v.h.s.
from the Fermi energy. U is the repulsive interaction

between T and ¥ spin electrons on the'impurity cite. Vk,d is
the "conduction elect‘ron-].OCalised state'mixing term first pro-~

posed by Anderson (12). The latter suthor defines

Ve = [ Ve v@ ). ER L paya?
- Rn /0 '

Where ngfgp) is a Vaunnier conduction electron wavefunction
based on the Bﬁu1 lattice site, (Replacing\ya_in Anderson's
formula by‘ijg. V(z) is the selfconsistent (Hartree Fock)
potential, Note that inm the above sum Rn :‘O‘is excluded,
according to Anderson because of the different symmetry of\ygf ()
and 2&(r), so that|in contrast to the previous case,it iss

the overlap of the loéalised (in this case 4f) wavefunctions
with the neighbouring conduction electron wavefunctions which
leads to the de term, Thus, for 3d elements, de is typically

~ 2 eV whereas it is probably =~ 0.2 eV or less for rare earth

impurities, with their tightly bound 4f wavefunctions.

L., AG expression for T - Theory and Experiment
1>

(1) Theory -~ Treating the above interaction in the first order
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Born approximation (that is, using first order perturbation

theory for the scattered wavefunction), AG obtained

. _
R A A R I ZCO 2.3

..using the previously mentioned digamma (“%) functions
In this formula:

R
[s i kT
S C

and 1/Q:S is the difference in scattering cross-sections for spin®

2
eff

7C
————

R

and spindelectrons which is given by 1/q;s = .x.n(EF)J S(5+1) /,

1n® this approximations Here:

2 ' 2
Topp = 4 LU(k,k"">

where < T 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.
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Liu (34) has shown that the coulomb exchange interaction
Jeff 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 Landé .
g-factor and J is the‘total angular momentum of the impurity ion
(J =L + 8), but only under certain conditions. These conditions
~are: (i) the conduction electrons ére s-like in their region
of overlap with the impurity 4f shell.
(ii) the wavelength of the conduction clectrons (at k=kF)
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:.

;;— = ,f—ﬁix n(Ep) Jeff2 (gJ—-1)2 J(J+’l)}
S

This formula is used in chapter 4 in the form

2
aT J .2
_c . L{n(EF) off” (gJ_1)2 J(J+’I)}
dx e L

The AG formula, for Tc versus concentration of magnetic

impurities,can also be expressed as a universal funection.

4
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Using the asymptotic expansion (19)

«Y(%‘+ x) —f*(%) —1n 7.125 x as x-

> 00

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

1/ s given by:

. chcho
( 1 I
Ts 7.125  k
cr
above which superconductivity is suppressed completely. 1/ﬁ:s

is proportional to the impurity concentration x, therefore.in

termz of the critical concentration x ,the AG formula is:
cr -

i

T T
In =22 = Y(E o+ ouabo F— 0 S22 o WD) 2.b
Tc ) cr Tc

This formula .s also used in chapter 4 and is plotted in Fig. 2.1,p51.
If the dominant contribution to J(k,k') is from the

Anderson nixing term then it now scems unlikely that the previous

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

in a recent paper, have allowed for strong spin-orbitl coupling

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

Schrieffer~olfftransfornation is one method of obtaining the

relation:
V., . V., .U
Tlexn = XL %
Ed(Ed+U)
given previously).. They find that the expressions for the dep-

ression of Tc(ch/dx), the magnetic resistivity (fom)’ the Kondo
term in the resistivity and especially the Ruderman~Kittel-Yosida
(RKY) interaction are radically altered, Their calculation is
oﬁly valid for a one electron (or one hole) 4f shell, that is
ce** (or Yb™"), and according to the authors, extension to a
nany-electron 4f shell will be very complicated.v Lvidence is

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

ff

for the La1 XRXA12 system, despite some experimental indications

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

Jeff Jes interaction has been assumed,

The modifications to the theory of AG for Tc in the pres-—

N

ence of crystal field effects, using the (gJ—1) Jéff J.5 Hamil~

tonian, are discussed in Chapter k,
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(2) Ezweriment - The detailed form of the AG exvression for

T, (equation 2.%) has been verified by M. B. Maple (35) for

La G&_Al, alloys in the temperature range 1;>TC/T

Tex""x 72 Z 0.1

co
to within the widths of the superconducting transitions,

AT =+ ,005T ., This is in marked contrast to the other
c co

systems studied so far, ngmely the La de (O.5),La3_dekIﬁ

1-x
(o.k), La,_,Gd Sns (0.25),La3;XGdXAI_(o.65) and Th, Fr_ (0.k)
systens. The figures in brackets are the reduced trans;tion
temperatures(Tc/Tco)at which deviations from AG start to occur.
The respective references for these systems are (36) to (LO)
inclusive, It is now well established from measurements of
susceptibility in the normal state that these departures are
associated with correlations between the magnetic mowments of

the paramagnetic iouns.

The precise nature of these correlations is not as clear.
Certainly the results of Guertin and Parks (40) for the Th,_ BT,
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 behaviour in the susceptibility (X ) versus

temperature plot, at a particular temperature Ty. As shown in
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Fig.,z.—Zj where these results are quoted, the TM vs concentration
(x) plot intersects the Tc vs X curve in the same region where
the deviations from AG begine. Shor% range local moment correl-
ations have also been invoked by Toxen et al (38) for the
La _deXSn3~system; in this case the long range ordering is
antiferromagnetic and the (negative) Curie~Weiss temperature
versus i plot intersects the AG curve at temperatures well above
the deviating region.

Benneﬁann(41)'originally (41966) discussed the results for
the La}-dexIHB and La1—dex 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 nagnetic’
clustering, in order to explain the observed giant moments and

H, (T) curves for the La (&4 In system, Presumably his previous,

2 e
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 Tc (versus concentration) than predicted by the AG theory,
probably associated with a reduced 'spin-fliyp scattering cross
section, This is often followed by a sharper decfease, prob-

ably due to the polarisation of the conduction electrons,

2.6 Other Tests of the AG Theory

1e Ec Measurements

The only rare earth impurity system which has sdé 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
vetween the measured values of HC(T) and the AG theory. In
fact, the deviations from BC3 are not remarkable, For example,
these authors found that for Th

Gd
0.98 .02

extrapolated HC(T) curve gave Hd:?} gauss,in agreement with AG,

(. /T = 0.,64) the
C co

- From the BCS theory,which predicts a constant Hi/Ti for all alloys,
one would expect Ho=80 gauss. A more sensitivetest is the
sloPe(dHc/dT)Tc which is related_thermodynamically to the specific
heat jump, AC, at T, 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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agreenent between the AG theory and experiment.

2. Tunnelling experiments

One of the wmost intercsting predictionsof the AG theory
is that, for any finite concentration of magnetic impurity below X
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 =M%£I<-+ é&%h in the gapless
region there are some states for which Ek.= 0.

In phe above formula Sk is the energy of the conduction
electron state k in the normal ;etal (measured from the Fermi -
level) and /N 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 was
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 ail concentrations.

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

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

large values of J_py , that is, with 'Kondo! anomalies in

such systems. The secent theory of Maki (13) apﬁlying Suhl's
(14) scattering theory to the superconducting state and treating
J to higher order does giﬁe more states within the gape.

eff

3, Other depairing effects .

In their extension of the theory of Gorkov and Rusinov
(46) Tfor the co-existence of ferromagnetism and superconductivity,
Fulde and Maki (47) showed that, in the limit of extreme type
IT behaviour, the effect of several different pair breaking
mnechanisms is additive. The above limit was defined Ey then
to occur when 30 was much greater than both the electronic
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, dj’ is still given by the formular

5
T } T 2.5
1n =2 = Y (f+ 0.0, -2, g ) = V@) )
- ‘ n oLjor
i J=1

In this formula Tco is, as usual, the transition temperature of
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the host metal and ¥ is the digaumma function,Ochr is the
value of 0(j needed to suppress superconductivity at 21l temp-
eratures in the absecnce of any other pair breaking mechanisms.,.

The pailr breaking mechanisms considered were:

(i) Randomly oriented impurity spins interacting via the
Jeff S.s interaction with the conducfion electronse In the
notation of equation 2.4, ol,/ply,p = X/ % 0 and, of course,if
the remaininé Nﬁ are zero the AG result (equation 2.4) is ret~
rieved,

(i1) The pair breaking effect of a magnetic field near chn
Here ¢x2/0420r = ch(T)/cho(O). HcaCT) is the upper critical
field when impurities are present, but cho(O) is the upper
critical field for the host metal at T=0, If the other oij are
zero one obtains the usual result for HcZ(T) for a 'dirty!
superconductor (67).

T Ty HoplT)
2 . R
n == = Y&+ o.qqo.——%ﬁ-ﬁ—z—;@.) - 2.6

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

showing the equivalence of the two pair breaking mechanisms.
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(1ii) The effect of the spin polarisation of the conduction
electrons caused by the Jeff—s—‘—s- interaction with the impurities,
This spin polarisation, denoted by I, is assumed to be spatially
uniform, that is the spatial average of the RKY (J?6)polarisa1.;ion
density is used,

In terms of the spin orbit scattering time .

so’
2 2
O(‘B = /tsor 1 = rtso( <sz.> X Jeff)'
L3er 1'76Tco 1'76Tco

where: x is again the concentratio-n of magnetic impurities,
<CZ} 1&» the average spin polarisation of the impurities. As
before,fin 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 HCZ(T) curves for
La}_de In in an intermediate concentration range. These cauld
be explained qualitatively as follows, For low concentrations
HcE(T) is monotonic because O?E/d-ac?)O%/O%cr.{SZ?is strongly dep-
endent 'on the external magnetic field énd the temperature, with

the usual Brillouin function dependence for a paramagnetic system.. -

At intermediate concentrations o(.a/ctzc’); OLB/DL}CI‘ , and 0(5 is strongly
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temperature dependent via <:SZ>; hence non-~monotonic HCE(T)
curves are obtained.

At higher ccacentrations, impurity—impurify interactions
gradually set in,‘(sz> is no longer very dependent on H or T,
and monotonic HCE(T) behaviour is agéin expected, and obﬁained
experimentally,

Crow and Parks did not obtain detailed agreement with
theory and the same system has been the subject of the recent
paper by Bennemamnet 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 writér's knowledge the only other ‘'depairing'
investigation to date has been by Barth et Al (43) on the Mo
Re Fe systen. Again only qualitative agreement was found,
which is not surprising in view of the tunnelling results for

3d transition metal impurities obtained by Reif ond Woolf (4h)

L, 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 heal measurements of Finnemore et al for

L Ga. (507, In tnis system recent neutron diffraction meas-

a1~x x
urements (42) have shown the existence of 'giant local momcnts!
so, as for La3 XGdXIn,the normal state magnetic properties are

complicated..

-

5. IO parameters for magnetic impurities

For these systems the description of M(H,T) behaviour
in terms of the various /K parameters, described in chapter 1,
which was quit e convenient for non-magnetic alloys)is not often
used, It 1s also difficult experimentally to get HC(T) values
for such extreme type II materials (they are necessarily type II
in order to apply thé theory) because of hystéresisw ‘

It is easily shown from equation 2.5 that, neglecting
interaction effects, the upper critical field in the presence
of paramagnetic impurit;es, ch(TL is given in terms of that of

the host metal, HCEO(T),by the formula:

X

ch(T) = H, ,q(T) = + H 55(0) 2.7

cr



59

Since the HcPO(T) curve is the usual 'digamma' function
(equation 2.6) and not a straight lines the above constant .
displacement along the H02 axis alters the shape of the Hca(T)

curve and therefore the temperature dependence of K;1 nust be

altered.

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

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

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

dependence, and in fact }%% is less than unity at TC.(Here L8
is the QL varameter of the host metal, Ka that of the magnetic
ailoy).

Before leaving this section on the depairing effects
one puzzling result of Fulde and Maki (L7) should be mentioned, -
This is theilr statement that 'in the limit of lsg~+ 0 (the spin-
orbit mean free path) the alignment of the impurities does not
reflect itself in the dependence of transition teumperature 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 dependeﬁce 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 Tc’
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2.7 Concluding Remarks and Sumwary of This Chapter

Some theories for the effects of verious impurities on
superconductivify and examples of their experimental confirmation
have been discussed, particularly the theory of AG for localised
magnetic moments, It is apparent that detailed agreement Qith
AG has only been found for tunnelling measurements on Pb Gd, HC(T)

neasurements on Th Gd and Tc measurements on La AlZka. Cer-—

T~x
ﬁainly impurities having a megnetic virtuwal bound state are only
qualitatively described by AG.

For rage earth impprities the observed deviations from
AG in HcZ(T) and T measurgments_pyovide good evi@ence for the
coexistence of mggnetic order and superconductivity. However, as.
in normal metals, the detailed nature of this ordering is diffic~
ul? to determine.

As far as the 'dbpairing 'effects are concerned,it would
be of interest to attempt to verify the predictions of the theory,

especially the non-monotonic HcZ(T) curves, for g system such

as La Ga_ AL
X X

1 where the normal state magnetic properties are

2

better understood and the impurity-impurity interactions are

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

RARE FEARTH TI'PURITIES IN  S3UPHERCOITDUCTORS

I INITIAL ATMS, EXPERIMENTAL METHODS

Introduction

It has already been mentioned that the only Superconduétor—
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 thefe are complicaﬁions'due
to crystal field effects which will be discussed in this chapter

and chapter L.

3.1 Crystal Field Effects in Metals and Salts

Following the observation of electron paramagnctic resonance -
(e.p.r.) in a Ag Er alloy by Coles and Griffiths (51), the dilute
(~0.5 at, %) alloys Ag R and Au R (where R is a raré(earth element
of atomic number greater thén gadolinium) were also stud;ed in

this laboratory by Williams and Hirst (WH) (52).



From measurements of susceptibility (X) between 1OK
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 crystalline field para-~-
meters C) and Cg. The basic theory for these effects is given
by Lea, Leask and Wolf (54 and in their notation Cq = B%%2r4>{3
and C6 =

paraneters are sufficient to define an effective clectrostatic

BJ<I’6>X. Briefly then, in a cubic lattice these two

field which partially raises the @J+1)-fold degeneracy of the
ground state of the trivalent R ion. (J is of course the total
angu}ar mouientum, which remains a good quantum number; since

in the rare earth ions I-3 couplings are’la;ge, at least BOOOOK,
comﬁared with typical crystal field sPliftings ~ 100°K,)

It is usual to regard Cq and Cg as adjustable parameters
and on this basis c.p.r. and susceptibility measurements for
various salts of rare earth elements have been explained in
terms of a smooth variationvﬁf these parameters along the series.
(Low (55)). The values Bf (04’C6> obtained by WH are given
in table'3.1. It can be>seen that the signs and oerders.of mag~
nitude - of these parameters are all the same, indicating that

the dominant energy contribution is indeed electrostatic in origin,
b o

but for neighbouring impurities (e.g. Ert and T™m" " in Ag)



¢ 4(°K) Ce (°x) Ground

Alloy Isolation  1st ex.  x
_ tate (K) State (Loa et al)
AgTb =70 13 ™, < - gz) .82
Dy =70 13 e 1 B é” .57
AgHo -70 13 ™ gz) <1 m f) - .37
AgEr  -0E.2 13E.2 Mo 35 IS
Agfm =30 5.5 [, 22 r éz) .57
41 5.5%.1 [ 20.5 Féz) 64
AuBr  -33%4 6.5%.5 o 19 ‘ré” - .32
AuTm -17%.5 24,1 5 7 i"‘éz) .66
A =273 4.57R3 - 19 g .76

TABLE 3,1

Crystal Field Parameters obtained by Williams and Hirst

€9
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the parameters differ by a factor of two. The expected mag-
nitudes of (Cy,Cg) are often calculated by the poiﬁt charge
model (in which charges off]el are placed at all nearest neigh-~
bour lattice sites). In this case it gives values of (+14,+1.5)%K
for (04’06) which are of the wrong sign and aﬁ 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 5325p6 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 (04) arises from the coulomb repuléion between the Lf -
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 reéuirements oflcubic symnetry,
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 Cq and could explain the observed vari-
ations. This proposition will be referred to again at the end
of chapter L.

