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ABSTRACT

This work concerns measurements of the thermal ex-
pansion of Cu Mn (% - 7 at %), Ag Mn (1 - 7 at %) and Pd Mn
(2.8 at %) alloys in the temperature range 2} - 30°K.

The magnetic properties of these alloys are well
described by the Anderson model when the strongly magnetic
approximation (the s-d mode]) is used to represgnt the im-
purities and their interactions. In the literature an
oscillatory (R.K.K.Y.) type of interaction ié assumed to be
dominant and the transport and.thermal properties of these
alloys are usually analysed in these terms. Thermal expan- -«
~sion and specific heat‘measurements taken in conjunction
lead to estimates of the Grlineisen parametef which characterizes
the form of interaction between impurities and is of interest
in the present work.

The technique used to carry out this work is based on
thét devé]oped by G.K. White in which movement of one end of
the specimen is detected capacitively using a ratio-arm trans-

7

former bridge; we achieved a resolution of about 107/ pF

which gives a length change resolution - 107! m.  The ends
of the specimens and cell have to be polished both flat and
parallel, in the absence of much guidance on this in the
literature, full details of the procedure are given.

Markedly anomalous behaviour was observed in all of
the alloys, with an expansfon coefficient attributable to the

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

temperatures. We have some evidence for structure in the



curves representing excess expansion observed in the high
concentration Cu based alloys. Finally, the estimated
values of the Grlneisen parameter indicate that the magnetic
interaction energy in these alloys has a stronger volume

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

ASPECTS OF MAGNETISM IN DILUTE ALLOYS

I. LOCAL MOMENT FORMATION

‘In the following sections a description will be preSented.

of models connectédeith the local moment formation problem.

(a) The Friedel Model

Significant insight were first achieved by Friedel
(1958) who considered the addifion of an impurity atom to a
metal in the following manner: the host metal was described
by a ffee electron gas and the impurity gave rise to a self-
consistent spherically symmetric potential V(r). Con-
siderations of symmetry lead to the scattering of electrons

being represented by the equation

r re L )
{—ﬁészﬁ‘{r( %}+ %’ + ch)jzjg(r): Ejg(v‘) (1.1)
~c kv 2i§ ikr

where | ﬁ(r) ~ é + € (I.2)

describes the scattered partic]e-when far from the impurity
and S, is the phase shift suffered by the particle upon

scattering.

2(2 ) .
Note the term —L?§ll in (I.1); it represents a barrier
between the outside free electron states and those states of

quantum number ¢ that can be bound by V. Suppose V is nearly
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capable of having a bouﬁd state of quantum number ¢ then we
afe in a situation where one gets resonance scattering.
—;~—'This so called virtual bougﬁ state resonates with the g
spherical components of the plane waves. As a result it
spreads out in energy by an amount A about an average energy

Eq- The phase shift behaves like (see fig. (1))

5,(€)
Wh—mmmmmmommme o
i .
]
]
‘ :
B § P |
t 2 i t
I
.
P
|
—+5d
} ]
|
S
o Ex Eg €

Fia. (1)

and this implies a localized density of states given by

' ;g_zw d%,6E I.’3
g (8) = &L % o)

Two of the main aspects of this model are the charge neutrality
condition and the localization of the resonance. Friedel

obtained the fo]lowing_sym rule

Z :.2/77” %: (2[%/] ée.(EF) ' (1.4)_



where Z is the excess charge of the impurity compared with
the host. This condition requires that the virtual levels
be very close to the host Fermi-level. Anderson has
emphasized that the virtual bound state is localized more
within the region of the perturbing potential than the corre-
sponding bound state. '

For the impurity to have a magnetic moment Blandin and
Friedel modified the model and allowed V to become spin
dependent. They found that the non-magnetic state would be
unstable against the appearance of a magnetic moment if the
following condition was satisfied, 2eq, p,(Ep) > 1, where e
is an exchange paramefer and Ep is the Fermi energy of the
host metal.” If this inequality holds then the resonance
sﬁ1its in energy and we have two states, one for each spin
type. Because of exchange correlations there is a population
difference between these states and hence a magnetic moment.
Us{ng the above approach these authors managed to explain
successfully the behaviour of the residual resistivity when
3d transition metal 1mpur§ties were added to aluminium (non
magnetic case) and copper (magnetic case).

(b) The Anderson Model

Anderson proposed that the states of an impurity imbedded
in-a simple metal can be described by the fd]]owing Hamiltonian

(see Moriya (1967)).

H= H, + Hy + Hed (1.5)

where

_ | t+
Hc - D_Zk Ek Qko— ako‘



H = z 6 Cmr ms * Uz C mrcm’ m'y

mm'

+ (U-T)ZZ Z Cmo' Cer’ C wm'g
/JEd = > 2 b3 V’ (le_ anu-4“ C ku')

o k M

€k gives the energy Spectrum of the host-matrix conduction
electron band; azc, a,, are creation and annihilation operators
for a conduction electron whose state is defined by the wave
number k and the spin gquantum number o; C;c and Cm0 are
simi]ar_operators for the state (m, o) of the impurity atom,
eq is its energy; U and J are the intra-atomic Coulomb and
eXChénge energies for the impurity; mG represents the ad-
mixture between the state m and the state k.

To get at the physics of this model one solves for the
Gréen's function ofAthe system. In order to make the problem
mathematically tractable Anderson worked with the Hartree-Fock

épproximation of the above Hamiltonian. The modified Hamil-

tonian is then given by

H _ZE q’ +ZE,,,0- e Comis ZZI/ (a Cm,+[‘ ab)(l .6)

where

k& kU’

Ems = Ep+UZ N, (u-I)Z R, (L)
m’ M- m’ (#m) ;
represents the energy of the 1oca11zed state. Formally, the



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

following equation

(€ +is - HE _ T )6%e) + Hog G()= | (1.8)

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

density of localized states.

O (€) == Im £ Gy (€

=L ApC€) A( € - Eppy - BE, ()5, 0 ] (1.9)

where 2Em () -£4,06)=% Ve Ve (€ #is- 5k>-'
k.

This must necessarily satisfy

no - [5% efce) (1.10)
mo ~ d € fm _ .

and together with (I1.7) represents the self-consistency
condition. '

In order to recover Anderson's original formulation for
the nondegenerate orbital case, one removes the label m and
treats GE; and 4. as energy independént. Thi; procedure
applied to the solution of the self consistency equations leads
to the familiar criterion for the appearance of a magnetic

moment

Ue:(&}) >/ | (1.11)

where

ef(e) = A/ﬂ_ | /5(e - Eqq)t + A7 ]



-6~

a8 = 1<V2>5p(e); p(e) is the conduction electron density of
states; d labels the non degenefate orbi£a1.

| The next figure illustrates the case where the above
condition is_satisfied and there is a magnetic moment at the

impurity.

F1G.(2) DENSITY OF STATE _
DISTRIBUTIONS FROM ANDERSON -
(19671)

DENSITY OF STATES

4

The diagram (fig. (2)) shows that in tﬁe magnetic case;

Ny,> # <ng,>s the “d" virtual levels sit above and below

the Fermi level for up aﬁd down spins respectively.
Schrieffer and Mattis (1965) have shown, in the Tow

density 1limit i.e. <ng> < 0.3, that the above treatment over-

estimates the tendency for the impurity to polarize. By .

considering the contributions of repeated e]ectron-e]egtron

scattering they arrived at the fo]lbwing criterion for the

existence of a moment L ' '

U% Al) 2/ _ - (1.72)



.

They showed tﬂat this condition is never satisfied even when
the Coulomb repulsion (U) tends to infinity. However in the
case of degenerate orbitals a moment can exist at the impurity.
The conditions for the appearance of a localized moment, when

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

(U+20T ) g, (&) > 1 (a)
- : Y (1.13)

S (u-T7)p, () &I (b)

pl(e) represents the density distribution of.these
degenérate levels. Condition (a) ensures the existence of a’
" spin moment whereas (b) results in the quenching of the
orbital angular momentum.

(c) Discussion of the Models

The Friedel description can be shown to be a special

case of the Anderson model wheﬁ

LEex = U . Ge) =@y Ce) (r.14)

In fact, for the non degenerate orbital case, one can write

the phase shifts appearing in the Friedel model as

0y, = om” 4>/(Edrf-6) (1.15)

This equivalence between the two approaches does not obscure
the fact that the Anderson model is the more comprehensive.
However, the Hartree-Fock solution of the Anderson model is

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



leading. A fundamental difficulty is that the HF solution
predicts a phase transition for the impurity from non-magnetic
to a magnetic phase‘at é critical value of the paraméter u/a.
This cannot be true since the system under consideration is
finite in size. Another false conclusion of the HF approxi-
mation is that the magnetic moment would disappear when the
temperature of the system bgcomes comparable with the energy
splitting of the up and down spin virtual levelé. Experi-
mentally it has been shown beyond any doubt fhat the value

of the magnetfc moment goes uprwith increasing temperature.
Obviously one needs to solve the dilute alloy problem in a way
~which takes the above hentioned features into account. The
following section describes briefly various.recent attempts

at an improved solution of the alloy problem.

(c.1) Equation of Motion Approach

Theumann (1969) considered the non degenerate orbital
form of the Anderson model. The Hamiltonian in this case
reduces to

’ e, clC

;4 - g;} ‘ﬁk akv'akc' i E; d “do “de

J

t F
+ U Cup Cyp Cay Cau

tr t
+ V g:o, (ako' Cdo" + Co(d’ ako‘) (1.16)
9

A11 the terms retain their previous definitions except that
de is taken to be independent of k. |
By truncating the equations of motion of the Greens'

functions for this system in such a way that the correlation



between electrons at the impurity is not lost, one gets
qualitatively correct behaviour for the resistivity R(T) and
susceptibility x(T). R(T) has a term which increases mono-
tonically as T - 0 but R(0) is finite. x(T) is Curie-like

at high temperature but as T » 0 the Curie 'constant' vanishes
‘indicating that the magnetic moment at the impurity is compen-
sated. These theoretica? predictions are a considerable
improvement and are in general agreement with e*perimenta]
observations. The main objections to this épproach are that
there is no physical justificafion for the decoupling procedure
used and that the solution is valid only in the Timit U » . .
~Indeed the solution (sée Oguchi 1970) for the case U = -25d
shows that various physical properties of the system lose their
¢nT dependence and are only weakly dependent on T at low
temperatures. This is contrary to theoretical expectations
and experimental observations.

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

Basically there are two distinct theoretical approaches
which exploit the eoncept'of localized spin fluctuation. One
view assumes that the spin at impurity has a characteristic
lifetime t and depending on whether KT > r'1x(h) or
}KT < r-]x(h) one sees a magnetic or a non-magnetic impurity
respectively. Considering the non-degenerate d-orbital
version of the Anderson model (;ee Zlatic Thesis, London (1973)),
with the term involving d-electron correlations taken to be
zero (U = 0), one finds that the characteristic life-time

T = A_l. The static susceptibility has Pauli-1ike behaviour
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as T - 0 and is Curie-like as T - =, the change in regime
taking place at a characteristic temperature of the order
A/K.‘ With U non-zero the double-occupancy of the orbital
becomes unfavourable; wup spin d-electrons "repel" down spin
d-electrons or equivalently "éttract“ down spin holes (this is
the opposite point of view to that of Schrieffer and Mattis
(1965)). Due to this attractive interaction the lifetime of
a given spin state is proiohged and (1 > A-]) increases with
increasing U. |

Zlatic et al. (1974) have assumed that the dominant
process at the impurity is this electron-hole scattering;
By evaluating the d-electron self energy due to this process
they have established that the LSF theory gives basically
correct features: above a charaﬁteristic temperature T, one
has a twin peaked density of states as expected from HF solution
of the Anderson model and below Ty one has'an additional sharp
peak situated at the Fermi level, this latter feature fitting
in well with current thoughts about the Kondo problem.
Attempts at improving this sé]ution have led to results whiéh
a}e at variance with experimental facts (see Hamann (1969)).

The second approach fo ufi]ize the idea of spin fluc-
tuations is that due to Hamann and Schrieffer et al . They
transform the partition function, of the system from one
involving é time independent Hamiltonian with particle-particle
interactions to a partition function for a system of free
partié]es interacting with a time dependent external field.

Again, in what is known as the static approximation, one gets
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results which indicate a smooth transition from non magnetic
to magnetic impurity in the Anderson model. This approach,
however, involves mathematics which is not very easy to handle
and as a consequence explicit evaluation of various physical
properties of the system has not been forthcoming (see Hamann

and Schrieffer (1973) for further details).

IT. IMPURITY-IMPURITY INTERACTIONS

{

It is apparent that theoretically the question of the
existence of a magnetic moment is not settled. In what
follows, however, it will be assumed that a well defined
spin exists at the impurity site. Our main concern here 1is
to consider what form the interactions between impurities take
and we discuss (a) the indirect coupling due to ethange with
conduction electrons and (b) interactions due to resonance
scattering between‘impurities and conduction electrons, and
fiha]]y'(c) direct interactions due to exchange and covalent

mixing between solute atoms.

{a) Indirect Coupling between Magnetic Moments due to Exchange

with Conduction Electron Spins

Effects due to interaction between impurities are
observed in alloys such as Cu Fe and Cu Mn even when the con-
centration of impurities is no more than a féw parts per
million (see Rizzuto (1974)). Yoshida (1957) was able to
explain the small knight shift observed (see Owen et al. (1956,
57)) at Cu nuclei in Cu Mn ai]oys by analysing the polarization

of conduction electrons in terms of the s-d model. This model
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is based on an exchange interaction, between impurity spin
and conduction electron spins, which is assumed to be of

the form

H = -/Tc}) S «Scnd3r (1.17)

where S is the impurity spin operator at r = 0; §c(3) is the
conduction electron spin density operator; J(r) represents
the coupling and is usually treated as an adjustab]e parameter.
By assuming a delta function interaction and treating
the impurity spin as an external magnetic field (see Doniach
1967) one arriyes at the following expression for tﬁe inter- -

. action between impurity spins:

' 2 -I .
H() =-T T X, (gre ¥Fs, s, T 1w
S
8
where xo(q) is the susceptibility of the electron gas and
Sy» S, represent spins at two impurity sites. The form of

(I1.18) is critically dependent on x(q) and for a free electron

gas (I.18) reduces to

H (v) = (Bn/N)oZTyEFJ_z F(o?kFr)_'é,'gz (1.19)

RK.KY
where n = no. of electrons in the system
N = no. of lattice site§

and F(x) = gu(x cosx - sinx).
Imp]itit in the above analysis is the fact that the conduction

electron spin density is peaked at the impurity and is of
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oscillatory form away:ffom it. Watson and Freeman (1966,
1969) discarded the & function approximation for J and evaluated
it exp]icit]y. Theif results indicate a shift in the con-
duction electron spin density from the impurity site and a
considerable increase in the positive density region around
the impurity.

Extension of the R.K.K.Y. interaction to the case of
an exchange enhanced host was carried out by Wolff (1960).
He derived the following expression for the susceptibility of
conduction electrons interacting with each other via a screened

constant potential v,

X(@) = Xe@) /(1 ~av x°(°’)/("/v3§‘p8=) (1.20)

This result leads to an increase in the amplitude of the
R.K.K.Y. interaction relative to the free electron case and
the first zero of this oscillatory interaction occurs at
greater radial distance. Giovannini et al. (1964) managed
to get quantitative agreement with electron spin resonance
Hata on rare-earth alloys of palladium by considering Pd as
exchange enhanced. Another feature which has an effect on
the size and range of polarization of the conduction electrons
is the magnetic stafe of the host. Kim and Schwartz (1968)
found that when the magnetization fs small, such as in Pd,
the spin polarization is large and the range is extended

. whereas in Ni, where one d band is full and the other empty,
the polarization is small and localized; they showed that

the behaviour of Fe lies between these limiting cases.
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De Gennes (1962) considered the effect of the finite mean
free path of conduction electrons and came to the conclusion
that the size of the polarization is reduced and is also
phase.shifted. Indeed, the R.K.K.Y. interaction is tem-
perature dependent because of the m.f.p. effect.

Finally, it must be-stated that in the limit of the
strongly magnetic impurity Schrieffer and Wolff (1966) have
shown that the Anderson Hamiltonian can be transformed into
an effective s-d Hamiltonian with a negative exchange Eonstant

given by

2
J;ff = & lvkd/ “/r-:-d (Eq + W) (I.21)

Therefore tﬁe exchange integré] appearing in the s-d Hamiltonian
has two terms one positive due to the direct exchange and the
other negative arising from the admixture of s and d states.
Nevertheless as is discussed below one can evaluate, without
using this correspondence, the effective interaction between
impurities based on the YKd term appearing in the Anderson
model.

(b) Interaction due to Mixing

Anderson and Clogston (1961) have demonstrated that the
de term Teads to two contribﬁtions to the conduction electron
polarization: ferromagnetic, parallel to tﬁe impurity moment,
due to the mixing of sand d states, and antiferromagnetic
caused by the shift in energy of the conduction electron states.
Kim and Nagaoka (1963) have shown that in the symmetric case

in the strongly magnetic limit the conduction electron
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polarization due to VKd is of the R.K.K.Y. form with an anti-
ferromagnetic exchange constant. Moriya (1967) has also
éonsidered the effect of impurities on conduction electron
polarization. Within the framework of the Anderson model

he estab]ished that, with more than a half-filled host band
and more than a half occupied impurity level, a parallel
polarization was induced but if either the impurity or the
host band occupatioﬁ was less than half then the polarization
tended to be antiparallel. Moreover, he found that intraband
exchange led to an increase in the épatial extent of the
po]afization. These conclusions are consistent with the
behaviour of impurities such as Fe, Ni in Pd (parallel case)
and py Cr in Pt (antiparallel case).

Caroli (1967), by applying Friedel's phase shift analysis
to the Anderson model, found a mechanism which gives an inter-
action that is an order of magnitude larger than the R.K.K.Y.
foé-a]loys such as.sg Mn. He showed that the phase shift
suffered by conduction e1ectrons‘at one impurity site leads
to modification of the admixture matrix element at a second
impurity site, effectively making the width and position of
the impurity energy levels functjons'of the distance between
impurities. Thus the number of electrons present at a solute
site is controlled by interimpurfty separation.  This effect
can be formulated as the following expression for the inter-

action energy:
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H(Y") = E% (22*/) Sin s’fﬂ' Siusero

T &'

,; G5 (o?/cpv-+geg-+gerr) S, -Sa.

(kpf*)B
= A Gr (2ker '/-jb) S-S, (I.22)
(her)3
: 7/
For Cu Mn A = 2.4 eV whereas the corresponding constant, A,
using s-d exchange model has the value 2.10'2 eV. This

demoﬁstrates that the interaction due to double resonance
dominates in such alloys.