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, cxpec-
1ally in the latter cese, significant covalent mixing occurs
between the wmagnetic 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 Ta*** ion in a cubic
environment, Tt is known from group theory that 6 irreducible
representations ( M s My FL and.2r15) occur iF the decom-
position of the 13-dimensional representation of the cubic point
group in terms of IJ=6, J;}basis vectors. Therefore for an
arbitrary interaction (retaiﬁing cubic 'symmetry) there are

6 /2 1 = 360 (r75 occurs twice) possible permutations in energy
of the 6 sets of degenerate levels, Oxamination of the tables
of Lea, Leask and Wolf (B4) 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 64/66) only 8 .of these occur. Even
with these limitations it is still not very easy to fix (04’C6>
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 (64’06) could be
easily adapted so that susceptibility data could be used to

find the best values by a conmputed 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-
erconducti£g, for the following reasouns,
(1) The depression of TC resulting from the conduction electron-
Lf 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 swall a ch/dX would be obtained ? This question

has since been studied by Bucher, Andres et al (58) and
their results are discussed in chapter k..

Attempts had already been made in this laboratory (by

R, J. Lowin) to mecasure the temperaturé dependent spin
disorder resistivity associated with the exchange inter-
action. This was made difficult above 4°K 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 arebelieved to be due to 10 p.p.m. of

Fe impurity. However, recent measureménts by A. P. Murani
(6) on_Au Ho alloys (ground state ﬂ#ﬂation:1oK) do show
crystal field effects below 66K. There is.also the
question of interference effects between the coulomb and
exchanye scatteriﬁg contributions to the resistivity,
whiéh is not clear at present, The ad&antage of using

a superconducting host metal is that, as discussed in -
chapter 2, the superconducting transition temperature (Tc)
and critical field HC(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 coulomnb potential of the impurity in

smoothing out the energy gap anisotropy is negligible.
Specifically the initial .aims vere:
(1) To find a superconductor with a large value of T, (say
LaBIn, T o 10°K) which would retain rare earth impurities in
solid solution and to plot Tc versus concentration of rare
earth (x), over a wide range of temperatures. Since a typical‘
ground state isolation is ~ 10°K thermal population effects
invigible by resistive measurements should show up as deviations:
from AG in the T, versus x plots. It was not anticipated
that crifical field measurcments would be possible for this
system because an intermetallic compound with such a high value
of TC is likely to be extremely type II with a very large ch,
and also highly irreversible,
(2) In .several cases for the Ag and Au based systems, ground
state isolations of 1°K or less occur, Therefore if a type I
superconductor,of cubic symmetry, could be made to dissolve
up to 0,5 at. % of the rare earth elements, even if it had a
lower TC, crystal field effects and,at lower temperatures, inter-
action effects,could also be detected by measuring HC(T) between

'

30K and O;LI'OKQ
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3.3 Choice of System

-

The only pure superconducting elements which are known

(60) to dissolve appreciable (0.5 at., % or more) quantities of

rare carths are

(1)  Lanthanum, which has a crystallographic phase change (60)
at 310°K. Above this temperature the cubic f?—phase is
stable and in practice it is difficult to retain this at
lower temperatures without some of the hexagonal close
packed zZ—phase being formed, The superconducting pro§~
erties of this system have been studied fairly recently
(1967) by Sugawara (64),

(ii) Thorium, T, is 1.4°K for this element and it also has the
face centred cubic structure, Some Th Ir, Th Tm and Th
Gd alloys were in fact purchased from Johnson Matthey Ltd.
Their low temverature resistivities werefv15/Lﬂ.cmé,wﬁich
ruled out HC(T) measurenents, since they were type 1II
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 L,
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(iii) Other attempts at waking solid solutions containing

rare ecarths

According to *he Darken-Gurry plot of elecfronegativity

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 fam In Gd and In Er

solid solutions, starting from the pure materials at

500°C, and from Er Ing
at 1000°C,but without

forming arc melted Al

The system which was
promise between a Qirty high
purer low temperature one.
phase compound, La Al, which

a superconducting transition

structure has a very high co-

+ Er at the same temperature and
success. One cursory attempt at

0.5 at. % Gd was also unsuccessful.

finally chosen represented a com-
temperature superconductor and a
This was the intermetallic Laves
has the cubic Mg Cu2 structure and
temperature of 3.24°K. " This

ordination number, each La atom

)
having 12 nearest neighbour Al atoms at 3.33 A and L La atoms
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at 3.5 K (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 ila as in the
pure metals and as a result the electron density in La Ala is
large (.1k electrons/(Ao)B), aporoximately the same as for
pure aluminium, Therefore the band structure of this com-
pound is probably quite complex. A11 the other R A12 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 XGd'XAlZ)it is apparent that impurity-impurity

4

interactions in La.A12 are very small for Gd concentrations

in the 0 to 1 at. % range.

3.k Experimental details

1. Alloy preparation

Metallic lanthanum, in common with the other rare
earths, oxidises very quickly in air, and at 1400°C, the melt-

ing point of ILa Alz, it is extremely reactive, The two most



suitable methods of prevaration are therefore by using a radio
frequency levitation furnace or an argon arc furnace. Buschow
et al (63) have found alumina crucibles suitabl: for annezling
La—~AlL specimens, fhese authors made an accurate deltermination
of the La-Al (and other rare earth - Al) phase diagram and
needed to anneal souc specimens for several weeks.

An argon arc furnace,was used in this work, High
purity argon was not used but both ti%anium and lanthanum getters
were melted before melting the specimens. In order bto make
homogeneouscompounds by this methoa, without further heat treat-
ment, repcated 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 intefmetalfic compophds to
shatter on remelting.

With the above limitations in mind the final method of
preparation was as follows:

Flaf slices of 99,9% La, obtained from Rare Earth Products
Limited,about 1 gn in weight, and.99.?% rare earth elements
(Koch Light Trading Company Limited), about 50 mg,were cut from
ingots using a carborundumiwheel. The& were cleaned by rubbing
on fine emery paper under alcohol, weighed, and, to minimise

oxidation, were kept underalcohol for the period of about one



hour before being melted in the arc furnace., HNone of the
conmonly 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 iﬁ Na QII, was then
melted with the ingot of binary alloy. For the more dilute
(1%5) 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 hefore
being remelted. This shattering was almost certainly caused
by small amounts of second phase melting prematurely qnd expand~
ing. Nevertheless shattering did occur occasionally and as
a safeguard the compound was weighed aftér 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



7h

heat of formation of this phase is given out, since the wvapour
pressure of Tm is 35 mnm Hg at 1400°¢, Typical weight losses
for the 4 to 8% Tm alloys were 1 mg per melt, The concentra-
tions of these alloys wefe calculated by ascribing such losses

to the evaporation of Tm alone.

2, Metallographic examinatjon

A1l the La A12 specimens weasured 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 A12 melts
congruently at 140000. 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:
-
(l) '.’. ;"\‘ o~ s’ ‘“
; .,h_w, ", f 1’
"\ J \\_ l;\_v. l& “
A weey iyt |
s U — 204 J—
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Dendrites of La A12 outlined by a dark etching La-rich

second phase which is probably the La-La, Al eutectic .

3

These regions developed deep etch pits under longer

etching,

(4ii) . Light etching regions of

/{}ﬂ . Al rich second phase often

in elongated shapes 10/&

_—.ﬂ l(——— LN
10 & by 100}L. The electron

probe analysis indicated
various compositions for these regions ranging from
La Al

to La Alq, which is consistent with the various

2.5

intermetallic compounds shown in the phase diagran.

(idd) A Strings of dark grey etching
A >
A} angular precipitate, about
A
e 100/L overall length, the
5'?
-8

individual crystallites'were

5/» to 1Q/L across,

(iv) #! Heavily cetched regions (about
%?i% jﬁ{ 10/u,long) vhich were often
needle shaped. These are
probably La rich areas alsos

but are larger than the interdendritic regions in feature (i)
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Features (i) and (iv) occurred to some extent in all
the ternaryand pure IuaA12 compounds. Feature (iv) occurred
more in non-stoichioretric (La rich) compounds. Feature (i)
was less well defined in the La Jolla alloys and needed a
heavier etch to be revealed.- .
Feature (ii) occurrad in both La A12 and ternary compounds:

but at most (in the La « Lug Al alloys) occupied 2-3% of the

1-
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
if 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 sumnary of Tc measurenents
and metallurgical data, Some difficulty has been found iP

correlating the observed microscopic features ((i) to (iv)previous:

section) with the results of electron probe analysis. It has
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since been realised that Tacilities for simultaneous electron
probe and microscopic examination are available but these were

mwt used. ~The properties of some of the alloys, as determined

by the probe, will be summarised here.

(i) La Jolla samples

The highest impurity concentration of these alloys was
2% and all electron probe analyses showed thaf this was unifom
to within approximately 10%,  There were occasional ( <1%) 1qﬁi
regions of higher impurity concentration where the Al concen-
tration remained the same,
(ii) &21~x£gﬁ§12 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 [L regions where the
Tm concentration was up to twice the nominal value. These
occurred in both the La Alérphase itself and in conjunction
with Al rich phases. Oﬁe of the most concentrated (7%) alloys
had many (about 20%). Tm rich regions, about half of which were
probably Tm inclusions (i.e. deficiencies of both Al and fa).
This particular alloy was the only one to show significant dep;

arture from the Tc versus concentration plot obtained for the

remaining Tm alloys.

¥
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(1ii)  La,  Lu Al, (concentration range 0.F%to 5.%Lu in La)
These alloys had varying amounts of Lu rich regions

although the Lu conzentration in the La AIZ matrix was uniforn

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). Turther electron probe analysis reveéled

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

It is difficult to estimate the amount of inclusions quantit-

atively and so there is an uncertainty in the Tu concentration

of the Lg A12 matrix, The concentrations obtained from the

probe were between 15%eﬂﬁ.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 coﬁparing 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 beém’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 aﬁ area.of 5/Lx j}b 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 linit and the electron probe
concentrations as a lower limit when plotting Tc vs concentra-

tion for La XLuxAl This does not affect the overall

1- 2°

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

L4 were made,d for Tm would be reduced by a furtherr10%.

eff

L, FEffects of anncaling the specimens

Initially 99.7%‘purity Ta was used to make the specimens.
Pure La A12 made from this had a transition temperature of
2.9°K compared with 3.240K 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 Fr 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,f It was foundthat the La AIz and the

temary 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

-5

(10 mm Hg) in alumina crucibles contained in sealed quartz
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tubes. As cxpected, 12 hrs at 600°C had almost no effect.

A 18 hours:1000°C anneal resulted in the observation of two
superconducting trancitions for the La Al2 and La.é8 EP;OZ AIZ
alloys and an extremely broad transition,about 16K wide, for the
Tm alloy. However, metallographic analysisvrevealed no second
ﬁhase, 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
éxpected Tc 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 TQ obtained for La Al _.

2

5, Measurement of T /

™
303

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 coll was wound on
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Key to Fig., 3.2

1 12xh6 s.w.g. mangamin
2 Junction to copper wires
3 2200 Speer resistor (R2)
4 Demountable copper block holding
copper wires to the He bath
5 Copper thermal anchor
6 Heo pot
7 Silicon vacuum grease
8 Copper cone joint
9 Vacuum spacy (He3 runs),
or 10 mm He exchange gas
I T S
10 .02 mm He” gas (He” runs)
11 Typical He level
12  Primary coil
13 Secondary coil
14 Specimen
15 Vacuum can (for He3 runs)
16 30 ohn Speer carbon resistor
(R1) in copper wire basket
17 Knotted nylon thread spacer
(optional)
FIG. 3.2 Apnaratus used for Tc

measurenments
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3

the outer vacuum can of the He” apparatus. Five or six coils
could be accommodated in the specimen chamber, The muitual
inductance of each coil with the primafy could ke measured usipg
a Hartshorn bridge based on aiﬁnsiey'o.yﬂﬂ to 100qﬂH variable
mutual inductor. This system may seenm excessively complicated
for such simple measurements, but in fact it was originally
designed to measure temperatures below O.BOK,using crystals of

- cerium magnesium nitrate.

For the ILa A12 results given here theAbridge was balanced
at 94 c¢/s using a home-made tuned émplifier and an AC voltmeter.
As described in chapter 5 a home-made phase-sensitive detector
was used for measurements in the temperature raange below O,BOK
when the primary coil current had to be reduced as much as poss-
ible, The output of this device was not suffidientlylinear‘and
so the AC volfmeter system was more convenient at higher temper-
atures, Subsequently a commgrcial phase. sensitive detector
became available and this was later used in conjunction with a
chart recorder at various frequencies between 30 ¢/s and 180 c¢/s
for the measurements reported in chapter'6..

The Hartshornbridge circuit is given in chapter 5.  All

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

selected in turn usingla switch at the top of the cryostat.
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When the specimens became superconducting there was
typically a change of ZOIUH in the normal state mutual induct-
ance of EOO%LH. This change was later found to be slightly
(W«1O%//octave) frequency dependent but cmpty coil measurements
showed that Lhis was caused by the phase shift induced by the
brass can rather than by eddy currents in the La A12 specimens,
Therefore the resistance of the specimens could not be estimated
this way.

Theeﬁrths 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 calibra£ed against the Heu vapour pressure (1958
scale) sy this resistor was not always reproducible from run to
run, The correction for tﬁe 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 He?) the 220 ohm
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Speer carbon resistor R, indicated that there were teumperature

2
gradients of about 0.150K along the can at 3°K on SOme runs.
This may'haVe been the cause of the scatter (~10 md) obtained
in the 30 ohm Specr resistor (p,l) 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 haﬁe worked).
and the level of the helium was above the level of the specimens,
The can contained about 10 mm pressure of He exchange gas..
Moreover, onAmost runs a pure La A12 specimen was measured
fof the same La purity (usually 99.9%) these had the same trans-
ition temperatures to within .09°K and measurements of Tc 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 (~/15 md' or more).

A furtﬁer check on the temperature calibration of the
carbon resistor was nade around 1.30K by comparing temperatures

obtained from the He’ and the HeLF vapour pressures on the sane

run. it was found that thesc agreed to within 20 md.
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6. Magnetisation measurements

Measurements of the superconducting magnetisation curves
could be made in fie}ds of up to 1.2 kilbgauSSand at temperatures
down to 1.4°K using the integrabting 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 T, before
each mecasurement, that is, a series of virgin magnetisation
curves could be obtained. These Qere 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

He wvapour pressure scale using a mercury manometer,
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342 Results

1. Magnetis=ation curves
Only two specimens have been measured so far, a La

0.995
Epr Al specimeny kindly prepared by I. R, Harris, at

. 005 2
Birmingham University,énd the La Jolla La AI2 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-I1 superconductor, At 2°K
(T/TC:O°66), HC2/HC1 was approximately 14 corresponding to a Gk

parameter IC " of about L, Measurements of Hc could only be

2
made down to 2°K 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 probably because the

c1?
specimgn had been powdered.'

The La Ala specimen was in the form of a spark machined
r¢ylinder, 2 mm long and 2 mm in diameter. In this case 'virgin'
magnetisation curves were ﬁlotted, the specimen being raised
above its transition temperature (3.24°K) 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 H1, where the magnetisation falls linearly to zero (neg-
lecting the small contribution of the surface shecth).

Detailed measurenents ;n 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, Mso plotted in Fig, 3.4 are two HC(T) curves,
one is chtained from the area of the virgin M(H) curves, the other
is H =Ho(1_T2/T§). Ho has been chosen :;cording to thé discussion
of section 3.5(2) to give the value of 45%2 quoted there, For
the La A12 specimen, which was not powdered,ctrapped flux was

much larger. Even at T/TC:O,96 it amounted to 75% of the maximum
flux expelled (which was considerably greater than H01 in fact),

rising to 100% at T/Tc = 0.66..

2, Discussion of the magnetisation results

The M(H) curve shown in Fig. 3.3 (T=3.1°K) has the shape
and the area expected from a right circular cylinder of a type
I-II superconductor whose thermodynamic critical field Hc equals

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

T
erature down to a reduced temperature t(t:—TE) of 0,55, In

1.



600

400

300

200

100

0 1 ! ] ! : ! i

C.0 0.5 1.0 105 2.0 2.5 3.0

TEMPERATURE-T(°K)
FIG. 3.4 Critical field curves for LaA12

c6



91

addition the H1 values determined from the areas of the M(H)
curves are almost linearly dependent on T, rather than the

T? dependenée expected, One therefore concludes that the
specimen is in fact type II but that the sharp fall in M(H)
expected at Hc1 is not observed because of defects in the spec~ ,
rimen,. Several examples of this behaviour have been observed,
‘for example, J. D. Iivingston (65), and explained in terms of
flux trapping near the specimen surface. (Silcox et al (66)).

A similar M(H)cufve.was obtained for La 1% Ce alloys by Sugawara.
(6t),. He found that on powdering the alloy down %to a uo/u,
grain sizc the expected shape M(H) curve Hr a type JI supercon-
ductor was obtaineda. The values of Hc determined from the area
were then about a factor 2 smaller and the expected 'I'2 dependence
of Hc was then observede In addition the field Hc2 for the »

powder corvresponded to the field H, for the solid specimen.

/l
Therefore in this case also it seems that the field H,1
is in fact H_,.  Theoretically H_,(T) is almost linear in T down

to t=0.6 for all values of 1 (67) (See also chapter 2). !
Therefore - cannot be determined from HCZ(T) alone and, in the
absence of measurements on a powdered specimen which we hope

to make shortly, HC(T) cannot be found for La AT, either..
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e have made a rough estimate of H, for the powdered

H
: 2
E - . c2
Lao.995v {005 A12 specinmen. Here Hc1 & 1k, application of
tMakis' formulae for ’C2 and k33 (equations 1.4, 1.5) near Tc

shows that Kol (Hcycannot be estimated from the area of the

(M) curve because virgin curves were not plotted).  Hence,
di, o
for the dilute alloy, \Tgp 2~ 200 g/ K.
I Te.
For such a small concentration of magnetic impurities

H : dHc

¢ will be the same as for pure La Al,, this gives ot )
=S T/

2%0 gauss/OK for pure La Alz. Thus, the pure La A12 specimen
measured had &rv1.5, which is not inconsistent with the measured
M(H) curve, and the area of the virgin M(H) curve in Fig.3.3 is -

a factor of two too high because of flux pinning,

aH
The gspecific heat jJjump Ac at TC is related to (TE%/
Te
by the thermodynamic relationship:
TC dHc 2
Ao = E7c\ 4t

T
c

Using the BCS formula; AC = 1.52¥T _, one obtains a value

for Bq: the electronic specific heat, and hence n(EF), the elect—-
ronic density of states, of 1.5 states/ev/atom, This will be in

error 1if La A12 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 n(E?F ta

be found, Nevertheless, in the.absence of specific heat data
for La Alz, this value has been used to calculate J_,. for
La, . Gd Al, 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=%,3 from the specific heat of
cubic F —La,.apd m*/m=2,2 which we have calculated for the

cubic,Cu3 Au, compound La Pb3 from the specific heat data of

Bucher et al (58).

3, Ec measurements for La1~XBX££2 alloys
For ease of reference the Tc measurements aré given in
chapter 4 where they are anélysed and discussed, They are
plotted there as graphs of T  ~T vs x (Pigs., 4.3 to 4.8). .o
is the transition temperature of LaAlZ,which was 3,24°%K for
LaAl, made from 99.9% La. The theoretical Abrikosov—Gorkov
curve (p.50, chapter 2) is also plotted for each alloy, x,.

being chosen so that the initial slopes of the theoretical and

experimental curves are equal. The transition temperature is
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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 aue to a low (or .less often, high) temperature
'tail' to the transition.

In Aﬁpendix I all the transition temperatures are tab-
ulated together with a summary of metallurgical examination
results and electron probe analyses, The nominal concentra-
tioné (corrected for weight losses for the Tm alloys) are used
throughout except for the La Jolla La mexAl alloy, where,

1= 2

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

found from the measured room temperature susceptibility.

Lk, Susceptibilitly measurements

1—mexA12

alloy was kindly measured between BOOOK and 3.2OK by Mr. J. B.

The cusceptibility (X ) of the La Jolla La

Dunlop in this laboratory using a Faraday magnetometer, by which
i

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

is measured, Below 77OK the measuring field was L,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 theré 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 lowesf'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 curvgture amoﬁnts to a 0,17%. reduction in X at 4.5 Kg
at a temperature of L, 2%, This is consistent with that cal-
culated by the program, which is 0,16% at L9k for a meésuring

field of 4.5 Kg,
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CHATTER 4

RARE FARTH TMPURITIES 1IN SUPZRCONDUCTORS

IT RESULTS, AWALYSIS AND DISCUSSTION

b Eéq_XGd élz\(including a discussion on the sign of Jeff)

Gd is an S state (I=0) ion and any crystal fiecld sﬁplittings
are negligibly small, This is verified experimentally by e.p.r.
measurements (73) and by the 1/T dependence of X in dilute
LaAl, Gd (35).end fu Gd alloys (69) down to 1°K.  Therefore the

AG formula of chapter 2 can be applied:

: 2 2
a7 -n(E ) J v
dxc = ’kP eif n (gJ~4)2 J(JT+1)

The most convenient units;are:

. / \
n(EF) in states /eV/atom (of solvent)

kdT 1in eV
C .
dx in concentration/atom (of solvent) /
. . - . . . od 1 .
Then Jeff 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)4) Since L=0 for Gd& (gz-1) J(J+1)= S(8+1).
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Using the value n(EF)=1,4 states/eV/atom (corresponding
to m*/m=3) and the measured value (35) of ch/dx (3.7°K/at. %)

for GA**Y in Taml one finds lJ = 084 eV/atom.

effl

21
Jeff values have been obtained for various rare earth
alloy systems by several methods. TC measurements on Th Gd

and La Gd yield values of {J of 0,11 eV and 0.1 eV res-

eff'

pectively, if values of n(EF) determined from the electronic
specific heat are used, The latter value of Jeff disagrees
with that calculated by Sugawara (68) from his own T, data, even

using the (lower) free electron value of n(EF) he found lJ ffl
- : : e

=  0.0k.eV..
According to the results of Freeman ct al (70) such

magnitudes of Je could arise from the usual Heisenberg exchange

ff
. . - n . . .
interaction, equivalent to the 4f  -6s exchange interaction in

the free atom, in which case Je is >0 and parallel alignment

ff
of conduction electron and rare earth spin is favoured. In fact,
the spectroscopic results quoﬁed by Wybourne (71) (p.55) for the
4f75525p66s configuratioﬁ_of aa*? rather surprisingly show that,

in the freejbn, the exchange energy between the 6s and bg! elect-—
T 9g

rons is 0.3 eV, This is the difference in energy of the 'S and

levels., When this is put in the form of a Jeff S.s interaction,
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with 8=7/2,and s=%,one obtains Jeff30.1eV, and,as also mentioned
by Vlybourne, this integral is practically constant along the rare
earth series for a given state of jonisation. In view of the
complicated screecning effe;ts which occur in a meteal, the prob-
able increase in 4f radius in the solid state, and the anisotropy
of Jeff(g,g') found by Freeman and Watson (70) such detailed agree—
nent must be rather fortuitous.

As mentioned in Chapter 2, there is also a negative cone-
tribution to Jéff for a virtual bound étate, arising from the mixing

of the conduction electron and the 4f wavefunctions. This was

first discussed by Anderson for 3d wavefunctions in 1961, (12).

2
V.—
The formula Jeffzzz'kd has already been given in chapter 2,
E{ELT) ) :
(den—avsf here).

For rare earth jons U »>E and, as the energy of the virtual
bound state approaches the fermi energy from below (E—>0 from
below), large negative wlues of J_ pp (v =1 eV) can occur., In

rare ecarths 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
La1 dexAIZ' Peter et al (73) found small negative g shifts in

the e.p.r. absorption of Gd in LaAl? indicating Jeff < 0, but a

°f
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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 (755 for R.E.AI2 compounds and tiheir own mea$~
urements of Curie temperature (Gp),and sﬁin disorder resistivity

gpm),for various diluted R.E.A12 compounds to give Je = -0.9 eV,

£f
- However the procedure used to obtain this value ﬁas bascd on the
theory of Rudermann Kittel and Yosida (76) (RKY) which predicts

an oscillating conduction electron spin density associlated with
the Jeff S.5 perturbation, The auth?rs did not apply RKY rigidly
but varied kp (the ferumi wave vector), J_pp and m* (the effective
electron mass), to obtain self consistent results for the various
measuremnents..

F?eeman and Watson (78) have shown that both the aniso~
tropy of Jeff (k,k'), that is; the dependence of Jeff on the
conduction electron wave vectors k and k', and the shielding of
the Lf levels by the 582 5p6 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 fTinal objection to the
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result of Buschow et al is that, as discussed in chapter 2, the
recent paper of Cogqblin and Schrieffer (31) shows that if
Jorfg <O the RKY polavisation densi?y is severely modified,

Additional evidence that Je is positive for the la

Tf 1=-X
GdXAl2 system comes from the recent work of Maple and Fisk (80).
They find an increased paramagnetic moment per Gd™ " ion in
solid solution in Lall,, L.7% of the free ion value, and no res-
istance minimum is observed, From the enhanced noment, again
using the value of n(Ey) of 1.b states/eV/atom, it is found that
Jeff 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, betause, as shown by Freeman and Watson (78), the net con-
dﬁction electron polarisation‘depends only in the static part
of the clectron gas susceptibility response function ')z(O) and
on Jeff(o)’ and is:independent of the precise spatial distrib-
ution of spin polarisation.

Although the criterion of 'no resistance minimﬁm' is not
always a good one for Jeff>>0(for example, in the Pd Gd systen
Jeff<() 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

~
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have different Je values, in this case a minimum in La

ff 1=-x

Ce Al, is observed By the same authors (860), The values of
ch/dx are about the'same in the two systems, hencé one expects
similar values of/om, both being proportiona; to the 'spin
flip' scattering cross-section, The logarifhmic tefm in the
resistance, which is responsiﬁle for the appearance of a minimum,
is, according to Kondo (81), proportional to féjjﬁon1ln T.
This should not be more than a factor of 10 sﬁ%iler in Ga alloys
thaﬁ in Ce alloys and should be quite easily observable.

| In view of these facts, especially the questionable

validity of the (gJ-4) Je J s Hamiltonian when Je arises from

i ff

covalent mixing, the following results (except for the cettt

alloys) are discussed from the point of view that Jeff> O..

b,2 La, .Tm Al., Susceptibility Results

22y

The plots of (X - ?CO)T versus T for this alloy are shown
in -Fig. . b.1(20°K to 300°K) and Fig.L4.2 (3°K to 20°K)p:107. Above 100°K

(X~ }SO)T is constant at 8.,1273.03x10 e.m.U.. K/gmn,., The nom-

inal concentration x, as determined from the initial weights of
constituents before arc melting,was x=.03, However, the high

temperature value of (?C—-?éO)T gives x=,022 if one uses the free

s
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. +++ . . s .

ion value for the Tm magnetic moment, This is consistent
with the measured superconducting transition temperatures of
the other La,]_XTmXAl2 alloys, within the experimontal errors,

but is oritically devendent on the wvalue taken for XO the sus-~

2

)CO(T) has been used, }%(T) increases by about a factor of

ceptibllity of the pure Lall. matrix. Maple's data (80) for
two from BOOOK to 4OK.

Since the La Jolla specimens were melted wmany more times
than ours such a loss of Tm (about 2 mg is reguired) is perfectly
feasible. From these measureuents ﬁherefof%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 Tm+++ ions in an.electrostatic field of cub;c
symwnetry using the-computer program of Williams aﬁd Hirst. LaAl2
has the Mg Cué—type cubic strugture and it has also been explicitly
verified that the potential at fhe La site,arising ffom point
charges at the neighbouring La and Al sites,does indeed have cubic
symmetry. (Bleaney ref.(82)).

An outline of the method used to calculate X is given

o
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below:

(i) As already stated, spin-orbit coupling energies in the
ra-e earths are considerably larger than crystal field energies
Therefofe, J remains a goéd guantum number and only rare earth
ion states with the ground statec value of J need to be consié—
ered, Even for Sm+++, where the ground state (J=5/2) and the
first excited state (J=7/2) are only separated by 1500°K, this is.
a good cnough anproximation as far as the effect on TC is con—~
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.
+
, £ i
V(r) = }' aT’_ E!?‘(cos o) r elm¢
¢, -

Since the one electron 4f wave Functions have £=3, these are only

perturbed by components of V with £ K6, (Condon and Shortley (84)

p.177). Furthermore, because V(r) must have cubic point group
symmetry, . a? is only non-zero when {=l, m=0,%4, and £=6, m=0,F L,
(Heine (85) p.150). Thus, in termsof the operator equivalents

(0, etc.) and the multiplicative factors ( ﬂ,f{) which are all
tabulated by Stevens for the rare earth ions (86), and including

a magnetic field H along one of the cubic axes, the z axis, the

o
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Hamiltonian H is:

AL ) L
H = Bq<r >/:’ (ol+ + 5.04)
+ BI< 6 ?7/ o] I'l' l
6 > (06 - 2‘1.06) . .1

- gy pgH I,

In the notation used previously 04=B4<<r4>, and CézBé <T6>.
The program coatains all the relevant opérator equivalents and
multiplicative factors. Thus once the rare earth J value and
the (04,06) parameters are specified the program works out the
matrix of H with respect to ]J,J%) basis vectors,

The matrix is.in turn diagonalized using the IBM Share
_Library program ASC MITRS number 3219 which converges on the
cérrect eigen-values and vectors for degenerate and arbitrarily.
¢lose roots. From these éigen-vectors the magnetic moment, in
the finite field case, or the perturbative suscepﬁibility, in
zero field, including the 'Van Vleck' 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 (04’06) which gave the

correct low temperature value of X 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 @ such that |6 < 0,05%K,
Using the above method it is difficult to systematically cover
the (04’06) plane searching for the best fit. Accordingly a
sligﬁtly different method was used, and is described below,

It follows from equation 4.1 that if C),C; and ¥ are
all multiplied by the constant & , the only change will be a
scaling of all energy levels by ;&. If the exact energy eigen—

value (in the presence of a field o) of the ith

state is E,
i
with average magnetic moment in the field direction, Mi’ then

the magnetic moment of the system is:

M o= «__J;Mi exp( —E; /kT)

1
2 exp(<E. /kTY
1 1

Thus if Ei~% dEi, M remains the same if T—oT,

In terms of the susceptibility X = M/J}

X — X /%
and so XT — _)_6_0ch
ol
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The product X T remains the same also, so the shape of the XT
Vs iog T plot only depends on the ratio 04/C6' Thérefore by
displaying the data on a XT vs log T graph one can easily sée
if a particular set of levels will fit the data for any scaling
factor o , O% equivalently whether the data can be fitted

for that particular value of the 04/06 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 H o is scaled‘as well, It is felt thét this
procedure could easily be programmed so that the best value of
the ratio C4/06 could be found by a least squares compu?er fit..
Only one alloy had to be fitted in this study and so this was:

done graphically as shown in Figs 4.1 and b, 2.