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

It has been suggested (see Freeman and Watson (1961))
thaf it is the d-d admixture rather than direct exchange
which is the dominant mode for interaction between nearest
neighbour impurities. This idea was developed by Alexander
and Anderson (1964) who extended the Anderson Hamiltonian
by adding a term involving Vdd which represented the transfer
of d-electrons from one impurity site to another. Their
conclusions, later refined by Morjya (1967), were that depending
on the occupation and on the position of the density of states
of the impurities one has ferromagnetic or antiferromagnefic
alignment. The energy gained by competition between ferro-

magnetic and antiferromagnetic alignment is given by

£ e - Vi (G Friar)
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Where F=F, +F

4 +
Fg’ = - A ( ’VL(O) - NJ_G.(O)
£°(c) — EF(0)

and N? ,(0), E? ,(0) are the number of d-electrons and the
9 ? .

impurity energy levels respectively when Vdd = 0. Moriya

(1964, 1965) evaluated the above expressions for various

values of N] and N2 and showed that impurities With nearly

6

half-filled d shells (d5 or d°) such as Cr and Mn align anti-

ferromagnetically whereas those (Fe, Co) with nearly full

d shells (d8 or dg) align ferromagnetically.

ITI. THE SPIN-GLASS STATE

The basic picfure of a spin-glass has the following
framework. It is a collection of randomly distributed spins
inla predominantly conduction electron environment. Below
a certain temperature, Tm, the directions of these spins are
frozen in such a manner as to preclude long range order.

To develop any undérstanding of such systems one must
know the explicit form of the interaction between these spins.
As has been discussed in earlier sections, this is a complex
problem. One possible solution, readily used by many authors,
is to assume the interaction to be long range and oscillatory
of the R.K.K.Y. form with an adjustable parameter for the
coupling constant. A more recent theoretical approach relies
on an exchange interaction whose values have a Gaussian dis-

tribution. In what follows we hope to convey an idea of
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what the various theoretical works have produced. And later
on, for the alloys considered in this work, a comparison will
be made between measured properties and theoretically derived

results.

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

Marshall (1960) initiated this approach by-his ex-
planation of the specific - heat observed in Cu Mn (Zimmerman
and Hoare (1960)). He postulated that the magnetic field,

H, experienced by a spin has a probability distribution P(H)
which, centred at H = 0, is Lorentzian in shape at high
temperatures while in the low T region it is twin peaked with~
- a finite P(0) inversely proportional to the concentration

of impurities, c. The double péaked structure is necessitated
by the fact that at low T spin-spin correlations would cause
spins to experience larger fields in order that the enefgy of
thebsystem be lowered. By evaluating the energy of the spin
system Marshall demonstrated that the low temperature specific
heat was independent of ¢ and proportional to T.

Klein and Brout (1963) took this idea a stage further.
They explicitly calculated P(H) for a system of Ising spins
with an R.K.K.Y. interaction. 'They divided the volume around
an impurity into two parts: a region, within a radius Rc’
in which impurities are strongly correlated and an external
region with which the spin at the origin has only a weak
correlation. These two regions give a different probability
distribution of fields at thé origin and by convoluting the

two distributions one gets the double peaked P(H). Numerical
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results of their theory'are in good agreement with the
specific heat and susceptibility data on Cu Mn. Klein (1964)
then investigated concentration and temperature dependence
of P(H) and concluded that the spin at the origin experienced
larger fields when ¢ or T were increased. This temperature
behaQiour of P(H) was shown to be incorrect (Mossbauer measure-
ments). By negjecting spin-spin correlations and applying
what he called the 'mean random field approximation' Klein
(1968) found the required form of P(H): a Lorentzian with a
width decreasing monotonically with temperature. This leads
to a specific heat which at Tow témperature is proportional
to T and has a maximum at Tmax « C. Also the susceptibility
shows a maximum at a temperature proportional to the concen-
tration.
Rivier and Adkins (1973) generated new

interest in this theory by making the following contributions
to it. They coéverted the problem into that of a random
walk and worked out P(H) for both Ising and Heisenberg models.
For the Ising case, with T # 0, they found P(H) to be a
gymmetric distribution with three peaks below a certain tem-
perature, TL’ and above TL the three peaks coalesce into one
Lorentzian form, This indicateé that, as the short range
order (SRO) disappeérs.above T the local field at the
origin réduces. The width of the distribution is shown to
be independent of temperature as well as short range order,
. and is proportional to C. The Heisenberg distribution was
found fo be isotropic with P(H, = 0) being finite and propor-

. .

tional to ¢~ According to those authors this result makes
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quantities such as magnetic susceptibility and specific-heat
model independent i.e. ising or Heisenberg models give equi- .
valent results. But (seé Anderson (1973)), some authors
believe that the‘éoncentration 1ndependence‘of the low tem-
perature specific heat is an artefact of the Ising model.
Leaving aside this 6bjection, Rivier and Adkins worked out
the temperature dependence of the AC susceptibility and |
resistivity by considering the local magnetisation and the
elementary excitations of such systems. Basically they
assume that ﬁithin a volume of radius R =« c'y3 the spins
cluster together and behave as a single entity hence fhere
is an_or&er parameter, m(T), depending on the averaged local
magnetisation. m(T) was then derived in terms of a local
PL(E) which differed from the more general P(ﬂ) 9n]y in one
aspect: the direction of local magnetisation was taken to be
fixed in PL(E).\ The temperature behaviour of m(T) and x(T)

is shown in figures (3) and (3a) respectively
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The influence of an external magnetic field, H,, .» is also
-.indicated: a finite Hext implies 'a non-zerb solution for

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

-

pl

" in the x(T). |
; For the resistivity these authors first evaiuated the
dispersion of the eieﬁentary excitations. The& assumed spin
waves could not be sustained in a spiﬁvglass and postulated.
that spin deviations diffused through the system. The life-
time of conduction‘electron states.depends on the scattering
from these diffusion ques and hence the resigtivity. ‘Cal-

culations yield the following expression fok the resistivity

R(T) = .”(C.) % | ‘(_1‘.24)“

where A(c) is a function of concentration.
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So far we have discussed the effect of only the general
form of the R.K.K.Y. coupling on the properties of spin-glass
systems. Souletie and Tournier (1969) considered the

functional dependence of the coupling on r; and established

J
certain "scaling" laws for the specific heat and susceptibility
of spin-glasses. Their argument went as follows: if the
concentration is to be altered from c to c¢' all that ene has

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

3 cr3 i.e. we have the same number of particles

r', then c'r
in the new volume. Another assumption they rely on is that
any average of cos (2KF rij) will not change in value if the
concentration is altered. These ideas form the basis on
which the 'scaling' laws are constructed as may be.seen in

»whatifo11ows. The field at a site i is given by

//z = A‘/%L. M Cod (ZkFY“{/'f- 54) (1.25)
_'Z'js.

j the magnetic moment

at site j. By dividing (I1.25) with ¢ and using the above

where A is a normalisation constant and u

. Hi . .
mentioned arguments one can show that El is a concentration
independent variable. Implications of this result on the

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

¢ P(H) = -,C(H/c) (1.26)

where f(%) is independent of c. Furthermore, by consfdering

give

the temperature and external field dependence of M3 it has

been stated that (I.26) has the following general form
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c P(H) = 7C (H/C,'/}'C 7.H¢x£/c) (1.27)

H . .
EXt/c) is a universal function independent

where f(H/., T/.,
of concentration.
Hence for a given alloy system at low concentrations,
ca < 1 at %, a plot of specific heat, ACp, divided by ¢ versus
T/c would follow a unique. function; furthermore the tem-
perature at which the maximum in ACp occurs is proportional

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

expected to show such scaling behaviour:
O—(T) ”ex% = A (T/-C 5 ch%) (1.28)

X(T, Hewt) = B (?c 5 Hexty ) (1.29)
where A and B are functions independent of c.

| éxperimenta] data on Ag Mn and Cu Mn exhibit features
which confirm these results but the fit becomes worse as one
approaches the higﬁ ¢ end of the range. For further details
see the paper by Souletie and Tournier (1969).
(b) The Edwards and Anderson Theory of Spin Glasses (1975)

These authors proposed the existence of a ground state
in which spins align in definite directions, even if these
directions appear,to be at random. "~ Below a temperature TC
the orientation of the spins would be in these preferred
directions. The order parameter they chose to represent

this transition was the probability, q, that a spin at a
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particular site would point in the same direction when
observed at two different times. Furthermore, exchange
interaction between spins is assumed to have a Gaussian
distribution. The thermodynamic consequences of the theory
are that both ACp and x should show a cusp at TC; whilst the
latter is confirmed (Cannef]a and Mydosh (1973b)) the former
is not. Further developments of this model are in progress,

see Sherrington and Southern (1975).
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CHAPTER I1

REVIEW OF EXPERIMENTAL DATA ON ALLOYS

EXAMINED IN THIS WORK

We shall consider the work of several authors, which
has helped in defining the magnetic states of Cu Mn, Ag Mn
and Pd Mn dilute alloys. Each alloy system will be looked
at in terms of measured properties such as resistivity, mag-
netisation, specific-heat etc. The validity of current
theoretical interpretations based'bn the R.K.K.Y. interaction

model will also be considered

I. COPPER-MANGANESE

A variety of magnetic behaviour is observed, depending
on the concentration of the solute, Mn, present in an alloy.
In'the concentration range of the order 100 ppm, single im-
pufity effects are obsérved. At higher concentrations, ca
up to 1 at % classical spin-glass effects, due to R.K.K.Y.
%nteractions, dominate in the observed properties. Super-
paramagnetism or the formation of clusters causes deviations
from the R.K.K.Y. model of a spin-glass as c increases above
1 at % and eventualiy at the percolation 1limit long-range
order sets in, giving an inhomogeneous antiferromagnetic

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

at % of Mn

(a.1) Resistivity

Systematic measurements of the resistivity of copper-
manganese alloys over this concentration range for temperatures
between 4 mK and 4 K have been carried out by Laborde and
Radhakrishna (1973). At tﬁe Tower concentrations (¢ < 100 ppm)
a clear logarithmic contribution proportional to the concen-
tration, rising with falling temperature, is observed. As
the-concentration is increased the logarithmic term is
suppressed by the interaction between impurities and the
results indicate the occurrence of a maximum at a temperature
TM broportiona] to the concentration. ~Below this maximum
tHe resistivity is é 11near.function of temperature with a
slope independent of concentration, see figure (4). At very
low temperatures, i.e. below } Ok for the 1 at % Mn alloy, the
resistivity is no longer a linear function of temperature and
in fact it varies as 12, ~ Results of Schmitt and Jacobs (1957)
~aré in good agreement with the above mentioned data but they
do not extend to low enough temperatures for a complete com-
parison.