. Results of the crystal field fit

A good fit isobtained for (04,06)=(~45,—13)°K, corres-
/
ponding to x= -.%37 (x is defined by Lea et al (54)). The com--

position of the lower levels, the limits on (C4’06> and the‘ground‘
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06°K x Ground  TIsolation lMagnetic @eDoTe 1st Ex. Overall
(Lea et al) tate (°x) Moment /(,(/B‘ g factor tate Splitting
(1ow field) - ("K)
2.87
—13 = 437 r’é1> 12,5 0 2,87 B 162
- 2.87
-11  -'0.4 r“g1) 1246 C 2,96 M 135

TABLE 4.1 Crystal Field Levels for Tm' ' in LaAl,

601
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TABLE 4.1 (Contd) -

For x = -.437 the composition of the two lowest levels in terms

of IJ=6, JZ> basis vectors is as follows:

() 537612 61 4593|523 - L45931% 2> —,537]% 6
l 5 triplet 7
6038+ 5>+ L7970+ 1> ~ L0130~ 37>

L2500 4> + .9354] 0> + ,2500] -4>
non~magnetic

> doublet .5863[6> + .3952] 2> + .3952{-2> + .5863-6>

NOTE:. in cubic symmelry the degeneracies of the represent—

~-ations are:.

rwq, and rﬂziare non-magnetic siﬁglet leveig
r’s‘is a non-magnetic doublet level

rjq, and r‘5 are magnetic triplet levels
F“6, and rﬂ7 are Kramers doublets

rjg 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 (04,06)=(—31,~11)0K
(corresponding to x:_-.#Q)are a slightiy better fit at high
temperatures but slightly worse at lower temperatures, There—
fore these two values of x represent limiting vealues and the
estimated errors in (C),C.) are about (*7,%2)°, To show

that this fit is unique, in Fig. 4.2 the low temperature values

of XT arising from qompletely different level schemes (for example

(1)

5 .
The results therefore show that the T"éq) triplet level

x=,4 giving the [ and I, levels) are shown.

lies lowest for Tm in Da, Tm Al,, with an isolation of 42.5 f.1%
from the non-nmagnetic ‘ﬁs.doublet. 5fb occurs twice in the
decomposition of the IJ=6,J£> representation of the cubic point
group so in this particular case the composition of the triplet
depends on the 04/06 ratio (i.e. on x). Despite this it was

not found possible to fif\(04,06) to better than (X7, F2)°K res-
nectively. The presence of this magnetic low lying level also

explains the fact that TmAl., orders ferrowagnetically at 5OK even

2
though the exchange interaction (as deduced from T, mezsurements) .
is small,

04 has the same sign, and approximately the same magni-

tude as obtained by Villiams and Hirst for Ag and Au, but C6 is
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about a factor of two larger and of opposite sign, Bleaney

(82) has used the point charge model for the Laves phase RNi’2
compounds (as usuazl R represents a rare earth) and using his
results, in conjunction with the estimated <{r >, <r6> values
ffom the Hartrce-Fock calculations of Frecman and Watson (87)

and the lattice spacing data quoted by Wernick et al. (62), with
point charges +3r]elon both the La and AL ncarest neighbour sites
yields: (G,,C.) = (-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 chargeé on the two types of lattice site (La and 41)
in LaA12 contribute to Cq in the opposite sense (the positive
charges én the A1 sites overcome the contribution from fhose in
the Tias sites).. Therefore one could ekplain the value of 04 by
using a different positive charge distribution, This is not so
for Cg, where both contributions are of the same sign, and for

. this particular alloy it is the sign and magnitude of 06 which

reflect the inadequacy of .the point charge model. J

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



(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 (83). Howe&er, the‘writer's attention was
recently drawn to a paper by Trammell (89) in which he stated that
such arguments are invalid 1f a degenerate ground state oééurs.

" He specifically showed that the weak field susceptibility from a
r} and F"u level system (a non-magnetic doublet and a magnetic

triplet) in cubic symmetry has an anisotropic,temperature independent

(Van Vlieck) part. Similar considerations, if correct, would show
that % is anisotropic for the r’5, r13 lowest levels found here
for Tm, In this case the calculated Van Vleck contribution is

40% of X T at 4°K and any anisotropy in this would cause incorrect
values of (C,, Cg) to be obtained.

To check this the weak field susceptibility for an arbitréry
field direction has béen calculated from perturbation theory foll-
owing the method of Van Vleck (83) (p.143). The result is that
for all the sets of levels ( rﬁ1 sease rjg) occurring in cubic
symmetry and for all the Van Vleck tgrms arising from mixing between
them, X is isotropic. (This is despite the fact that the [ g
levels do not have isotropic e.p.r. absorption spectra (90)).

Thus the general 'cubic symmetry' arguments are confirmed and the



114

result of Trammell is contradicted.
The particular method used was as follows. If the field

Ji is épplied in an arbitrary direction g with direction cosines
(1, m, n) the perturbing Hamiltonian acting on the crystal field
eigenstates is

—/LB%gJ _{-2‘

Where gJ is the Landé g-factor and J is the angular momentum
operator for the rare earth ions. /LB is the Bohr magneton.
Let the unperfurbed crystal field eigenstates belonging to the
nd-4 dimensional irreducible representation Fﬂd be called ﬂ% ai?
121 oou mg.

These are ndufold degenerate with unperturbed energy Eg.

To second order in & the perturbed energies are Edi’
o (1) 17 (2) 14 2
= E ® 00 0603 00
Edi E?d + i Mo+ Edi b +

and the magnetic moment Mdi is given by:

(1) (2) s
= E IR EREER)
Mo Eyy  + 2845 ..9‘6 +

(Van Vleck p.143).
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The average magnetic moment in the direction of M at temperature

T is given by:

M = B'-RZ Mdi exp(-Edi/kT)
where d,i
Bt = ), exp(<E,/kT)
d,l-

and expansion in powers of 3{ yields

M %a(l + O(M;? + s000sses060

' 2
where (1)
X = 2 i fai - 2E(2)} exp(~E/KT)
di d
d,i
‘and
o
B ., exp(-E.d/kT)
Now
Pal
1
RN ST ARG PH RS L SPD
dl

if the '\F ay are chosen so that:

a

V] TR bgs> =0, 1 A4 L. B2
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then > > ) N >
22 85__LB ’<\l’dil§-'f-]“f/bj>{
ai }
. o (o] .
o fa T

-

In fact zi_,Eéi) is not altered by taking a linear combination
T .

of ﬁrdi such that equation 4.2 holds. Thus, to calculate %

any orthogonal set of states can be used,

The computer program evaluates the matrix elements of

Jx’ Jy’ JZ between the crytal field levels,

- Since i.i = 1J_ + md + nd, ,X(1,m,n)could be evaluated

¥
for particular crystal field parameters (Cq, C6). This was

okt

done for the Tm levels F”;1) and " ,and for the Fﬁé3) ground

3 :
state of Er ',  In both cases X was independent of (1, m, n),
thgt is, isotropic. More recently the matrix elements of (Jx,
Jy’ JZ) tabulated by Statz and Koster (91) have been used.and
the aforementioned result that X is independent of O, m, n)for
any of the r‘1 . |ﬂ8 levels in cubic symmetry and any Van Vleck

rnixing between them was obtained, - i
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L,3 T Measurements for La R AL
=c - xR

The results of the Tc measuretients and the computed
crystal field levels are all summarised in table 4_2,p.125—6;graphs

of T  ~T_ (T =5.24°K for 3N La in TaAl, end 2.94°K for 207 ILa

2

in LaAl,) versus x (at . % ) are plotted for the various systems

c

in Figs 4.3 to 4,8, Also plotted for each alloy is the curve

predicted from the AG theory (chapter 2).
T T

In == = V(3 + 0,140 ;5—'—%3) - Y&

Cc cr

The initial slope of this curve is

IIlCO
= =0,690 P
cTr

Qi
qRe
O

x . is chosen so that the éxperimental and theoretical initial.
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

J is the same for all the rare earth ions in LaA12 as for Gd

eff

and,according to the AG formula,scaling the measured value of

ch/dx for Ga (3.7°K/at.%) by the ratio of the de Gennes factors

2
(g7-1)"3(I+1) i.e.

B o o0 (genP) Z. 2 K/ et
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The assumption of a comnstant Je is doubtful of course, espec-

£t
ially at the beginning of the series and here one needs res-
pective values of qeff 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 ch/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 ch/dX can he
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 & fraction of Je for gadolinium (Jé ).

ff £f

.

L, L Calculation of dT /dx for Known Crystal Field Levels

It is known from the theory of AG and later workers (for
exanple De Genmes (22) p.25%) that the depression in T is pro-
portional to a one electron scattering rate 1/ﬂjsin.the normal state.
1/%¢ S is due to that part of the conduction electron Hamiltonian
which does not havé time reversal symmetry, that is, the Jeff Ses
part (it was shown by Anderson that other perturbations do not

have any effect on Tc for an isotropic energy gap)e. In fact 1/55.
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has already been calculated by L. L. Hirst (93) in his calculation
of the contribution of the Jeff S.s interaction to‘ the r‘esistivity,
for rare earth impurities in the presence of crystal field splitt-
ing. . He assumed 2 free electron model (with an effective
electron mass m*) and found Ehe spin disorder relaxation tinme T

by using time dependent perturbation theory and including inelastic

one electron scattering. The result is:
. A - N
12 EF wE ) (g-02 S P(I) I pie'm Tt
Y 24 F J <y kmT
~ o (AIl
I,IT kT (exp 7 ) -1)
m,m!

where in this formula:

Yt bTY T ’
Pt BRI C R 2 I<my 10 J.slm, 1517

I,I' label the 4f ionstates in the cubic crystalline field of

T
respective energy EI and EI'

éII' =. LI—-EI'
P(I) is the Boltzmann probability that the state ]l’)is occupied.
k,k' are the conduction electron wave vectors. wm,m' =2X} are

the z components of the conduction electron spin (which are
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assumed to be equally wrobable) [m,I> rewresents the state with
S, (conduction electron spin component )=Mm and the rare earth

ion in the crystal field state [T >\

<ﬁ?ff(5,5‘)2> is an average of Jefé(g;g)z over the fermi suréace.
This is different for 1/ and 1/ﬁ{s because the transport cross
section 1s a welghted average of the differential scaltering
Cross section.(Ziman (o) p.769), Often Jeff(h,g') is taken to
be a constant, (this is implicitly assumed in much of this thesis)
corfesponding to a Jeff% (r) interaction in real space, and then

1/t = 1/%8.

Finally x is, as usual, the concentration of rare earth impurities.

Hence in order to find ch/dx the quantity

-—.—_’ :
ST S X P
T kT iexp iﬁ?’" }
mm'!

has to be calculated:
In the absence of crystal field splitting, or if
kT S>> D

T the above sum beconecs (gJ—1)2 J(J+1) independent of

temperature and thus oneretrieves 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
freeming out of certain scattering processes, both elastic and
inelastic, by the combined effects of the Boltzmann population
of the encrgy levels of the rare earth ions and the Fermi
statistics of the conduction eleclrons. The coupubter program

evaluates this sum for the particular levels given by the starting

parameters (04’06)’ 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 as/O(T). Therefore, assuming
Jeff is the same as for Gd the initial slope of the Tc'versus

concentration (x) curve is given by:

ar
—< _ 3.7/9(T Y°K/at. %
coO -

ax
(since the initial value of dT_/dx for Gd is 3.7°K/at. %).

If there are crystal field levels well separated from
the ground state, compared to T%o then/o(Tco) will be constant
and reduced from its high temperAture value QEQ(gJ_q)ZJ(J+1)/63 N
However, if there are crystal field levels separated by an energy

AT from the ground state level then /O(T) will .still be vary-
co

ing with temperature at T_ . It was this variation, which, it



was origihally hoped, would lead to deviations from AG in
the Tc versus X curves, (Strictly speaking Tc is given by

the implicit formula:

T

In TIT(EQ' = .\P('?Z+ j.zx . 3“7|I{IO(TC)) - \f/(jé')
] 1 [+

However, in the temperature range ahove 1.5OK the initial

expansion of the ¥V function can be used)..

To conclude this section, it should be mentioned that
the writer had some difficulty in finding out whether or nok

non-spin flip processes should be included in the pair breaking

_mechanism, that is, whether or not the stz nmatrix elements

should be included in equation 4.3, According to Zuckermann
(95) these should be includéd. However, it later transpired

that for cubic symmetry the results were not altered by this.

This can be shown by using the expression for

—

\ c o . 4~ -
terms of the raising and lowering operators J =5 s—

I W =ty
d.s = 2(J's +d s ) v d s,

The sum

: 2
[<mTt [ J.s jm,1>]

2>

+
_Y

o#
4

o

m
m

J.,s in

122
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in equation 4. 3 becomes:.

2 2 = 2
QI R ) A

- b - o= .
(only one of the J s , J s , JZSZ elements are non-zero if m and
m', the conduction electron spin components are fixed).

JE = ij:in,therefore the sum becomes:

2 2 2
Z {{J)ICI'I * {J;}IrI'[ * iJ‘;I'l }

If this is summed over all the levels I within one representation
and all the levels I' within another, then in cubic symmetry, in
the absence of a magnetic Tield,all three x, y, %z components give
the same contribution. Thus, the scattering cross-section

including the st term is the same as that involving Jjust the

Z
spin flip JtsT + 3Ts terms, when cxpressed as a fraction of the
Gd value,

. In addition dTC/dX is easily calculated for a well iso~
lated ground state as it is proportional to (gJ—1)2 <fJZ>’2 .
where <JZ> is the average value of JZ for one of the degenerate
levels and the horizontal har represents an average value for all

the degenerate levels within a certain set (belong to a represen-

tationl'). Therefore, for a well isolated magnetic ground state
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(neglecting the 'Van Vleck' contribution toX ):

4T
—L _ 2

(XT)
dx L
where A is the value of dTC/dx calculated from the de Gennes
factor in the absence of crystal field splitting. (75T)L o
’ .
are the limiting values of X T at low and high temperatures,

and are proportional to the square of the effective moment per

atom in these two regines.

h,5 Discussion of These Results

The La Lu_ Al
x

1ex system was measured in order to allow

2
for any depression in Tc which was non-magnetic in origin.