Thé zn.T portion of the observed resistivity has been
accounted for by Kondo (1964), who.calculated the scattering
of conduction electrons in the second Born.approximétion
utilizing the s-d Hamiltonian. Silverstein (1966) incorporated
Klein and Brout's (1963) internal field dfstribution description

of such alloys into the Kondo (1964) model and worked out the
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effect on the res1st1v1ty of the red1str1bution;_caused by

the internal field, of the Zeeman‘levels of the magnetif ions.
He found that the 2n T term was suppressed and a makimum
appeared at a temperature proportional to the concentration.
Again_working with the same modéi but in first Born approxi-
mafion, Beal-Monod (1971) has shown that the resistivity below
the maximum depends on scattering from spins with their
orientations randomly frozen in the internal field and from
.thbse spins, in fie]ds sufficient]y'small (gugh << kT), which
are able to flip freely. Beal-Monod (1971) established the
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resistivity to be a linear function of temperature with a
slope independent of concentration, in agreement with the
experimental data.

An a1tefnative interpretation of the experimental re-
sults is due to Riess and Ron (1971). They postulated that
the R.K.K.Y. interaction between impurity spins caused the
local spin states to broaden. Inelastic scattering of con-
duction electron in the Kondo (1964) model is then possible.
Within this framework Riess and Ron (1971) have shown the
resistivity to go through a maximum below which it is a linear
function of temperature and finally it decays as Tz, all of
fhese features being in general agreement with the data on
Cu Mn. Thus different mechanisms, one involving change in
occupation of Zeeman levels and the other a broadening of
magnetic impurity states, lead to qualitatively similar results
which are also in agreement with experimental observatidns.
Homever at present there are insufficient grounds for preferring

one theory rather than the other.

.(a;2) Susceptibility and'Maggetisation

Magnetisation has been measured in both static and
dynamic magnetic fields. Hirschkoff et al.(1971) and Careaga
et al. (1967) have measured magnetisation im the concentration
range extending up to 200ppm whereas Owen et al. (1957) and
Schmitt & Jacobs (1957) have carriéd out the same measurement
on alloys with solute content of up to and'greater than 1 at % Mn.
- A1 fhgse measurements were carried out in a static field and

the results of the various measurements overlap and are con-
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sistent. Cannella and Mydosh, (1973a) however, have measured
the susceptibility of these dilute alloys in a small (5 0e rms)
oscillatory magnetic fie]d and found the susceptibility as a
functfon of temperature to pass through a very sharp peak.
This was an unexpected result and it remains to be seen if the
same effect can be observed when the static magnetisation is |
measured in such a small field. '
Measuremenis of Hirschkoff et al. (1971) show that the
suéceptibi]ity of the Tow concentration alloys is CurieFNeiés
‘1ike at high temperatures with an effective moment, <y cc>,
of the order 4.44 up pe? Mn atom and the Weiss constant,
® = 9.5 mK, being independent of concentration. At a ‘tem- .
perature, Ti’ an abrﬁpt change in the susceptibi]ity,'measured
in a field of the order 10 0., takes pléce'and bélow T, it

becomes independent of temperature (see Fig. (5)).
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The "break" in M/H broadens when measured in higher fields
and, below Ti’ M/H goes to lower values as H changes from

1 0e to 100 Oe (see Fig. (6)).
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Ti’ the ordering temperature, is found to be a linear function
of concentration and moves to higher values wfth applied field.
An important feature of the above mentioned data is that plots
of % versus H/C fof the same value of T/c follow a Universal
curve (Fig. (8)). This scaling behaviour and the overall
behaviour of the magnetisation will be discussed later in terms

of relevant theoretical models.
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In slightly more concentrated Cu Mn alloys
(0.05 < ¢ < 1 at %) many of the features seen in the very
- dilute alloys are also observed (Schmitt and Jacobs (1957)).
The Curie-Wiess law at high temperatures is followed with a
saturation moment of 4 ug per Mn atom and a small positive Wiess
constant is found. The low temperature isothermal magneti-
sation of alloys containing up to 0.2 at % Mn shows deviations
from lonearity but no hysteresis. At higher concentrations
(c> .2 at %) hysteretic effects are seen with a finite remanence
and the susceptibility passes through a maximum at a temperature
slightly lower than 9. In addition to this anomalous be-
haviour the magnetisation displays an unusual field-cooling
effect; remanent magnetisation detected after the application
and removal of a magnetic field at a certain temperature
behaves'very differently from that remanent magnetisation
measured after the removal of a fixed field in which the
samp]e is first cooled from a h1gh temperature 77°K or 300 K)
to the same temperature measurement Although both the iso-
thermal remanent magnetisation (I.R.M.) and the thermremanent
magnetisation (T.R.M.) saturate to the same value, the latter
saturates in a much smaller field and has a larger magnitude
than the former at lower fields.{see Fig. (7))

These authors report that such behaviour is represen-
tative of copper alloys containing 0.4 at % to 1.8 at % Mn
and that the remanent magnetisations decay isothermally with .
“time. |

More recently (Cannella and Mydosh (19733)) the a.c.

susceptibility measured in an RMS field of 5 gauss using a
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low frequency (17 Hz - 155 Hz) AC mutual inductance technigue
has revealed a toté]]y unexpected behaviour, sharp peaks are
Seen at Tm when x is p]otted against T. The concentration

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

M where m = 2/3. ~In other respects the suscept-

tional to ¢
ibility behaviour ie very similar to that observed in static
measurements; at high temperatures it is Curie-Wiess like
and the ratio of the susceptibility value at T, to that value
,.aS‘T ‘tends to zero is‘independent of concentrétion. |

The problem of interpretation of the magnetisation

results has become.complicated due to the work of Cannella and
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Mydosh (1973a). The mean-field Ising model approach Klein
(1968) explains a great deal of the observed effects but at
the moment the model does not contain sufficient information
to explain the sharp peak in the AC susceptibility. Indeed
Adkins & Rivier (1974) postulated the existence of a local
ordering phenomena in the alloy to explain the sharp peak in
the susceptibility but their model does not give the Eorrect
concentration dependence of T _.. ) |

Calculations by Klein (1968 ), based on the so called
mean random-field approximation, whére in the expression for
the field probability distribufion P(H) all functions of
fields at sites other than the origin are replaced by their
-mean value, show that the susceptibility is Curie-Wiess like
at high temperatures and has a maximum at a temperature
proportfona] to the concentration. He also found that in the
limit of T tending to zero the susceptibility goes to a con-
centration independent value and that the difference between
x(T = Tm) and_x(T ; 0) does nét vary with concentration.
Data measured by Careaga et al. (1967) and Hirschkoff et al.
{]971) indicates the Klein's work possibly leads to the
correct interpretation. Moreover certain concentration
dependences observed in this daté implies behaviour which
can be labelled as 'scaling' and an attempt to discuss this
phenomenon will be made below.

Dué to the random distribution of impurities in such

'a110ys, Souletie and Tournier (1969) have stated that under

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

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

number of impurities in the new volume (crg c'r'3).

3

Con-
sequently the product cr” is an invariant and any other
property, such as magnetisation, which does not change upon
such a scale transformation would depend on this invariant.
Indeed P(H), the probability distribution of internal fields,
must be constructed in a way to make it an invariant of scale
transformation becéuse a]j'the magnetic properties are aVeraged

over this distribution. This argument leads to the following

invariant form for P(H)

P(H) = A £ (W) -

where the normalization condition implies that A = 1/c.  Two
conclusions concerning magnetisation emerge from this; firstly
that for a fixed C/s magnetisation divided by Mn concen-
tration as a function of the ratio of applied field to concen-
tration should be a Universal curve, secondly, the initial !
susceptibility should tend to a concentration independent
value as the tempefature'goes to zero. For ¢ below 200 ppm
lof Mn there is good agreement between the above theoretical
predictions and the experimental data of Hirschkoff et al.
(1971) and of Careaga & Tournier (see Souletie and. Tournier
1969), as can be seen in figures (8) and (9).

(a.3) Specific Heat

The excess heat capacity, Cm’ over that of pure copper
is approximately proportional to temperature and only weakly

dependent on concentration, (see Fig. (10) Zimmerman & Hoare
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data) At h1gher temperatures than shown 1n the f1gure (10)
tm passes through a maximum. It is evident from the

Zimmerman and Hoare (1960) data that the temperature at which
'the anomaly occurs sca]es as ¢ /3 _

The mean-f1e1d approach developed by Klein (1968) ]eads
- to an expression; for the specific heat, which is a linear
fenction of temperature and independent of concentration at
Tow temperature, all of these feafures being in good agreement
‘Wwith the data shown in fig. (10). The calculated spec{fic
heat has a maximum at a temperature proportional to the con-
centration, whereas the experimentally determined specific

. - 2
heat has an anomaly at a temperature proportional to ¢ /3:
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Another aspect of the conventipnal theory which is at odds
with the experimental results is that invo]ving ‘scaling’.
Souletie's arguments require the specific heat divided by
the concentration to be a universal function of the réduced

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

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

- Absorption of microwave power by the impurity spin
system in dilute Cu Mn alloys is dependent on the interaction

between the impurity spins and a study of the absorption.line

N. .
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shape coupled with the determination of resonance field shift
as the temperature is lowered éharacterizes the type of
ordering the spin systemlgoes through. At high temperatures
(77°K - 300°K) Owen et al. (1957) have found a single Lorentzian
absorption line for alloys containing 0.5 and 1.4 at % of Mn.
As the temperature is lowered the line width goes down with
temperature indicating spin-lattice relaxation process to be
dominant. Below some ordering temperature TN the line width
becomes independent of temperatufe and thé resonance frequency
begins to shift to lower fields. This behaviour would fit

in well with antiferromagnetic ordéring_but for the fact that
the resonance line is isotropic i.e. it is independent of the
direction of applied magnetic field. Possib]y the only con-
crete conclusion one can draw from this data is the existence
of an internal magnetic field which causes the shift of the |

resonance field.