However, the starting lutetium contained 2 wt % tantalum and

in view of ths results ofMaple for La, Vb Al, (dT_/dx ~ 0.01.°K/%)
this correction will not be made,

++

Referring to table 4.2 it can be seen that for Tm ,

where the crystal field levels are known reasonably accurately,
the anomalously low value of ch/dx can be explained guantitatively

with § __/J _ (Gd) = 1,0, this ratio will be called J' _ in future.
eff’ eff eff

£

!
(If the 'Lu correction' is wadeone recuires Je = 0.85 which

£f



ar_/ax(°k /%) ar_/ax(°x/#)

1 !

Impurity Measured Calculated Calculated J J
ar (°%/at%) from De Gennes from crystal eff off
P factor field levels (De Gennes (ecrystal
factor) field levels)

Tb .01 - - - -
T 106 £.006 .28 .107 . 61 1.0
Fy .48 Z.03 .58 41 .91 1.08
Ho 218 .03 99 .58 .89 1.1
Dy 1.45 *.03 1.55 1.25% .96 1.15%
Tb 2.17 .03 2.56 1.6% .02 1,15%
¢d S 3.7 .03 3.7 3.7 1.0 1.0
Sm 6 %03 =99 65 .78 .95
Wd T4 %03 o432 «31 1.3 1.5
Pr .57 £.03 $20 .12 1.7 2,2
Ce 2.4 .03 042 W01 Te5 15
Lu .03 £,006 - - - -

Joff! = Jeff /Jénf(Gd) retio required for exach agreement between measured and
- e o N .
calculated velves of 4T, /dx. 3# f?(T) s$ill falling et T

TABLE 47? Comparison of the measured end calculated values‘of ch/dxffor La1_x3xglgalloxs

G2l



Calculated values

%%)uri’cy C;:;z;u;d gizﬁd Fs‘;zzz Bxcited . o () gzzgmeﬁers &c}ea ot o1) ___q = 2:7/0@,
I@Ic{):)lation' 1=3%  T=1% €,k GX K/at %
T R O G B R
Er F’é*”) ~T0 M o 11 o1 ~32 =10 .23 0.41
Ho r é” ~40 B g” .155 55 4 =13 - .72 0.58
S N r .33 65 =44 =13 = 5 1.25
Tb r, ~4 r é” Y ¥ -32 -0 .73 1.6
ed - - - 140 140 - - - 3.7
Sm M 40 a .175 75 44 - 1.0 0.65
Na. r é3) ~1.0 | 4 ,082 083 —44 —13 .3 0.3
Pr r 5 ? B 3 .032 .032 < =50 10 =T 0.12
Ce M 200 s .0026 .0026 . ;'+93; - 140 0.01

TABLE 4.2 (contd) Predicted Crystel Field levels for La,

% {o(fr)—ao as T— 0

_ngA_;E Alloys

ocl
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is quite feasible bearing in mind the contraction in A4f shell
radius towards the end of the scries).

The same 04’06 parameters havg been used to predict
the ground state and first excited states of the remaining rare
earth impurities.. These are given in table &.2. For Er and
Ho and Sm the predicted ground state isolation is large and the
values of J_r. 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 crror in the
values of the Stevens multiplicative factors (ﬁ',x’) for Ho used
by these authors (110). At the other end of the series La1~x
Pr Al, has been found to obey the AG T, law down to O;9OK° (Tige 4,6 )

The Tc results indicate that a magnetic ground state ( [ . triplet)

5
lies lowest, This requires a larger value of ’Chl. F'or the

same value of 06 as for Tm (--"l’loll{),,(llP must be less than -BOOK_ As
mentioned .previously, even in the absence of crystal field splitting
larger values oflJefflare required for Ce,Pr and Nd. However,

with the pos%ulated crystal field levels the latter two elements
have respective Jéff values of 2.2 and 1.5.. Such a variation at

the beginning of the series is consistent with that calculated

by Freeman and ‘Yatson (70) for the Heisenberg exchange interaction,

For the covalent mixing interaction the latter authors obtained
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even stronger variations. Although the rjé1) quartet ground
state level has been postulated for Nd it is possible that the F’6
Kramers doublet does in fact lie lowest, and this will be
shortly checked by looking for e.p.r. absofption (the Iﬁ(§>1evei
is anisotropic and a detectable resonance would not bé expected
in a polycrystalline or powderedspecimen)..

As can be seen from Table 4,2 the remaining elements,Dy
and Tb,are expected to have a smaller ground state isolation,
For the pfedicted levels the ground state isolations are both '
approxiﬁater 1 °K,. The Tbh system is particulary intéreét—

ing in that the r non-magnetic doublet probably lies lowest and

3
F(T) falls by a factor of 4 for Th from 3°K to 1OK,althoughfor

!
both Tb and I¥ the value of f?(Tog is consistent with Jeff =: 1.1 as:
for the nearby elements Ho and Er, Since}p(T);is still varying with

tempe?ature at Tcoone would naively expect departures from the AG
’I‘c versus x curve to occur for Th and Dy . For this feason Tc
has been plotted against x for Tb down to 0.7°K (Fig.4,3). It
can be seen that the AG curve is followed down to 1.20K but there
is one iso}ated point at a concentration greater than Xcr which,
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,
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(a third possibility which does not assume this, is given at
the end of this chapter) are:

(i) The ground state isolation of the r13 level in Tb
(and probably in Dy also) is less than 1°K,

(ii) Jé = 1,7 for Tb and Dy, and also the rﬂ§1> level

£t

lies lowest for Th,
Some Tb and Dy alloys are therefore being prepared and

susceptibility measurements on La TbXAI

1=X 2

the time of writing, in order to distinguish between these two

are being made at

possibilities and the third one mentioned at the end of this

chapter.

L,6 Results of Other Workers for LaAlZ Based Systems.
(1) La,  Ce AL,

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 QGT/k obtained by the latter authors are
independent of . x up to x= .03, Avove 4°K the results could be
fitted reasonably well to crystal field theory with 04:800K
(6th order fields have no effect for Ce' '),

We have also aloulated X T from the crystal field model

with 04=93°K and within the scatter of Maple's data (~ 2%). find
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excellent agregment with crystal field theory abrove EOOK, as
shown in Fig. 4.9, if the measured values of XT are all scaled
up by 13%..

The low temperature deviations have beén interpreted as
evidence for a Kondo-Nagaocka bound state by the authors,

Although there is still some uncertainty &bout tﬁe val-~
idity of a crystal field description of Ce it is interesting to
note that the sign of Cq is opposite to that for neighbouring
Pr (04 must be negative for Pr, for any value of Cg, 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)  Lag . PrAl

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 r;singlet
ground state would lie lowest in the dilute limit but that higher
states (specifically the Fﬂq 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 disolated from the.other levels.

For this particular case his condition leads to A\ <10°K.
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Where £ is the energy difference bhetween the " singlet and the

1
rL triplet. Wallace et al tried to fit their susceptibility
data on the basis of a rﬂ5 ground state for 1<x <0.8 (here x is

the Lea, Leask and Wolf (5h) parameter not the concentration)
and failed. Our results indicate that {ﬁB is lowest, but that
x is belween -0,7 and -1.0, a possibility not considered by

the previous authors, The other possibility is that Wallace's

and [-L would have to he extremely

result is correct, but then T“1

close together since, as can be seen from Fig. 4.6 4 the Tc's of
La1~XPrXA12

mneasured, These two cases could easily be distinguished by sus—

obey the AG theory down to O.9OK, the lowest TC

ceptibility measurements on (say) a 1% LaPrAl, alloy.

b7 Resultls of Other VWorkers for Similar Systems

Bucher, Andres et al (58) have measured the specific
heat, susceptibility and superconducting transition temperatures
of a sories of intermetallic coupounds having the cubic, Cu3 Au
type, structure, namely LdSnB, Lan3 and LaTl3 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 La XPrXSn the rare earth

1- 3
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ion does have a non-magnetic ground state. In this alloy
dTC/dx = n1OOK/at. % Pr (in La); the specific heat data gives
n(EF) = 1.1 states/eV/aton hence,using AG theory-énd assuning
that the magnetic state FS lies lowest, and is well isolated,
one finds [Jefrl = 1.0 eV/aton, This is extremely large for
a rare earth ion and Jeff<:o 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
eiéctrical conductivity is also involved in the superconducting
trénsition. This would be the first observation of a minimum
associated witﬁ a rare earth ion (other than Ce) in the low con~
centration (~1%) reginme.

The fact that ch/dx is anomalously large in La1 XPrXSn3

initially caused some confusion because Bucher et al had compared

the values of dT_ /dx for La,_,Pr,Pby and La,;  Pr Tl; (see table
4,%) 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/?L.VS T curves

for the ternaw compounds (e.g. La xPrbeB)’ in contrast to those

1

for PrP‘o3 and PrTl;, 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

avthors and it scems that X is indeed temperature independent
below 4°K for all binary and termary Pr and Tm compounds except
Laq_XPrxgnB. The differegceé in.yjthat do arise are attributed
to exchange fields which, on a molecular field.model, give a
concentration dependent displacement of the 1/7¢ vs T curves
along the 1/9¢ 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 CGuertin and Parks
(ko) respéctively,lJefflis known to be &~ 0.1 eV for this system
and, as shown in table 4.3, the measured depression in TC For-
Pr and Tm impurities is considerably lower than that expected
from a magnetic level, Ne&ertheless there is a residual dep-
ression in T _,for all host matrices,whose origin is nol under-

stood., Bucher et al (58) were unable to explain this in terums

of the effects of the temperature dependent population of higher

crystalline field levels because these are too far away in
energy ¢220°K).  Possibly there is a mechanism here involving

spin fluctuations: mthe rare earth site,as in the AL Mn alloys,
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LaPb,, Lall

and LaSn., - based Iniermetallic Compounds

3 3 .
HOST o La}?b3 _L*:-z,_’l_f__]._3 LaSn
Impurity ap a ar J ..(eV/at,)
/0 C Oy /ot C 1Oy /o eff
+ = OB | 5 Cx/3) | 557 CK/%)
prt* 0,16 0.1 10 1.0,%
Tm+++ : : 025 017’*
cattt 40 .36
¥ These are the J vzlues obtained from ch/dx, assume~

eff
ing well isolated ij levels lie lowesh in both Pr and Tm..

Th -~ bassed alloys

ot

Impurity ar J ..(eV/at.) | Calculated | Assumed
=%/ | o ar, Ground
“dzm( K/c/%) State
(Jeff=0.1eV)

prttt .04 - .096 [y

it 028 - 09 [~g1)

EI‘+++ o1 3 bl o1 37 l_-'é

Gd+++ 3 -O Oo 1 e -

TABLE 4.3 gir_c/ax Values for Obher Rare Earth/Superconductor

Systems
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which is responsible for the residual depression caused by the
non-magnetic states.,

Finally it cen be seen from table 4,3 that the value of
ch/dxin.EE;Er(fzce centred cubic) is consistent with that

expected from a well isolatea fj6 Kramers doublet level and

eff

same sign in Th as in Ag and Au although the magnitude of their

J = 0,1 eV, This indicates that (04’06) both have the

ratio must be larger in Th, Such values of (64’C6> vould also

give a singlet ground state>(fﬁP T put would

or T“B) for Tm

+++

give the FﬂB triplet for Pr, which is not observed. Therefore,

in Th,as in the LaAl_ and the noble metal based systems,some

2
variation of CQ 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 {N% doublet in the ThEr alloys.
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4,8 Concluding Discussion and Summary for Rare Farth Impurities

Te Ec and Susceptibility Measurements

The susceptibility of LaqﬂXmeAIZ (%=.022) has been
mneasured and fitted to the électrpstatic crystal field model
by suibtable choice of the parameters (04,06)ﬁ These para-
meters;V(~4O,—13)oK, have been used to predict the ground state
and its isolation for the other rare earths in LaAlZ. 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 120K; that is for Tm, Er;ﬂb’ and Su in LaAl, (and
for Er in Thorium), The Heisenberg Lxchange Interaction “Jeff
(gJ~1)Q.§ between the degenerate ground state levels and the
conduction electrons has been used to give a spin-flip scattering
cross section 1/%35 by simply caléulating the matrix elemenﬁs
of the operator J.s between these levels, Exact agreement
with Tc measurements is obtained with an overall variation in
Jorp of only 15% from Sm, through Gd, to Tm, the magnitude of

Jeff being ,084eV for Gd. For the elements at the beginning

of the series, Pr amd Nd, a swooth increase in J_pp, probably

associated with the increased 4f shell radius, and, for Pr, a
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larger value of 'CM lare required,

However, in the two cases Dy and Th, where the predicted
ground state isolatipns are both appraximately 4GK; this
simple picture is inadequate; although TC for La,]_bexAl2
follows the AG theoretical curve from 3.2 K to 1.2 K. At
the moment this could be explained in three possible ways which
could be distinguished by susceptibility measurements on La1-x
Tbel2 and further Tc measurements on the Dy system, these are:.
(1) The ground state isolation im Th is 0.6°K or less and
that in Dy is < 1.5°K. |
(2) Jéff‘ (Jéff' S'Jeff/Jeff(Gd)) values of at least 1.7
occur for Th and Dy, and the levels are in fact well isolated.
For Th this would‘also require a mégnetic f”§1) level lowest
and 04/06 would therefore have to be a fac£or of two smallér.‘
(3) The simple theory used here, including inelastic scatt-
ering between crystal field Tevels is invalid when crystal field
splittings~ 3,2 OK'(TC for LaAIzi‘occur. Even though a singlet
state has an average vaiue of J;,‘<U;> =- @, there is still a -
finite prohability of observing a non~zere-JZ, That is, there
are still fluctuations in the magnetic moment which only average

to-zero over times larger than ﬁ/kTG where TG’iS the ground state
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isolation (%K), When TGﬁJTéa;it is probable that the lifetime
of these fluctuations should be allowed for.,

Until more neasurements are made further épeculation
is not very useful but explanation (3) scems the most likely.
In addition it would also explain the residﬁal depression in

Tc observed for singlet ground states by Bucher et al and (prob-
ably) the absence up to now of any observable departures from

AGin the TC vs concentration plots due to crystal field

splittings.,.
25 Crystal Field Effects
It is Telt that the existence of a Jeff’v'o'1 eV

( 5512000K) in the metallic state does support the view that
the crystal field potential arises from the electrostatic rep-
uksion between the conduction electrons of the host metal and

the 4f ion core.

For
¥ % 62 |
1 r ) Y ==} } A
Jeff(l—{',li): f \h.gf\('l""l) \qug_l_“g) 1‘12‘."’:};"}(32)\(4&(‘1"'1) .d 012

where 'H/k¢ is a conduction electron wavefunction (wave vector
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i
k ,5pin up) end ﬂq L4 is a one electron 4f wave function, J £F
- e
is known from TC measurements to be ~ 0.1 eV/atom if ko kF’
. ' o . , .
that is J ffrv‘1200 K. By analogy with the free ion case one
e -

expects associated energy terms such as:

f{ Yz E‘T !Y4f<r 1 4%

to be one or two orders of magnitude larger.

In a metal (a) such terms will be strongly reduced ﬁy
screening and (b) the ch and 6th order contributions to thepotent~
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 fhe observed crystal Lfield
energies, Moreover, to the extent that the maximum value of

}“Pk} fends to be nearer the neighb&uring positive charges g
the electronic coulomb repulsion will give the opposite sign
to, and larger paramebers 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 ﬂ’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 leyel via the
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interelectronic coulomb repulsion. This repulsion - was est-
imated by them from the 4f%-54d repulsion.in free rarc earth ions.
Then the rare earth ion constitutes a large perturbation (as

for a trivalent rare earth ion in Ag or 4Au) this is probably the
best description, However wﬁen 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 apte.