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

of Mn

(b.1) Resistivity

From data by Schmitt and Jacobs (1957) it is evident
that after a linear rise with temperature the resistivity
passes through a shé]]dw minimum. As the concentration is
increased Kouvel's data (see Kouvel (1961) indicates that
the minimum disappears and resistivity becbmes insensitive

. to temperature (see figure (12).
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The most obvious feature common to all the curves is
the rapid drop in resiStivity below some temperature and this
sudden change can possibly be attributed to some sort of
‘magnetic ordering. Apart from the above general statemeht
it is difficulf to be specific about what mechanisms could
be céusing'the particular résistfvity behaviour since in this
concentratiqn range several previously unimportant effects
become Targe enough to be noticeable; the mean free path of
the conduction electrons is reduced and correspondingly the
range of R.KKY interaction is cut down, there are many more

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



into play and finally deviations from Mathiessen's rule must
surely become important as the concentration is increased.

(b.2) Susceptibility and Magnetisation

_In the high concentration alloys the ocbserved sus-
¢eptibility (Kouvel (1961), Owen et al. (1957)) has in general
" the same behaviour as in the dilute alloys; a high temperq;ure
Curie-Wiess like susceptibility with‘a roundéd maximum at low
temperatures. The Tow méghetic field a.c. measurements of
Caﬁnella (1973) again'show that the susceptibi1ity passés

‘ 2
thrcugh a sharp peak at a temperature proportional to ¢ /3

(see fig. (13)).
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An unusual aspect cof the magnetisation in these alloys
was found by Kouvel (1961); for samp]és cooled in a large
‘magnetic field to 1.8% fhe hysteresis loops are disp]aced

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

FlG.(14)
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Other features of note are that all the loops are almost
completely reversible and that magnetisations in large negative
fields are equal and opposfte to those in large positive fields.
The hyéteresis lTcops measured-with the cdo]ing field perpen-

dicular and parallel to the measureing field converge with
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.increasing field but more s]ow]y‘for alloys of higher Mn
concentration. By measurin§ these hysteresis loops at
different témperatufes Kouvel (1961) has shown that the
hystefesis losses are maximum at a temperature corresponding
to the maximum of the remanen; magnetisatiov and that the
losses disappear at the temperature where the initial sus-
ceptibiiity reaches its maximum. The saturated remanent:
mdgnetisation, g of such alloys is expeﬁted, from scaling

arguments, to have the fcllowing functional dependence'
Gy = £ (%
/ (%)

‘Where - f is a Universal function of T/c' Souletie and Tournier

(1969) have shown (see fig. (15)) that the saturated remanent
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magnetisation data of Careaga and Tournier does indeed follow
a Universal curve for concentration of up to some 2 at % Mn

in Copper. However, the time decay of the remanence (Lutes
and Schmit (1962)), since it cannot be specified by a single
time constant, implies the existence of several activation
energies and, secondly, the irreversible properties associated
" with the thermoremanent magnetisation of these a11oys'(see.
Jacobs and Schmitt (1959)) provide evidence that in the high
concentration (1 < é < 10 at %) range the model based on the
R.K.K.Y. interaction is not sufffcient.

The existence of sharp beaks in the a.c. susceptibility,
in addition to the properties relating to remanent magnetisation,
indicate that the nathre of these alloys in very complex.
Indeed, Klein's work (Klein (1968)) predicts the susceptibility
_to'have'rounded maxima at temperatures proportional to the
concentration with the maxima to te incdependent_of magnetic
fiéld and concentration. A11 of these theoretical results
are in direct contfadiction with the experimental data of
Cannella (1973) and one is forced to conclude that there must
éxist other competing effects in these alloys which are not
included in the model used by Klein.

Indeed, as Owen et al. (1957) have -pointed out, for an
al]oy containing 1.4 at % Mn all the Mn ions must occupy
positions within three lattice spacings of each other, and it
is prcbabiy correct to assume that the unusual nature of the
low field susceptibility results are due to the proximity of
Mn ions with respect to each cther. Hence to explain the

susceptibility results and the existence of a remanent magne-
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tisation Tholence and Téurnier (1974) have precposed that at
T << Tm the alloy is spontaneously divided intc independent
regions due to a local uniaxié] anisotropy energy. Within
these.regions the magnetic moments are coupled via the R.K.K.Y.
interactiohs and at T = 0 the resulting moment of each region
is frozen in the direction of its anisotropy axis. These
| moments are c1aimed to be the cause of irreversible properties
whereas individual moments in low molecular fields play a part
in the reversible properties. Indeed Tholence and Tournier
suggest that if the magnetisation is measured in a magnetic
field smaller than a critical field Hm’ (Hm being concentration
dependent) it is reversible and there is no remanence. The
susceptibility measured in this manner has a thermal behaviour
fdentical to that measured using a small A.C. field (see
Cannella (1973)). If applied field exceeds H_ at T < T an.
isothermal remanent magnetisation is obsreved and it is found
to decay with time. The corresponding susceptibility is
larger and has a broad maximum as a function of temperature.
If, however, the sample is subjected to a field H < Hm above
.Tm and is then cooled to below this temperature, a thermo-
remanent magnetisation is observed and this causes the sus-
_ceptibi]ity to be almost independent of temperature below Tm
(see Hirschkoff et al. (1971)).

The analysis of magnetism in rccks.-by Neel (1955) in
terms of the magnetic behaviour of granu]af particles is the
. basis of the above model. The common features allowing con-
centrafed Cu Mn alloys to be compared with "Rock" magnetism

are that in both cases the thermoremanent and the isothermal



.remanent magnetisations saturate to the same limit and vanish
at the same temperature Tm, indicating a ccmmon origin, while
the therméremanent magnetisation saturates in a smaller field.
In addition to this, the decay with time of the remanent
magnetfsation in spin glasses lends further support for the
existence of independeqt granular regions in such alloys.

(b.3) Specific Heat

For the température rangevextending from 2 to 4%
specific heat results for the high concentration alloys are
as shown in fig. (10). From this cdata it is evident that the
magnetic contribution{ CM, to the specific heat has‘a linear -
. temperature debendence. However, for increasing concentration,
it is also apparent that there is a concentration dependence
which leads progressively to a smaller intercept at T = 0.

Du Chatenier and Miedema (1966) have reported on a 1.15 at %
é]?oy for which they find below 0.3°K a magnetic specific

heat term linear with temperature but the coefficient of this
term is almost one half of that found by Zimmermann anc Keare.
This discrepancy is interbréted by Du Chatenier and Miedema
(1966) as being due to the fact that below 0.3%° the minimum
in P(H) at H = 0 contributes to the linear term, whereas above
29K the maximum in P(H) at H # 0 leads to the linear term.

It is probably a fair assessment to say that the data
available does not extend over a large enough temperature
range for a complete picture of the specific heat to emerge.
The onset of effects due to baramagnetic clustering in higher

concentration (2 < ¢ < 10) alloys at high temperatures have
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also not been investigated so far.
(b.4) E.S.R.

Measurements of microwave power absorption by Cu Mn
alloys in the concentration range of 1 to 10 at % Mn were
first'reported by Owen et al. (1957). They found, at tempe-
ratures between 77_and 300°K, the absorption line profile to
" be Lorentzian and the line width to increase with increasing
temperature. In the temperature range 2 to 4°K the line re-
tains its shape but the line width becomes indepgndent of
temperature. The field at which resonance occurs shifts to
lower values in this Tow temperature region and in fact this
behavfour resembles that for an antiferromagnetic resonance. ]

The nature of the absorption process seems to change
when the above experiment is carried out on samples cooled
in an externally applied magnetic field. Griffiths (1967)
has reported the changes observed for a 4 at % Mn alloy.

As -can be seen in fig. (16) the signal amplitude shows a
pronounced minimum at 219K after field cooling in a 5K0e field;
below 17°K the shift of the resonant field to lower fields 15
inhibited. However, a plot of area under the absorption

curve as a function of temperat&re indicates very little

change between field cooled and zero field cooled cases.

Kouvel (1961) has found the remanence for a 5.5 at ¢
Cu Mn alloy to vanish above 20°K. ImpTication of this result
is that "freezing" of the resonant field can be associated
with the onset of ferromagnetic interactions. Consequently

one would expect a more regular magnetic structure which might
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lead to a corresponding reduction in the line width and as
shown in fig. (16) this effect is observed.

(b.5) Mossbauer Effect

By studying the spectrum of Sn in Cu Mn alloys
Window (1969) has produced evidence for the existence of a
distribution of internal magnetic fields in these alloys.
For alloys with concentrations of Mn ranging from 3 to 9 af

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

onset is regarded by Window to be caused by some form of long
range order being established. Indeed a computer fit of the
spectra requires most of the Tin nuclei to experience internal
magnetic fields ranging from 10 to 50 KOe and these results

can possibly be explained By a well defined magnetic ordering
of the conduction electrons and Mn impurities. An implication
of this measurement is that although the internal field has
random orientation, it has in general a very.1arge magni tude

at any pérticu]ar site hence there are very few Mn ions, which

sit in a region of zero internal field.