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(yff is counstant,

It has already been noted that for both sorts of systpm 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.Xt 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 mexmimises the total electron density in a certain region

in space. If this is also a region of Jlarge attractive potential
T g P
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(as in the HE moleculej the eﬁergy gained is sufficient to over-
come the electron-electron repulsion, and covalent binding,assoc-
iated with antiparallel electron spin alignment,results.

Similarly therefore,if the Lf electron ~ conduction electron
mixing is sufficient to overcome their coulomb repulsion and give
Jeff‘< 0 (as for Ce*™*t in LaAla),the.4f charge distribution will
tend to have maximum overlap with the conduction electrons and
be pulled‘towards the neafby 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 casc and agree with the predictions of the point charge
model. This is a poésiblc qualitative explanation of the change
in sign of Cj from Tu '~ and Pr ~ to Ce ' in La Al, which has
beén deduced from the Té and susceptibility measurements and is

+H+

apparently correlated with the change in sign of Jeff for Ce .
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CHAPTER 5

DILUTE ALLOYS CONTAINING 3d TRANSITION ELEMENTS

5.1 = Introduction

Accuralte measurements on aluminium alloys containing less
that 1 at. % of 34 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 exhib;ted a small variation, pro-
portional to Ta. This has now been associated with the occurrence
of spin fluctuations on the impﬁrity site, even though there is,
on average, no magnetic moment, Measurements of H_(T) between
1°K and O.BBOK have been made on dilute AlT alloys (T=Mn, Cr, Zn).
for the following reasons:

(1) It was hoped that the vafying spin-flip scattering cross-section,
indicated bythe temperature dependent magnetic resistivity,
would be revealed as departures of HC(TX 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 T; measurements (21) had

been made.
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At the time we intended to make Hc(T) measurements on a
series of thorium-based rare earth alloys,also having Tcrv 10K,
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 deparfures from BCS theory were expected in HC(T).
apart from a small increase in Hi/Ti associated with the increased'
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 X' is expected for a virtualtbound state
halfwidth, |*1bof 1 eV, 'However, these authors did fin@ that
anomalous tunnelTing characteristics and even gaplessness should
occur at low reduced temperatures.

To the writer's knowledge the thermodynamic properties
have not yet been calculated for a model in which sbinffluctuations
are considered.

Another transition metal impurity system studied in this

laboratory is the &£ 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

( ~1 Bohr magneton , /ﬁLB) localiscd moment on the Fe site; its
mégnitude falls smoothly from about 1'4/kB to less than O.éﬁLB,
as the composition of the & Cu~Zn host matrix is altefed 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 & Cu-Zn were a
superconductor, For this reason attempts have been made to cool
an €CuZn(15 at % Cu) alloy using an adiabatic demagnetisation

cryostat which will he briefly described at the end of this chapter.
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I CRITICAL FIELD MEASUREMENTS ON A1T ATLLOYS

5.2 Experimental Details

Te Measurement of H

13

The specimens were in the form of 3 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 1limit 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%;

In order to dispense with an unreliable copper cone
joint and to accommodate the maximum number of specimens, four in .

3

all, on each run in the present‘cryostat, He” exchange gas was

not used. This turned out-to be unwise. Instead, as shown in
Fig. 5.1,the specimens rested in 7" deep holes, containing Apiezon
'N! greasé,—in a copper block ana were clamped at that end with
coppef grub screws, This copper block Qas in turn screwed to the
copper base of the He” 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,



. Specimen -
- A Perminal (Cd-Znsolder) 152
Cu post. i m,/’///)ﬂufnol former
o fe pOt\\\ lj 1i:////40,000 turns of 48 s.v.g.. -///
N L1 Cu wire g
X : ///,30 Ohm Speer (R1) .
Cu dlock -« ’ Cu radiation shield(to He> pot)
, ’ e
N-ga :H LY grease -
b | o |
Cu grub Scrég”/]——ﬁ ] |_Vacuum can in He bath
' |
Specimen holder and pick-up coils
i 4‘% ‘l S G.A-Q
g% g J %100
2N
" d ! B
By il . -
S1 53 s s5 Ootp ¥
/ 220 ¥.
\\\\f\\ et
— ||
y
XY /L
Integrating Narnetometer(schematic)
r 4f:4AAAAﬁ Abbreviations
D.V.LIL 0.1 ohms S51-S4,3pecinen coils,
85; Balancing coil,
Tarehan® [ ] B, External balancing coil.
0-13A. (21O A, D.C, amplifier, gain~107.
pcgiznlv : S, Low thermal switch.
- l DiVill, 'Solariron'digitzl voltmeter.
Helrmholtz coils . . . .
(air-cored, water cooled) AV, liicrovolt potentiometer.
17.65 gauss/anp. J, langznin-coprer wire junction
} in cryostal,
FIG, io{ Apparztus used for H_(T7) G.A., Galvanometer amplifier,
~ s c

measurements on

Al alloys,

freguency response O-14¢/s,

output drift & 1/UV/min.
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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 cm2, the remaining off balance signal could
be compensated out during the run,when the specimens were normal,
bj rotating a small external bucking coil in the applied nmag-
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 fér sensitive measurements
on the surface sheath of type I-II superconductors, is given in
reference (7). . - -

In practice, for accurate HC measurements, the offset
facility of the recorder was used to expand the sharp transition
at I, along the magnetic field ( X ) axis. The external field
was provided by a pair of Helmholtz coils of 14 cm radius and
was uniform to within 0.3 % over the experimental volﬁme.

If was found that the sweep rate had to be extremely low,
about 1.0 gauss per minute, otherwise the heat of magnetisation

( ~25 ergs),absorbed when the specimen started to go normal, cooled
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the specimen and too high a value of Hc 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 HC. The-slqw
sweep rates which had to be used made the measurements rather
tedious,  An approximate value of HC(T) was found wifh a faster
sweep rate and this was then reduced to 1 gauss/minute just for
the transition, The comparatively poor thermal contact between
the specimeﬁs and the He? pot was responsible for this effect

but it was aggravated by the very sharp (0.7 gauss in 100 gauss)

transition at ch

2. Thermal contact measurements

Neglecting eddy currents in the normal regions of the
specimen, the measured ‘'sweep rate effect'’ refer?ed to above gives
a value of 20 millidegrees K/microwatt @md/AW) 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 specimen,was heated

with a direct current of a few hundred microamps. At 0.4°K
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,

thé thermal resistance to the copper block measured by this
method was determined to be 35 md/WW, in reasonable agreement
with the previous velue, This resistance fell by a factor of

3

10 when He” gas at a pressure of .02mm Hg (at 1OKI'wanintroduoed

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 alléwing

faster sweep speeds to be used. Even with a resistance of

3

25 md/;lw to the He” 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-

3

equate (1 md/>uW‘resistance) thermal contact to the He” pot at

O.?oK . Also the specimen temperature followed that of the block
to within 1 md.when a power of B/AW was dissipated on the block,.
This was adequate since the total heat leak into the system, most

3

of which would gé directly to the He” pot, was 10/LW at the lowest

temperature,

3. Other experimental precautions

The earth's magnetic field was balanced out to .01 gauss (g)

over the experimental volume by three pairs of coils, This was.
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checked on occasion by measuring HC(T), near T., in the reverse
direction, The dilute specimens had a remanent moment (trapped
flux) in zero field'of less than 5% of ﬁc' 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 aand
for the measurement of thermal gradients., Above O.7°K the{1962
He3 vapour pressure temperature scale (99) was used as a'priméry
thermometer, the pressure béing measured with an oil manometer
connected to the pumping tube,. No significant pressure gradients
occurred along this tube, He3 temperatures obtainéd when'pumping
were consistent with thosé obtained when the pump was shut off, as
in both cases the same resistance-temperaturecurve 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, in &ct,
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readings were taken, it was decided that the superconducting
aluminium thermometer was more reliable below 0.7°K, The
deviation bétween the two methods was 1 md at O.?OK rising to
I ma at'b.BBOK (the températures from the He3 vapour pressure
being lower) and probably arose from_the Kapitza boundary res-

3

istance between the He” liquid and the floor of the copper pot,

It was calculated that this gave a temperature drop of 2 md

3 pot of 10 UW,

at O.55°K,by using the measured heat leak into the He
The. area of contact was taken tobe 2 cm2 and the value of the
boundary resistance used was that quoted by Rose-Innes (100)
of 130/T?(deg/cm2/Watt),

To calibrate the aluminium thermometer the values of .
Hc above O.?OK,measured by the same method as for the Al.allozs,
were used to find Ho‘ Temperatures below O.?OK were then found
from the measured values of.Hc a In practice all the results
were calcu;ated in terms of IC, the current through the coils
corresponding to a field HC. Two methods were used to find Ho
(IO) and hence T,
(1 I  was chosen so that the usual deviation function D(h)é1—h-t2

agreed with the data of Mapother and Harris (101) abvove O.?OK,

Here h and t are the .reduced critical fields and temperaturest
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t :T/TC and h = HC/HO =. IC/IO.

Mapother and Harris in turn based their data (for polycrystalline
6N AL) on temperaturgs found from the susceplibility of a chrome'
methylamine alum salt pill below 1.1%K..

(2) The procedure of Sheahen (102) was followed and HC(T) was

fitted to the formula:
1-h-t% = D_ sin 7 (1-t2), .

by the method of least squares, for T > 0.7, regarding Ho and D@
as adjustable parameters. )

This formula was then used below O.7OK to find T from
the measured HC(T) values, |

Both methods gave the same value of DO andf{o within
the experimental. errors and hence the same temperatures, to‘withiﬂ.
2 md, below O.?oK,. In both cases the measured value of Tc’
which was found by a least squaresvfit of HC vs T2 near TC, was

usede.

This was T__ = 1.179 zk .001°K, in agreement with

Mapother's value of 1.179 =& .003°K.

The values of IO and Do were:

Io = 5,944 & ,015 amps

D 0.041 == ,001

o]
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The Helmholtz 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 H _ = 104,9 £ /6 gauss. This
is also in excellent agreement with Mapother's value of 104.9§

t 0.2 gauss,

5. Temperature control

The temperature was controlled manuglly by using a

3”gas into the inlet

needle valve to bleed a small quantity of He
of the Edwards 2M4t diffusion pump. Hence its effective pumping
speed could be finely controlled and the temperature maintained

constant to within 2 md over a period of several minutes.,

6. BSecondary thermometer

The § Watt 30 ohm Speer resistance was measured using
a 3 lead AC Wheatstone bridge, which was operated at 260 ¢/s,
and a home-made phase sensitive detector. Typically the resist-
- - o
ance was 350 ohms at 1.9ak 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 gbove 1000 ohms
and ;puriéus quadrature siénals increased. A1l in all the det-
ection system and the resistor were not satisfactory for accurate
(~1 md) temperature measurements, so in most cases purevaluminw
ium and aluminium alloy critical field measurements were made
consecutively. The resistance thermometer was then only used to
correct for small temperature dirifts during measurenents. It

was adequate for this purpose and at the low power level of 1/200

ergs/second the discrimination at O.35°K was 0,5 md.

\

5.3 Results and Analysis

1. Magnetisation curves

Magnetisation curves for the Al and él .023% Mn specimens
are shown in Figs 5.2 and 5.3, There is no surface sheath above
Hc and there is soﬁe supercooling in both cases. The supercooling
transition is not as sharp as usual, probably because of tﬁe low

3

thermal conductance to the He” pot. Similar curves were obtained
for the AICr and AlZn 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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and should be type I. Unfortunately a detailed magnetisation
curve was not Repé for this alloy, it did show some supercooling
but any possible tail associated with screening currents in the
surface sheath would have been obscured b& a combination of output
voltage drift and imbalance of the detecting coils. It is Jjust
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, HC was taken to corr-
espond to the points marked A, In practice detalled magnetisation
curves were not usually made, Hc was -detected when the movement
of the pen recorder in the y-direction suddenly slowed down, and
the appropriate coil current ﬁas measured to 1 part in 104 using
a standard 0,1 ohm resistor and a Solartron digital voltmeter,
The results are plotted in Figs. 5.4 to 5.9 in the
form of D(h) = 1-h~t% vs t° curves.
To make these plots one needs to know both Ho and Tc.
The latter quantity was found by least squares fitting Hc to T2

for t2,> 0.9 and extrapolating to H_=O.
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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 S (T).

The thermodynamic relation

2.
g g __'Vmol . d(Hc)
nos 8xn aT
therefore becomes
2.
”Vﬁol d(Hc)
Sn = ¥ o o=
81 4T
Integrating:
L7
c o)
v
mol

If data is availlable for sufficiently low temperatures then both

H  and Y (the coefficient of the electronic specific heat) can

be found from a plot of Hi Vs Ta.
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However, in this case the lowest values of t obtained
were 2 0.3 and some approximation for SS(T) has to be made to
obtain Ho' One possible method would be to use the BCS form for
8. (T) in the low tempefature region (or equivalently the BCS num;
erical data for D(h)). It was shown by Sheahen (102) that for
t 2 0.3 the empirical formula:

1 ~h - t° .037 sinnt(1-t2)

I

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 1 (1-t2), with a suitable choice
0 /
of D and H _,
o o
Furthermore, within the temperature range:

0.1 <t2\< 0.2

that is 0.31£t 0.4k

which is just above the range where Hi vs T2 gives a straight line,

it follows that the BCS theory (or Sheahen's approximation to it)
becomes h(t) = 1-(1+Don)t2, to within .003 in h.

Therefore in this limited temperature range HO can -

_ 2
also be obtained by extrapolation, this time by plotting Hc vs T

rather than Hi Vs T2. The slope of the line is no longer simplyy

related to ¥ ..
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Specimen
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;A-_:L 0095 ato

% Cr (C)
Al .23 at,

% Zn (D)

TCOK Low Temp~ 'Sheshen’® % Increase D,
eravure Fit . 2m 2
Extrapolation \ in Ho /Lp
H§1) (gauss) Héz’ (gauss) OV&T AL

1,179 (10449 Z .26  104.8 £ 0.4 0 . L0413

¥ ,001 % .o02
L 29% 90.5 £ .14 91.0 % .12  5.87Z%.8 0347
- 001 % 0011
.592 - 56.0 = .4 12,8 T2, 057

I 001 I .005
942 86.2 % .3 85.7% .14 5.0 .8 .03%

£ .00 % 002
1149 105.1 T0.12  104.2 % g2 g2 T B 40382
* oot % 0013

<a%>x1621bhm

 Resistance  Clem's theory
Ratio 2, o
R4.2/R273  from D, from HO"/Tc
’ PP
< 5%10 1.3 1.2
(from He){from Tc)
074 1.8% .3 3.2% 4
L322 - -
.337 0.8 20.7 2.5% .4
.14 1.5 1.0 2.8 % .5

y N < ns . . o. . .
* Value obbtalned by fitting to Mapothers results above 0.7 K (¥B 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 HO)

| DABIE 5.1 Summary of E (T) Data for Al and A1 Alloys

g9l



169

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) = Dosiniﬁ(ﬁ—te) over the whole temperature range. The
standard deviations in D and H were also found by the usual

o o)

method,

(2) For alloys with Tc 9:1OK,HC was fitted by least squares to

the formula Hc = HO—ATE, by varying Ho and A, for O.1.$t2S'092.

The results for both methods are given in table 5.1,

5.4 Discussion of Results

¢

1. Experimental errors

The estimated error in Hc was = 0.1%, corresponding to
the last figure on the digital voltmeter used for the measurement
of current, That in the temperature was i-1 md above 0,72
rising to 2 md at O.BBOKeﬁ 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 temperéture constant for the

long sweep times.,
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2. Values of Hi!gg and D obtained

Referr?ng to table 5.1 it can be seen that the values of
H0 found by both the methods described agree within the limits
of error for alloys A and C, TFor alloy D(AlZn) there is a 1%.
difference, but from Fig., 5.7 for this élloy it cante 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 Hi/Ti‘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 samé increase in Hi/Ti
indicating that the increase is probably a result of gap aniso-
troby in pufe aluminium, |

The results of Clem (16), for the change in the reduced

2

quantity'ﬂ0

= Hg/SﬁfY Tg on alloying, can be used to estimate
<52> the mean square anisotropy of the cnergy gap. Similarly
his results can be used to find (a%>from the chenge in D .
Both values of <a%> are listed in table 5.1 and unfortunately
they do not agree.

The‘<a2> values obtained from Ho are consistent with

<a®> = .028 % .00k, Those from D_, with &> = .015 ook
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Possible ways of accounting for this discrepancy are:
(1) There is also a mean free path effect on 7’, increasing
it byr2% for Zn, Mn and Cr impurities, Thus the.correct value
of <A2> is .015 X 004 in agreement with Boato et al (21) and
Mapother et al (101). |
(2) The correct value of<(a2>is..025 r .003, This would be
just consistent with a11<<a2>va1ues excépt the one from D_ for
AlCr, Although this would disagree with the results of Boato
et al (215 (TC measurements) and of Mapother et al (101) (HC
measurements for pure Al), in the first case only the quantity
Rj_<é?> is found ffom TC measurements. As mentioned in
chapter 2, ;Ki is an unknown parameter varying between O.B.and
2,0 for different impurities; réagcing all >\i 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
(&2

The critical fields HC(T) of three aluminium specimens
AlMn, AlCr and Al%n, all with TC 2:10K. have been measured to

an accuracy of % ,003 in HC/H down to 0.35°K, Within this
} [o]
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accuracy the alloys follow  the BCS theory for a weak coupling
superconductor, However, the values of Ho obtained are such

i/Ti is 5,0 %,8% higher than for pure aluminium

that the gquantity H
in all three cases. This is twice that expected from the theory
of Clem using the accepted value for‘fa2> in.pure aluminium
obtaineq by TC measurements on.dilute Al alloys, and assuming
that 3’, 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 HC(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 AlMn,

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 considerabig deviation from BCS in both Ho and Dolobtained
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 = 3.173 r 023 amps
D, = .057 L ,oouk

and

§(HZ/12) =41 3%-
o’ "¢
('8(H§/T§) is the increase in H i/Ti over the pure aluminium value)

(2) Ho is chosen so that Do = ,035, as for the more dilute AlMn
alloy. The best fit witkh this constraint is Io = 3,04 amps.

Hence

o (u2/r2y = hum

Although (1) is a’beﬁter fit than (2), as one would expect

- from the calculated ecrrors in Do and Ho’ there is considerabie
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 dravn,
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II THE DEMAGNETISATION CRYOSTAT

5.5 Introduction

The Hed cryostat which has been used for the measurements
reported in this thesis was designed with é iarge specimen chamber,
3 cms dliameter and 20 cms long, and a wide helium dewar, in order
to extend the temperature range down to 20 millidegrees K (md).
or s0 by adding an gdiabatic demagnetisation stage.

There are several advantages in having a lower initial
temperature for adiabatic demagnelbisation:

(1) TFor a paramagnet with a magnetic moment of 3% Bohr magnelons
(/ALB)'per magnetic atom , a field of 6 kilogauss at O}QOK produces
the same entropy reduction (about é.factor of 2) as 18 kg.at 1.2°K.
(2) The heat leak into the system is much smaller,being proportiénal
to Ti (the initial temperature is T;) for electronic conduction

and Tg fcr phonon conduction,

(3) Calibration of the thermometer (usually a cerium magnesium
ni%rate (CMN) thermometer) is easier, since the H63 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, He -He
dilution refrigerators, which can maintain a ﬁemperature of _
about 30 md in the p;esence of a heat leak of about 1 MW,are
now commercially available,

Several of the disadvantages of the present'He3 cryostat,
for operation between 1.3%K and O.#OK, for instance the diff-
iculty in condensing He” and the relatively large (4 litres)
quantity of liguid 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 hére, 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 (105-6).
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The egssential features of any refrigerating system
are:
(1) the quasi~-isothermal production of a more ordéred state at
one temperature, either continuously, for example the separation
of He3 and HeLlr in the stiIl of a dilution refrigerator, or once,
for examplg, by magnetising a paramagnetic salt ;r condensing
He” Tiquid.
(é) Thermal isolation of the ordered state,
(3) Production of a less ordered state, for example by mixing

3

liquid He” and Heq, 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 méthods commonly used in adiabatic demagnetisation are
exchange gas and a superconducting heat switch. The original

3

plan was to use a small quantity of He” 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°K) space;since the walls of the chamber outgas very slowly

and because pumping speeds are very low for slow roving atoms,.

This was even more serious in our case because the narrow, 4 mm

diameter, pumping tube also carried the measuring wires to the

speéimen chamber., For these- reasons a superéondugting heat switch

made of 5 N lead wire was used, This was opérated 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,
this usually dominates all other entropy contributions below 1OK.
This can be achieved by usingAa paraﬁagnet with magnetic crystal
field levels having energy differences AR kT, by using a
pafamagnet whi.ch orders magneticallyjust below the range T,or by
relaining a lower magnetic field so, that level splittings in the
field are ~~ kT,

The first method is preferable since the entropy changes
over a temperéture interval£>&{ giving ah‘anomalously high 'Schottky!

specific heat in that range, whereas long range order sets in over
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a very limited temrerature range. It is also difficult to make
other measurements, for example susceptibility (for temperature
measurements), in the proximity of a magnetically §rdered salt,
or in a magnetic field.

Subject to the restriction that the ordering temperature
is not in thé range of interest, 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 bé large enough to allow app-
reciable entropy reduction (about a factor of 2) at the magnetising
temperature by the available magnetic fiéld.

The salts considered were the commonly used hydraged ones,
among them ferric ammonium alum, chfome potash alum (CRPA)) and
cerium ethyl sulphate. It was decided by Dr. I, P, Morton of
this laboratory that CPA, with a ground state isolation of °O9OK
due to crystal field splitting, and an ordering temperature'of 12 md,
Hoare Jackson & Kurti (104),best satisfied the above requifements.
A1l 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 excepﬁion

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 21loy mentioned previously (interaction temperature
l@ ]( 50 md) the magnetic ehtropy/cc is about 1/10 that of CPA at
high temperatures, The thermal conductivity, which, together
with the volume over which the magnetising field canbe 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 be useful in laboratories
where 10 kg magnetic fields are already available, for small scale

experiments which do not justify the purchase of az 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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8. 1 cmdiam. HeS pumping tube (Cu-Ni)
9. 4 mmdiam, pumping tubes

10. Copper rodiation shields

11. Radiation traps

12. He3 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 kilogavss /min) there would be no significant eddy current heating,
In fact, according to ref. ( 58), the ThGd system (znother 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 Fxperimental details

~

The general overall amwangement used is shown in Fig. 5.1&
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 L4t cm diameter hore, 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_Carerlleesignea, a sub-
stantial increase in the heat leak into the main helium bath could
not be tolerated hecause this would have prevented the He3 from

condensing at the maximum backing pressure (3.5 cms Hg) of the 2Mh4
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Edwards diffusion pump. In fact this pressure could be increased
to 3.9 cms Hg for short periods by running the 2Mk at 245 volts.
off a mains transformer. ~Even so, this He3 vapour pressure corr-
esponds to a temperature of 1.45°K and the yoke of 26 s.w.g. .copper
wires dangling into the helium bath was later provided, so that

the poiﬁt A (Figf 5.10),.where the He3 condenses and drips down

. into the He3 pot, was at about'1.3°K. Hence the latent heat of

3

condensation of the He” could be removed in a reasonable time
(30 to 60 minufeé). The 12 s.w.g. copper wires shown in Fig. 5.10
wefe used to take the heat coming‘down the solénoid current leads
directly into the helium bath raﬁher than Via.A. Attempts were
made to optimise the leads accofding to the paper of Mcfee (117)
but these were unsuccessful and thezbest guide/for the dhoice,of.
wire gauge turned out to bhe thé room temperature fusing ourreﬁts
for the various wife diameteré. The wires used for various temp-
erature intervals are shown in Fig. 5,10,

The soienoid was operated in the persistent mode during
mégnetisétidn. It was switched in and out of this by sénding a
superconducting short circuit- (also of Nb 25% Zfi , = 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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solenoid
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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 conslbant of 100 secs with which the field was
slowly reduced on dem;gnetisation. 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 0.1 Slresistor,(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_voltagé soﬁrce. The millivoltmeter
across it showed that the field was being established because it
detected the 'back. emf' in the solenocidj if the current in
the 'persistent' mode fell the induced voltage in ﬁhe solenoid
could also be detected. At 13A total current about 1,3 Amps ‘flowed
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 vérnish
and baking out at about 80°C. This combines the advantages of
good thermal conductivity in éne direction with low eddy current
heating in changing magﬂetic 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 Coppér p&st on the He3 pot and at the
other enﬁ 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 /MH Variéble
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 tovdetect superconductivity. The circuit uéed
~is shown in Fig. 5.713. 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 /LH. Since the usual change in mutual
inductance (M) at TC was about 50% of the normal .state value of

~10 ftH 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 sidesand flat
pieces of CMN were varnished and tied to a piece of coil foil within
one of the qoils. CMN is highly ahisotropic 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

Mo o= “12EL L s M K

T
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This agreed with the calculated slope of about 20 /T (/QH/OK R
Each specimen had its own secondary coil (~500 turns
48 s.w.g.) wound directly on the metal and was tied tightly to

the coil foil Dbetween the CPA and CMN crystals, and covered with

'N'" grease,

b, Secondary Thermometers

On the first few runss a % W, 30 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 +w Speer resistors with
the ceramic ground away were used. One of these was situated near
the CPA andthe other near the specimehs in order to check that no
significant thermal gradients occurred.< These resistors were
measured with the same 3 leaa AC bridge described earlier in this
chapter. The power dissipation used was 10—1ow,a'factor of 30
higher than the maximum recommended by Wheafley et al (j055.
Although no self heating effects were detected down to the lowest
temperature tested (70 md), further efforts will have to be madé

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 26 md to 70 md, The details given here refer to
the first case when the CPA héd its normal ﬁagnetic characteristics,

The He3 liguid was condensed in the normal manner and by

3

connecting the He” pot to the main storage cylinder a steady temp-
erature of about O.SOK 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 exfernal 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 Q-“OK;, Uﬁder these conditions the time
constant of the assembly (with two. Pb heat switches in parallel, each
2,5 cms long and 0.5 mm diam.) was about 10 mins, This was chnsistent
with a measured resistance ratio of aboutlﬂ,OOO for the Pb wire used,
The CPA reached a temperature of about O.5OK after about 30 mins.

The external 170 g field was then reversed and by passiné a current
through heater H,1 (Fig. 5. 712) the magnetising field was reduced

with a time constant of 100 secs. The remaining flux was expelled

"guickly by heating H1 and Hz, 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 beiug established inside it and hénce the mut-~
val inductance measurements were greatly changed, (b) the solenoid
retained some trapped flux, The remanent fieid 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 therecafter warmed up from about 30 md at a rate
of 1 md/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 diamefer. As the system warmed up measure-
ments of mutual inductance for the CMN and the specimen secondary '
éoils;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

>3

the He3 vapour pressure by allowing He” exchange gas into the specimen
chamber. (On some runs this vacuum chamber was not used and the

o o
He3 vapour pressure could only be used between 1.2 K and 1.4 K).
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5.9 Results

As already mentioned,no new superconductors have been
discovered in this temperature range. The 15% £ Cu-Zn alloy
measured has been found to be normal down to 0.03°K although the
remanent field (0.9 g) was not compensalted 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 tﬁe remanent field) respective transition temperabures
of ,107 and LQQQOK were found, These are consistent with-thei

recent value of ,105 i:.OOBOK found by Andres and Jensen (107).

The slope of the critical field temperature curve at TC indicates

that Hoih 2g for Ir, The AC transition showed a '"peak'' effect

and there was some supercoolingax{ﬁua field Qas lowered, showing

that both specimehs were type I, HC was taken to be the field

at which the peak value of the inductive component (M) occurreds. --
Therefore the failure to compensate for the remanent field

on the £.CuZn run was serious and the valid upper limit on a poss~

ible TC is probably about O.1OK, since the results for Ir show that

Tc's of O.1OK can be detect'ed 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 K & 1), even if they are considerably less than the thermo-

dynamic critical field at that temperature,because 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 magnetisafion were generated then this could be made smaller
and the overall QarmAup rate\and time constant for magnetisation
would be unaltered. Recent measurements have also revealed a
s@all 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 wéuld

be better to use a lower operating frequency than 190 c¢/s in future,
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so that the occurrence of any other AC losses (for instance in
the CMN itself) could be detected, Provision exists for rais-
ing the solenoid right to the top of the cryostat Eut at the '

moment this is not possible because of the ra(?.iation ghields in

the main helium dewar,. This would certainly eliminate'the;

remanent field problem,
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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. Ispecially

towards the end of the &Id and 5d series Ue becomes large enough

ff
to give long range spin fluctuations which strongly depress Tc'
Such fluctuations are also associated with an enhanced Pauli
paramagnetic susceptibility ?Cp and give an extra contribution,
in addition to the electron-phonon enhancement, to the elect-
ronic specific heat YT, An example of this behaviéur is sﬁown
in Fig. 6.1 where T.» Y and  ?Cp are plotted against electron
density for several alloys of 4d and 54 elements at the end of
the transition series. (Thié graph has been taken from a review
by Muller (115) 1969); Both Y and ?%I)are plotted here in
states/eV/ c.c.

The free electron formulae:

X

2
o —/uB n%(EF) 6.1

2 .2
Y(EF) 6.2

il
W
a .
.
=]

and }/
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02 states Je\/~ L.

X, ¥

I .7y Rh Pt 1Pd

60 . 82 B4 66 68,
VALENCE ELECTRON DENSITY(0 jo)

FIG., 6.1 QC;X and ¥ vs. Electron Density for some Ud and 5d alloys

have been used to find n:b(EF)'and n'Y(EF)’ the enhanced
'susceptibility' and 'specific heat' density of states for both
spin directions, from the measured values offxfp and ¥ .
(k is Boltzmann's constant andl/bB is the Bohr magneton),

It can be seen thgt TC falls rapidly Jjust as enhancement
in the susceptibility firstloccurs. The specific heat, Y 9
continues to rise towards the end of the series, probably because
of the effects of spin fluctuations, Therefore the empiriqal
rule linking the increase in TC with an increase in n X(EF)’
which is obeyed for alloys between earlier members of the Lg
and 5d transition_series (116)is not obeyed here because of the

gpin 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 XCo, and XRu (X is an early member

2 2
of the 3d, 4d, 54 or 4f transition series) were a promising
system for such a study. For, while it is known that YCo2 is
a 'weak'! ferromagnet with a Curie- temperature of apprdﬁimately
BOOOK and a saturation moment of approximately 1/LB'per atom

(59), other XCo. compounds based on nearby elements, for example

2
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 bg 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 ZrCoa(say), Y002
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
~CeCoa and CeRu2 compounds with the MgCu2 structure, studied by
Smith et al (92). These authors showed that Ce is b~valent in

these compounds, thus one might expect the iso-structural XCo2

compounds of h-valent Ti , Zr, and Hf to be superconducting.
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6.2 Experimental Details

The He> cryostat and the AC detection system described
previously were used. There were slight differehces from the
measurements described in Chaptey 3. The extra vacuum can;
§ealed with a copper cone joint, was employéd and contained about
.01 mm Hg pressure (at 1OK) of He3 exchange gas to make thermal.
contact between the specimens and the He3 pot.