II1.- SILVER-MANGANESE

In gehera] a]ioys othn in silver exhibit characteristics
which are very similar to those already discussed for Cu Mn
alloys. The following few sections are a review comparing,
where possible, experimental results with relevant theoretical

work.

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

(a.1) Resistivity

Effects due to single impurity-conduction electron
interaction and impﬁrity-impurity coupling are evident 1in
the concentration range (O < ¢ < 1.at %) at low temperatures
(0.3 £ T < 20°K). For instance, in an a]ioy containing 0.558
. at % of Mn, Jha and Jericho (1971) have found that as the

temperature is reduced the resistivity increases logarithmically
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with temperature; at a temperature, Ty 1.9%K, this rise
is suppressed and below Tm the resistivity decreases. The
fall of resistivity below T is well represented by a sum
of two terms, one being proportional to the temperature and
the other to T2nT.

The initial logarithmic rise of resistivity is considered -
to be a manifestation of conduction electron local imﬁurity
scattering via the s-d interaction. A calculation by Kondo
(1964), in the second order Born approximation and using the
s-d Hamiltonian, has shown the resistivity to have a logarithmic
depéndénce on temperature. As in the case of Cu Mn dilute
alloys, the suppression of this term in Ag Mn can again be

‘exp1aiﬁed by either a redistribution of impurity Zeeman levels
(Har}ison and Klein (1967) or an increase in the width of the
impurity level due to relaxation via the R.K.K.Y. interaction

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

general agreement with the data.

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

| Similarity between Ag Mn and Cu Mn alloy systems is also
reflected in susceptibility measurements. The susceptibility
as a function of temperature is Curie-Wiess like at high
temperatures but at low temperatﬁres it has a broad maximum
(Van itterbeek et al. (1960))wﬁich increases in magnitude as

7 the concentration of Mn is increased. Sharp peaks in the
susceptibility (Cannella Mydosh (1973a)) have also been‘observed
when measurements were carried out in a small time dependent

magnetic field. There are, however, some details which are
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different in the two systems. Firstly, the maxima iﬁ the
susceptibility occurs at different ;emperatures for nominally
the same concentration of Mn, the anomaly in ﬁﬁ Mn being at

a lower temperature than in Cu Mn, secondly, the effective
Bohr magneton number for Eg Mn varies from 4.35 to 4.54
whereas that of Ag Mn is in. the range 5.65 to 6.03 (see Hurd
(1969)). |
(a.3) Specific Heat

Figure (17) represents the work of Du Chatenier and
De Nobel (1966). As can be seen the specific heat of dilute

Ag Mn alloys is anomalous with a linear temperature}dependence

at the lowest temperatures. Souletie and Tournier (1969)
1 T 1
20

1 . :
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FIG.(17) Speciric-HEAT DATA oN
A3 Mn ALLOYS FROM Du CraTeEMEeR & De NomEL
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have used this data to show that the excess specific-heat
divided by the concentration is a Universal function of T/c
to a very good approximation.

(b) High Concentration Alloys of Ag Mn

In earlier sections it has been emphasized that dilute
Cu Mn and Ag Mn have very similar properties and again in the
following section it will become evident that high coﬁcen--
tration (1 < ¢ < 25 at % Mn) alloys do not deviate from this
general trend.

(b.1) Electrical Resistivity

The characteristic resigtancé versus temperature relation
of a Kondo minimum followed by a maximum due to "spin-glass"
freeziﬁg is altered as the concentration of Mn increases above
1 at %. Indeed (Gerritsen and Linde (1951)), the low tem-
peraturé resistivity rises linearly with increasing temperature,
followed by a change of slope spread over several degrees and
then the resistivity again increases with témperature. More
recent work by_KouQe] (1961) confirms the above results.

(b.2) Susceptibility and Magnetisation

Van Itterbeek et al. (1960) find that at the Hfghest
temperatures the su;ceptibility.of these alloys is Curie-Wiess
like with the Curie temperature'varying from -13.7°K for the
1.24 at % alloy to 19%°K for the 5.30 at % alloy. Upon gradually
lowering the temperature a maximum in the susceptibility was
observed.A There is excellent agreement between>the value of
spin of a Mn ion in Ag calculated from the above data and that

derived from specific-heat measurements (Du Chatenier and
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De Nobel (1966)), both results indicate spin = 5/2. However,
for Cu Mn, specific heat results give the spin value as 5/2
in contrast with susceptibility data which suggests the spin
value to be 2.

Hysteretic effects and remanent magnetisation of these
alloys have been studied by Kouvel (1961), who found the
hysteresis loops displaced asymmetrically in a manner'similar
to Cu Mn, with the remanent magnetisation passing through a
maximum as a function of temperature before decaying to zero.
For nominally the same concentration of Mn in Ag the maximum
in the remanence and in suscepfibi]ity appear at lower tem-
peratures than in Cu Mn. Also the magnitude of the Femanent
magnetisation measured after field cooling is significantly
larger for Cu Mn alloys. Well defined sharp peaks in the
a.c. suéceptibi]ity have also been seen (Cannella and Mydosh
(1973b)) using an a.c. method and again the peaks occur at

lower temperatures than in the corresponding Cu Mn a]]oys.

ITI. PALLADIUM-MANGANESE

It was the possibility of observing negative thermal
expansion in Eg'Mn alloys which prompted our interest in this
sys tem. Since palladium is an.exchange enhanced metal,
Manganese atoms sitting in a Palladium rich environment induce
a long range spin polarisation in the Pd host. The overlap
between these polarised regions leads to an effective ferro-
magnetic interaﬁtion between the spin clouds. If the con-

centration of Mn is such that there is a high probability of
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Mn atomé being nearest neighbours then competing with the
ferromagnetic interaction would be an antiferromagnetic inter-
action between the Mn atoms. In Fe Ni alloys it is known
(Hatherley et al. (1964)) that we have competing interactions
and the coefficienf of expansion due to magnetic properties

is negative (G.K. White (1965)), so by analogy the same might
be expected of Pd Mn. The coefficient of thermal expansion,
however, was found to be bdsitive for the one a110y we have
measured. A brief survey of known properties relating to

Pd Mn ‘alloys will now follow with a view to illustrate what has
been stated so far. |

-

(a.1) Electrical Resistivity

Dilute alloys in the concentration range 1 to 3 at %
Mn have been measured down to 0.41% (Williams and Loram (1969)).
The incremental resistivity was seen to have several notable
features: a sharp kink associated with the transition to a
ferromagnetically ordered state, a linear decrease with tem-
perature below the transition and finally a limiting T3/2
temperature dependence (see fig. (18)a). Long and Turner (1970)
Have shown that as T tends to the transition temperature the |
molecular field approximation ahp]ied to these alloys yields
a resistivity which is linearly dependent on temperature.
For temperatures approaching zero they find contributions from
the magnetisation and spin-waveé both to be proportional to
T3/2. Their approach, involving polarisation of Pd d-band
ho]es; giveé results which are in good qualitative agreement

with the experimental data.
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Alloys with concentration of Mn greater than 3 at % have -
a different character. The resistivity as a function of
temperature has no sharp kink (see fig. (18b) and in fact the
overa]]»behavioﬁr is similar to.that of a spin glass (Coles
et al. (1975)).

(a.2) Susceptibility and Magnetisation

EQidence of ferrmagnetic ordering in alloys of Mn in

"Pd in the concentration range 3} to 8 at % has been foﬁnd by-
Rault and Burger (1969). Theif susceptibility results (fig.(19a))
indicafe that the transition temperature increaﬁes with the

concentration but above 2.5 at % it goes down steadily.  This
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reduction in the ordering temperature is assumed to be céusgd
by -the increase in the nﬁmber of nearest neighbour Mn atom |
pair;. Aboye 8 at % these authors believe that antiferro-
magnetic ordering phenomena is observed. Recent resd]fs
(Coles et al.- (1975)) however7indiéate that it is a spin
. glass'type of orderfng.which takes place at such high concen-
trations; this concluéion being based on the fact that the
susceptibility has a rounded maximum and that the thermo-

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

The most remarkable feature of the specific heat of
Pd Mn alloys is the sharp peak, observed for the concentrations

1.35 at % and 2.45 at % (see fig. (19b)).

2001

ac FIG. (19 b)

ScHEMATIC OF Pd Mn SPECIFIC HEar
- Data FRom BormsToEL(1270)
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.For other ferromagnetic systems such as Pd Co orvgg Fe the
specific-heat is quite unlike this, being a broad well rounded
anomaly (Boerstoel (1970)). Boerstpel(1970) has suggested

- that the shérpness of these peaks is an indication that the

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

)

to conclude that the host polarisation is uniform away from

“the Mn sites.
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CHAPTER III

THE CLASSICAL LATTICE THEORY OF THERMAL EXPANSION

I. INTRODUCTION

‘Thermal expansion is_defined as the dimensional thange
which occurs with‘a change of tgmperature. It is the an-
harmonic nature of the crystal poténtia], surrounding an
atom, which causes the dilation to occur. A perfectly harmonic
cryéta] has potential energy proﬁortiona1 to the square of
the ionic disp]acéments and would show no thermal expan;ion.
In fact in such'a crystal all pairs of éfoms either attract
or repel each other with forceé proportional to the distance
between them and it would require an appropriate external
pressure to keep the solid stable (Barron (1957)). However,
a model involving this type of potential enefgy is found to
be édequate for considering the low temperature specific heat
and, by allowing the frequency of the lattice modes to become
volume dependent, the low temperature thermal expénsion of
the crystal lattice can also be accounted for.

After a brief preamble concerning the thermodynamics
of crystals, there will be a discussion in which the inter-
re]ationship between thermal expansion and specific heat of
crystals will be developed, followed by a description of those
aspects of thermal expansion relating to the presence of con-

duction electrons and magnetic impurities in solids.



- 59 -

IT. THERMODYNAMICS OF CRYSTALS

This section provides an outline of certain features
of equilibrium thermodynamics pertinent to the study of solids.

We begin with a statement of the basic laws of thermodynamics

dQ - dU + aw first law (I11.1)
4Q - 7 dS ' second law (111.2)

where dQ is the quantity of heat which goes into the crystal,
dW is the work done by the crystal, T is the absolute tem-
perature and U & S are respectively the internal energy and
the entropy of the crystal; dQ and ©W are inexact differentials.
By tombinin@ (ITI.1) and (III.2) and equating dW to PdV, where
P is the isotropic pressure'and V the volume of the crystal,.

We get
di = Tg{S - PdV (111.3)

Since by definition the Helmholtz free energy F is

defined as F = U - TS we have

dF = - SdT - PoV (111.4)

Equations - (IIT.3) and (III.4) imply that U and F can be written

U=UW,S); Fo Flyr) s

Now equilibrium requires that externally applied pressure P

be balanced by the thermal pressure of the crystal, that is



- 60 -

( )s = ( )T Implications of this condition are that "
P, V and T are not all independent variables and that in
equilibrium the equation of state of a solid can be written

as

f(rvT)=0 - (1L

Using equations (III.1) - (III.5) we can now define
thermodynamic functions of particular interest to this work.

The heat capacity is defined as

C = r?_‘Q - TdS (111.7)
J7 d7
Since dQ is inexact C depends on the path of the process and

SO

CP:T@%‘—}P 7_é C ( ( (111.8)

The entropy can then be obtained by the following integral

' T / ]
S(RT) =, GT)dT (i)

and the adiabatic and isothermal compressibilities are defined

as

Ks - % (5%)5 (111.10)
2
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respectively. The volume thermal expansion coefficient is

given by the following expression

/5 — I/V §'¥> (111.11).
P

Using equations (III.1) - (III.11) we arrive at two results
which will form the basis of the discussion to follow in the

remainder of this chapter.

C, = -7 [TF) (I11.12)
2T*

IB/ = - Bz,:) _ ?§> (I11.13)
K avaTTV DVT

ITI. THE GRUNEISEN APPROACH TO THE ANALYSIS OF THERMAL EXPANSION

(a) Lattice Contribution

The free enérgy, F, of a system is an additive fuﬁction
of state hence we can discusslcontributions to the thermal
expansion from the lattice, conduction electrons énd magnetic
carriers in "isolation" from each other. Chronologically the
lattice contribution was explained first because early experi-
mental technique allowed one to observe only that; it is only
recently (White (1961a), (1962)) that the electronic and magnetic
contributions have been observed.

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

and elastic medium and calculated the specific heat for such



- 62-

3 dependence and below

solid. His calculation yielded a T
BD/]2 (where p is the Debye characteristic temperature) the
agreement between this theory and experiment is within 1%.
Grlineisen (1926) showed that for a Debye solid the coefficient
of thermal expansion should be approximately proportional to
the specific heat. We shall outline below the Gruneisen
formulation in a slightly more general form based on fhe quasi-
harmonic approximation. The lattice of N ions is regarded as
a'system of 3N loosely coupled harmonic oscillators whose

vibrational frequencies are volume dependent. The energy of

such a system in a state A can be written as

3N

E)s= EO(V) + 12 w; 7 (111.14)

J'_"

“where Ed(V) is the sum of the zero point energy and the static

configurational energy of the crystal, w5 is the frequency of
th oscillator and nj defines the energy level occupied

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

the j

function Z of the system as

Z__; Z M/;(—Eo—ﬁz;@j”j) (I11.15)
all n;* | AT

Now by definition the free energy is related to the partition

function by the following expression

F = - ﬁBT/&q Z. | (111.16)

From (III.15) and (III.16) one obtains

3N S, A}
F = Eo + 7&7-.2,6;7(/-6 ld/ksr)(ln'”)
& |
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We are now in a position to state what is known as the

Grilneisen relation

/6= B Cy Kt | (I11.18)
| \Y

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

one makes the fo]]owing identification,

$(T) = Z UCJ/ZC O (I11.19)
d

aan mj)
_ aen V
specific heat Cv from the j

Here Yj = -( and and Cj is the contribution to the

T

th mode .

,} k f:u,)" f)fP (kw“/&_) (111.20)
(xp (x2y, )—’)

In the Grlneisen approximation %t is assumed that v(T)
is-independent of temperature and so .8 is proportional to the
specific heat. In fact as can be seen from (IIT1.19) y‘has

- two limits: for T >> op all modes contribute equa]]y to the

3N
specific heat and y = y_ = ;N oy whereas for T << op the
j=1
specific heat obeys a Debye T3 law and y approaches
Yo = I Y; %z Vs (vj is the velocity of the j mode) .
PRI I

To characterize the behaviour of y between these two
limits requ1res deta11ed 1nformat1on concerning the 1nterpart1c]e
forces and the1r vo]ume dependence in a solid. Lack of such
knowledge is a hindrance but estimates have been made and for

a rock-salt structure by using a potential of the form
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42

A .

V(r) = + £ + /. | (111.21)
r ’ : ‘

where the Coulomb interaction is between all ions and the
repulsive term is either taken between nearest neighbours or

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

shown that y_ is between 1.5 and 2 for n = 8 to 10 and that it
reduces by 25% to Y, 23S the temperature is lowered. Blackman
(1957) has further shown that at low temperatures Yils associated
with transverse modes are negative and if for a particular solid
the weighting for these Yis in the sum for Yo is 1§rge then
a negétive thermal expansion would be observed.

In a similar vein Horton (1961) has considered an fcc
solid with central forces betweeh nearest and next nearest
neighbours. By solving the secular equation for the Tattice
he worked out the phonon dispersion relations which in turn
allowed him to work out the individual y.'s. He then related

J
these, y;, to the elastic constants and their temperature

J
derivatives. Using Overton and Gaffney's (1955) data on
elastic constants Horton has shown that y from his ca]cu]ations.
is in very good agreement with that measured experimentally
by Rubin et al. (1954), Simmons‘and Ballufi (1957) and White
(1960). In general, a phenomenological model such as that
used by Horton is difficult to justify because it neglects
contribution of the conduction electrons and secondly the
assumption that the temperature variation of elastic constants

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

Experimentally the situation is better understood for metals
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‘and it is known that for most of them y_ changes by 10 to 25%
to a Tower value Yo 2S the temperature is lowered. Listed
in table I are values for y and & the Tattice contribution

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

*
Table I

v(2900°K)  y(T<gpep) 101 o, /73T < J5o6p)

Cu 2.00 1.69 2.7
Ag 2.40 2.23 1.4
Pd  2.30 2.30 4.3

. , :
- ( These results are taken from White and Collins (1972) and
Collins and White (1964).)

(b) The Electronic Contribution

Conduction electrons in a metal, because of their
teﬁperature dependent entropy Se’ contribute to the expansion
of the lattice. To evaluate Se one must consider the change
in energy, Ee(T), 6f a syétem of electrons as the temperature

rises from 0°K
EeCT7 = Vf (e—e,__)f(@)n(en(e
€F

+ Vf F(é,:—é)(/-,[(é))”(é) d€  (111.22)
0

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

From (III.7) and (III.22) the specific heat is

_ " ‘
™~ Vn(c-F')fde (€- €;) 2f (I11.23)

o oT '

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

kgT < 0.01 ec. Evaluation of (II1.23) leads to the following

result. ' L

Co = V13r_2 n (€.) k;T' .(111.24)

and from (I1II.9)

S, = Varg ko T mce,) (111.25)
Now (35 Ce z ! +()£n nce,:)) } (111.26)
oV 1% ILnv T |

and so from (III.13)

/Be = Ce Xe K—r (II1.27)
where o = 3& 2 &n n(ep) (I11.28)
24n V T

Equation (28) represents the'exp1icity dependence of the elec-

tronic Grlneisen parameter on the density of states at the
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Fermi level. If one considers the single-band free electron
case then n(e)= A e where A is a constant and, since

et « '/,}/5 (Kittel (1968)), the value of v, = 2/3. For a
more complicated band structure the explicit dependence of
n(eF) on volume and Fermi energy is required. Varley (1956)
has expanded the expression for Yo in terms of partia} deri-
vatives of n(eF) and N, the total number of electrons in all
the partially fi]]edvbands.in the crystal, with respect to
volume and €F and has discussed the possibility of there being
negative thermal expansion in transftion metals, where the
band structure is very complicated. N remains constant with

change of volume therefore -

. e )
d [V/ F"(e)a’_é] =0 (111.29)
vl o4 | |

Using Leibnitz's rule

('g_e,,) - _ N LY (111.30)

v /p Vnce)  n(e)

and e = (Ef.) AV + [2€) dT (111.31)
ViT oT /v

From (III1.30) and (II1.31) we get the following relationship

g_gp) — _ N (’aé' e (:a (111.32)
oV V 7 (eg) ,3\/ rz( e)\ W, T

"We also have

(m(ee) _ Dn(e) ( + ?n(ep) (111.33)
YT
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and (Wilson (1953)) },ép) = _ (C )2 2nCee) (111.34)
27 Iy Y ncey) (3?; F)V

By substituting (III.32), (III.33) and (III1.34) we get

Xe:-{ +(?!¢n'rz(e)

24 v )GFT nce )\ 2¢:

+ Ce (?n(ep) f (I11.35)
ﬂ\/(ﬂcep)) ZC,_-

The significance of equation (III.35) for transition

ance 7) (I+ 20mN
oLul GF)T

metals is that the third term invo]ving‘N/ 2 may, in

_ (n(eg))
competition with the second, lead to a negative Yoo However,
experimental evidence (White (1963)) suggests that in most
cases (chromium being the exception) Yo is positive. Indeed
for Cu and Ag be]owv]OOK Ye is found to be 0.9 which is very
close to the free electron value of 2/3 and for Pd the measured

~value is 2.1.