The Hartsharm Bridge used to measure the mutual induct-
ance of the small coils contaiﬁing 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 HO/LH. At the suﬁerconducting
transition temperature this fell by about 10/LH for an inter-
metallic compound specimen of 20 (mm)” volume. Sometimes smaller
pieces contained in a 3 mm diameter pllastic tubé were used and
these gave a change of about 4/bH at T . At 174 ¢/s the dis-
crimination of the bridgé was at least = 0.05‘/0H forrthe meas-—
uring field used (0.5 gauss peak to peak). Occasionél measur-
éments were made at 30 ¢/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, for a 5N aluminium specimen.

AM was reduced by a factor of ten but even so was still easily
detectable (A,Mauo.h/kH). 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 significantl& because of induced
eddy currents at 17k c/s. During a run the procedure was
usually as follows:

The mutual inductances (M) of the six specimen coils
were measured at BOOOK, 770K and 140K (the triple point of H2’
where .the exchange gas used to précool the He? pot solidified),
The He3 liguid was condensed and M measured at 1.30K and O.hOK.
In the absence of any transitions the values of M at 140K, 1.30K
and 0.4°K were usually the same to within about 0.1/LHL 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 HeLP vapour pressure temperature
scales were used to calibrate the 30 ohm Specer carbon resistance

o
thermometer. This had been previously calibrated below 0.6 K



against HC(T) for aluminium, again as described in chapter 5.
This procedure has been describéd 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 deteéted b& miéroscopic analysis. If the matrix were
not superconducting down to 0.40K 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) antiférromagnetic traﬁsitions

in the specimen should have been detectable,

6.3 " Results and Discussion

The results of TC measurements are given in table 6.1.

Surprisingly, none of the more recently made CeCo_ alloys were .

2

superconducting down to the temperature (Tn) shown, Two Sup-

erconducting Cech3 alloys which had previously been measured
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Table 6.1

Tc Measurements on Intermetallic Cobalt Compounds

Non-Superconducting Specimens

Specimen Source Tn(oK) Remarks
TiCo2 1 0.4 ~ 100 p.p.m. Fe impurity
. \A11 Ti and Zr specimens used
T10.8zr0.2002 1 0.k ifor QSP(T) measurcments (113)
4.5 0,502 ! 0.k
T:LO.ZZrO.8Co2 1 0L ,
ZrCo2 1 0. - ~ 100 p.p.m, Fc impurity
HfCo2 2 0.38
ScCo 2 0.38
2
NbCo2 2 0.38
!
Ce240011 2 0.4

CeCo_. ~ non stoichiometric svecimens all homogenised by I. R, Harris

2
Ce.3300.67 2 O.Ll'

Ce.333300.6667 2 0.4 ~ 100 p.p.m. Fe impurity
Ce 400 6 2 oI 5% Ce rich sccond phase
3 * ~100 p.p.m. Fe impurity

C 2 0.k

e 3495%° 6505
Ce°35C0.65 2 O.Ll'
2 0.4

Ce 355C° gu5
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2 Superconducting Specimens

Specimen Source T °K 80% trans-  Remarks
¢ ition width
(md)

Ce 51,00 cg 2 1,07(5) %45 ~;'No detectable Fe imp—
: ° ’ + jurity (i.e.<10p.p.m.).
7rCo 2 1.5 2120 1/10 expected AM at T_
LaRu2 3 3.12 t 60 Two more broag trans-

itions at 2.2 K and
1. 49K,

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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3

in another He” cryostat by T, F. Smith were therefore measured
here. These were measured on the same run as some of the newer
alloys and the tran;ition temperatureé agreed with those of
Smith, Subsequently some of the specimens were examined by
emission spectroscopy in the Analytical Services Labératory,
Imperial College. As shown in table 6.7 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.l In fact a new batch of Ce

was used for the non-superconducting alloys., Assuming 100=

1000 p.p.m, of Fe in solid solution is responsible for the dep-
ression in T  then the depression is\n4103 to ’IO)+ Ok/at % for .
FPe in CeCoa. This is extremely large (to the writer's knowledge
the largest depression found up to now is BOOOK/at % for Mn in

Zg) and so the CeCo.-Fe system would be worthy of further invest-

2
igation.

The two Ce 3400 66 alloys (one superconducting, the other
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not) were also examined by electron probe analysis which
confirmed that the bulk of the alloy was CeCoz. Microscopic'
examination of these two alloys reveéled about 5% of a Ce rich
second phaszse 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 ﬁis X-ray measure-
ments, The second phase is insufficient to give a supercon-
ducting transition of the observed magnitude (the Ce rich phase
does not appear to be multiply-connected and in any case, a
powdered specimen was also superconducting) but could be respon-
sible for the observed increasé in :xp)at low temperatures,
While on the subject of the h&mogeneity of the specimens
it should be goted that none of i-aRuz,CeRu2 or CeCo2 melt con=-. .
gruently (60), that is,the phase diagram near these compositions

has the form:

l - Temperature
liquid({)
AB + ¢
, AB2
AB
5 * +
AB
X
pure A AB_ AB puré B
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Thus on cooling an alloy of composition AB2 from the melt

there 1s bound to be some'ABX and an A-rich phese formed as

well as ABé. For CeCoZ‘this results in only a small amount
(~n/5%) of unwanted sccond phasc, bubt we have been unable to make

even reasonably single phase LaRu. or CeRu2 by arc melling,

2

(We have also examined a La 94Gd O6Ru2 alloy used by Pefer et

al (77) for susceptibility and e.p.r. measurements, this con-

tains approximately equal amounts of three phases).

The three-phase LaRu_ alloy which was tested for super-

2
condgctivity in fact had three transitions, the main one being
a? 3.12°K, none of which agreed with the published value of
1.630K (114). It seems that X-ray diffraction is not a sensi-
tive enough method for detectinglother phases and any results
obtained for intermetallic compounds which do not melt congru-
ently must be viewed with caution in the absence of further
anngaling treatment and metallographic analysis by optical
microscopye.

With the prescnt limited amount of data it is difficult
to give a detailed discussion of the other X002 compounds,

The known paramagnetic susceptibilities at 300°K of the alloys

measured are given in table 6.2, For comparison that of a
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non-transition metal cubic Laves phase compound, LaAla, is

given as well, (;ﬁp for this alloy has been taken from the

work of Maple (80) and is corrected for the core diamagnetism)..

Table 6.2

Paramagnetic Susceptibilities of MgCu2 Structure Intermetallic

_ o
Compounds at 300 K

Compound X (300) n (EF) Reference
D .
emu/mole  States/eV/atom

TiCo,, 1.5 x 1072 16 (113)
zrCo,, 1.5 x 1072 .1A6 (113)
CeCo, 1.2 x 1072 13 - (108)
LaAl, 0.075 x 1077 0.8 (80)

In table 6,2, formula 6.1 has been used to calculate n,m(EF);

For LaAl2 nx(EF) is a factor of two lower than the value obtained
in chapter 3 (n(Ep)=1.h étates/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:m(EF) given in table 6.2
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with those of Fig. 6.1, where TCQLO.OEOK for nAxKEF):z 2 states/
eV/atom, it is understandable thatTiCoé_and ZrCo2 are not o

superconducting downto O.4°K, the question is, why is CeCo2
a superconductor ?

Both L4-~valent Ce and 3-valent La have an empty Lt shell
and the possibility of a different mechanism for superconduct-
ivity in La (and U), involving occupation of virtual 4f levels,
has begn raised by some authors, for examﬁle Kuper et al (109)
(1963). Alternatively Peter et al, (77) (1967), suggested
that LaRu2 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 MgCuz
structure which have been found to be superconducting up to now
arg those containing La and Ce, although the hexagaonal, ManZ
structure compounds ScRua, YRu2 and ZrRu2 are superconducting
(ah). Some other MgCu, structure phases TaCo,,TiRu,, HfRu,
and NbRu2 have yet to be tested, Before further speculation
is made about CeCoZ it would be interesting td know,

(a) If the Pauli paramagnetic susceptibility of superconducting

ScRua, YRu2 and ZrRu_. is as large as that of CeCo

2 2!
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(b) If the remaining,MgCu_2 structure, XRu, and XCozcompounds

2

are superconducting and yet also have large values of n%(EF),

If (a) or (b) were true then the '4f mechanism' would not be
needed to explaln the superbonductivity 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 HfCo2 and NbCo2 where M was constant (to within O.lﬂH)

from 14°K to 0.4°K, for ScCo, there was a smooth increase of

2
0.5/H in M from 14°K to 1°K eni then a decrease of 0.5 /H doun
to 0.4°K. The corresponding variation in AC (174 c/s)
susceptibility is ~ 5 x ’10"3 emu/cc,y10f1 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. the remaining XCo., alloys should have been tested for Fe,

2 2
Unfortunately most of the alloys were returned to the Solid State

Division, Harwell, before this was done and only TiCoZXand Zr002

have been tested. This has been done recently and, as for CeCoa,

~ 100 p.p.m. of Fe impurity was found by emission spectroscopy.

-
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Although Abel and Craig (113) made measurements of 20 (T) down
to 4,29 on these alloys such a small concentration of Fe
impurity, even with.a giart moment v ?/LB/atom would not have
given a detectable contribution to X% comparcd with Qﬁp(m).

Therefore it is still possible that higher purity ZrCo2 and

Ti002 will be superconducting,

In conclusion then, further measurements on the XCo2

and XRu2 systems are required.- For measurements of TC care
must be taken to ensure that contamination with Fe does not
occur. For measurements of :x tﬁe specimen must be truly
single phase, These should then throw some light on the sup-
erconductivity of the CeCoa, CeRu2 and LaRu2 compounds and on

that of neighbouring ManZ structure compounds.
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APPENDIX I

Transition Temperatures of LaA12 arnd La Alloys

2

R_A
1—-X—3E L

Unless stated otherwise these temperatures were determined by the

AC method,

Key to tables: a, b, ¢, d refer to metallurgical features (i),

to (iv) respectively in Chapter 3, section 3.k.

hh, electron prove analysis indicates overall homogeneous impurity

N

distribution, to within 10%.

h, indicates homogeneous impurity concentration in LaA12 matrix

only (to within 20%), there are small regions (~101t) of higher

/

impurity content.

i, inhomogeneous impurity concentration:
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anneal 24 hrs 85000
TC obtained from HC(T)

He level very low,
transition on warm
up was at lower temp,

arc melted button

powdered specimen

new batch La

LaAl2 Samples
Spec, T 80% Metall, Elect, Source Remarks.
No. o] width examin- probe
md, ation analysis
1 3,19 + 2 h La Jolla
1 3.24 a,b
2 3.2 Y8 a,p,d 1
30332 - 10 ;
3.28 =5
4 3,28 %11 a,d 1
5 3.23 %15 a 1
6 3,19 = 30 Harwell
70 3.1 Harwell
2.1
8 3.25 <+ 20 B'han
LT, ~90
+ 1L 2.86 +50 1
oL 3,24 L8 1

same batch La as f}1L



La

Tm ALY

—exTx2
3.0 2.89
2.0 3.01

L,0 2. 74
0.89 3,106
h,2 2.76
5.7 2.6L
7 o2 2.17
7.2 2.39
5.0 <1.3

8.73  2.30
9.5 3,0k
0.9 3,06

80% Metall, Elec, Source
width examin- robe
md ation analysis
. )
- 50 a La Jolla
+ 60
— 20 a h 1
- 0
: gO a,d h 1
<12 é 1
+
- b a,b,c,d, h 1
+
- 18 a,b,c,d h 1
+
-~ 200 a,b,c,d i 1
+ 160
~ 130 a,b,d 1
a
12 a4 h 1
+ -
-~ 30 Harwell
+
- 30 Btham

212

Remarks

Later powdered,
used for X (T)

x=1.3%.e~probe

x=5.3%,e~probe

of f Tc(x) graph

I

Small specimen
trans. not detect,

x=9,0%,e-probe

powdered before
measurement
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A
La,  Tm Al, (contd)
Nom, T 80% Metall, Flec, Source Remarks
Conc, " width examin- probe
x %. 2§ md ation analysis
0a5 : a,b La Jolla
The remaining specimens were made from 99,7% La
+ : '
k.0 2.33 - 100 Only 1 arc melt
4,0 1.54% £ 100 : After 2 hrs @ 600.°C
4,0 2.9-2,2 After 48 hrs @ 1000°C
+
2.2 E%gg 52 ¥ ?50 : 2 transitions, (b)
: - is very small -
6.3 2.14% £ 50
8.7 2,74 =~ 30 Ooff TC graph
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21k

ILu inclusions

nom, concentratio,
1.2-1.5xlarger
than those from

accurate e~probe

possible because
of coincident La,
Pr, X-ray lines

used for 2C(T)

qu_ Lu A12
Spec, Nom. T, 80%  Metall. Elec. Source  Remarks
No, Conc, o width examin- probe
% x  _K md ation  analysis
0.5 3.20 %7 La Jolla
2 3,15 % 15 a,b,c h 1
present, .
3 3.12 ¥ 16 a,b,c h 1
5 3,06 iAég a,b,c h 1 j e-probe.
£§1~ Pr A12
2.0 2.1% 50 a,b h A
.98 1.49 I 10 1
7 FIL 2.9 9 100 analysis not
:7{;’-2L 4,02 1
It +
7f3L 3.42 0,925 - 3 1
La Th Al
2 x—x =2
#2L 0,8 1.28 920 a,a 1
§a + 8 )
4-3L 0.6 1.88 a,d hh 1 probe
fr - 80 ?

x~,59%
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used for e.p.r.

1,88% from e-probe

ti

5 La, .Tb AL, (Contd)
Spéc. Nom, T 80% Metall, FElec. Source Remarks
No. Conc, - width examin- probe
%_5_ ng md ation analysis
# 4L .37 2.43 %5 a,d hh 1
+ 5L 1.87 a,d 1
:,//- 6L 1.16 1
4L 122 0077 7 igo 1
6 ta, Jo AL,
1L 2.41 <ok 1
#213 3.01 <6,1+ 1
431, 2.0 1.2 %90 1
1.57 2,09 £ 80 a nh o La Jolla
7 £§1—Xgixél2
f,iﬁ; 1.42 <ok 1
Han  1.62 <o.b 1 »
4E3L 1.09% 1 "

Mot measurcd yet



La, Jr AL,
Spec. Nom,
No. Conc,
% x
0,47
0.5
1,03
7!751]; lle?

2.4

2.k

T
c

"X
2.88

2.96

2.0
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80% Metall. Elec. Source Remarks

width examin- probe "

nd ation analysis

g a,d hh La Jolla

Iz Harwelll used (powder)

for M(H)

26 a,a 1

-~ 30

+ Lo 1

+ 200

~ 300 1 off TC(X) graph
The remaining specimens from 99.7 % La

- 300 N

+ 1400 1 one melt only

- 300 1 after 2khrs @ 600°C

+ 100 ,

90 4a 1 .

Sy ¥} 1 48 hrs @ 1000°C

2 transactions
- 60 1 surface removed

1.87

+100
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