(c) Magnetic Contribution

Again if the magnetic interaction contributes an entropy
S, We will have an additional term g, for the thermal expansion.
If the free energy of the magnetic system can be Written as
T x F(Em/T), where Em is the interaction energy, then one can
relate Bm to the magnetic contribution to the specific heat By

defining a magnetic GrUneisen parameter v, (White (1962)).

The above mentioned form for the free energy resembles that



for lattice modes assumed in the Mie-Gruneisen theory and

therefore by analogy

P = Ym Cm Ko (111.36)
4
where ¥ = - DImEm

eV

.white (1962) has used the above formulation for a % at %
Cu Mn alloy and found g ® 3. Values of this parameter have
been found for several other materials; White (1965) reports
that for Fe (b.c.c.) and Ni (f.c.c.) Y, is 2.3 and 2.1 respec-
tively but for a 35.1 at % Ni, 64.2 at % Fe, 0.3 at % Mn alloy
(f.c.c.) Yy is -20.  This large negative value for y_ is
interpreted as being due to aﬁtiferromagnetic alignment of Fe
atoms on f.c.éﬁ Tattice sites. Chromium, too, exhibits a
large negative g = -8.5 but the'situation is not very clear
because this could be a density of states effect (Varley (1956))
or due to the antiferromagnefic ordering. |

In all cases discussed above B is found to be proportional

3/2 term from

to temperature. Theoretically one expects a T
ferromagnetic spin waves (Meincke and Graham (1963)) but no

such dependence has been found in the experimental data.

IV. SUMMARY

In this chapter we have attempted to lay down the guide
lines on which current interpretatibn of Tow temperature thermal
expansion data is based. The energy contributions of lattice

vibrations, conduction electrons and magnetic carriers (which
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can be spin waves, local moments or itinerant d electrons)
are considered separately, with a Grlneisen parameter being
assigned to each of these sources of entropy. -In the
following chapters relating to the experimental results of
this work we shall assume the validity of the definitions
made in this chapter - in particular equation (III.36) will

be used in the analysis ofvthe data.
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CHAPTER IV

EXPANSION APPARATUS

I. INTRODUCTION

The choice of technique employed in this ihvestigation
AL

is governed by the sensitivity required (I— 10-9), the
temperature range (2 - 40°K), and finally the existing skills
in the research group here. There are at the moment at least
tworpossible designs (Yates (1972) which meet the first two
requirements but only one which covers all three. |

Methods involving optical interferometry, where the
specimen is used as a spacer between optical flats Meincke and
Graham (1965), have resulted in sensitivities of the order
4 X 10'9 using specimens of length 2 inches. The transducer
in this case, however, requires very careful handling and
constraints of mechanical stability are particularly severe
on this approach. . Yateg (1972) describes an apparatus based
along the same lines and again the dilatometer is a very com-
plicated device in which restraining collars and brass springs
are ﬁsed to prevent lateral movément of the optical flats.

An electrical method developed at Iowa State University
using a variable transformer as the dilatometer has achieved
slightly higher sensitivity but the sensor (MclLean et al. (1972))
is again mechanically a very delicate device and is susceptible

to vibrations. In principle both of the methods mentioned

above lead to an absolute measurement of the expansion because
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in both cases the sample is thermally isolated from other parts
of the dilatometer and it is this aspect which redeems the
involved engineering of the dilatometers.

White (1961) took advantage of techniques developed by
Thompson (1958) for measuring very small capacitance (10-6pF)
using ratioftransformer bridges and built a dilatometer as a
three terminal capacitor. Mechanically this is a robust
device compared with the ﬁthers and its constrdction is more
straightforward but measurement of the expahsion is differential:
the capacitor is made from copber and all data is. taken relative
to the expansion of copper. ' -

Reliable expanéion data for Cu, however, exists to very
low temperatures (White & Collins (1972)) and so we decided to follo
White and build an apparatus similar in design. In the
following few pages we shall give detailed information con-

cerning the construction of such an apparatus.

IT. THE TRANSFORMER RATIO-ARM BRIDGE

(a) General Description and Operating Principles

This is an AC bridge which utilizes the excellent

stabf]ity and linearity (1 part'in 106

) offered by inductive
voltage dividers to measure very small capacitance. A schematic
of the bridge used is shown in fig. (20).

At balance the current through CX’ the unknown capacitance
is equal in magnitude to that through CR? the reference capacitor,

and if we represent the vo1£age across Cx as VX and that across

the reference capacitor as VR then the balance condition is
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In equation (IV.1) we have ignored the effects of Rys Zgp and
Lgp and in fact (IV.1) represents the ideal situation. For
a true null reading we ba]qnce out the cufrent througﬁ Ry
(i.e. the component of current which is in quadrature with
that through CX) by introduéing a current via network Q
(see Appendix (A) for further details). The impedance Zg
shunting the auto transformer has in fact neglegible effect
on the balance conditions because by connecting the supply
across AL we have ensured that the ratio of voltages between
AL and LB becomes independent of ZSL (see Lynch (1957)). ZSD
also has miﬁima] effect on the balance because when the detector
is reading null no current éan flow through this shunt impedance.
The network Q as mentioned above acts as a conductance
balancing arm and within it we have provided a 10Q potentio-
meter which if altered changes the amplitude of the quadrature
current and hence only affects the quadrature balance. .
Sihi]ar]y AC is a small capacitance (10'4pF) which is switched
in and out of the bridge circuit to check that it only affects
the in phase balance (loss angle of AC being of the order 1078
radians).' Bbth AC-and Q are‘used self con;istent]y to ensure
that the balance of the inphase curfent is independent of that
of quadrature current. After an initial balance is achieved
by adjusting the transformer-ratio arm setting and the ten turn
potentiometeripcorporated in Q, the capacfty AC is switched in.

The sole effect of this should be to alter the in phase balance
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and not the quadrafure. If however, it affects both currents
then the phase of the reference channel on the ASL 110 detector
is altered until switching in of AC affects only the in phase
balance. The next step is to find out if the current cbming
from Q@ is in qUadrature. This test is carried out by altering
the potentiometer on Q. If. again both in phase and quadrature
balances are altered then theltrimming capacitor of Q is
adjusted till the cufrent from Q only affects the gquadrature
balance. A final check is then carried out by switching in

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

_Being faced with a situation which requires the detection
of a small signal we decided to use a phase sensitive detector.
This.basically consisted of a triode input preamplifier followed
by a tuhed amplifier stage, the output from this amplifier is
taken to a multiplier where the signal is multiplied by a
reference voltage qF the same frequency and phase, and then
finally this product is low-pass filtered to yield a D.C. level
‘proportional to the signai amplitude. Thére are two such
channels provided on the ASL 110 model used, so that in phase
and quadrature sfgna]s can both be simultaneously detected.
(Note: details of AC, Q and a fﬁ]] schematic of the bridge

circuit are given in appendix A.)'

(b) Construction of the Reference Capacitors

Two capacitors of nominally 10pF capacitance each were
made using invar as the material of construction because of

its extremely low coefficient of expansion.at room temperature
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{esnvar = 3ppm/°K at 293°K).  Two concentric cylinders form
the e]ect;odes and these are mounted inside another invar
cylinder by means of sapphire balls which also insulate this
outer guard cylinder from the electrodes (see fig. (21)).
Both capacitors Cp and CR] are mbunted in brass cans which
are flushed With dry N2 and then sealed. The brass can
containing Crs the capacitor in the reference arm of the
bridge, is put inside a fafge copper enclosure which is in
turn surrounded by several inches of expanded polystyrene and
finally this whole assembly is housed in a glass dewar in an
aluminium casing. The container of the other reference. )
capacitor, Cpqs is placed in an 0il bath within a glass Dewar.
The capacitance of both Cp and Cp, was determined by

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

by means of a standard capacitor,

Cr

10.852pF
(1V.2)
c |

R1 11.66pF

These values have seen found to be self-consistent in that
both used indiVidua]]y as the reference in our bridge give

the dilatometer capacitance to within 1 part in a 1000 of its
measured capacity (i.e. measured on the Wayne-Kerr bridge).

A direct check of the temperature stability of Cp is not poss-
ible because we do not possess of standard capacitor of known
stabijity we could only assess the quality of our reference
capacitors by putting them both in the bfidge and observing

the bridge drift - although any such drift is not necessarily
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generated by changes in these capacitors. Over a period of
twelve hours this was found to be within 2ppm.‘ A similar
test carried out by keeping CX at 4.2°K indicates that overall
long term drift of CR is not greater than 4 parts in 107 per
hour. These checks, however, assume that the rest of the
bridge -is free from drifts. This assumption can on1y be an
idealisation since the other drifts can counterbalance the-
capacitor drift and'so the numbers do not represent a true

limit.

(c)  The Expansion Cell

The design of the cell is based on that described by
White (1961b). We have used high conduéfivity copper, five
nines pure, (Resistance at 295°K/Resistance at 4.2°k = 150 10)
as supplied by Metals Research Ltd. The constituent parts of
the cell as shown in Fig. (22) were first machined out of the
ingot on a lathe.  Al1l the parts were then 'given a stress
re]ieving heat treatment in the following fashion: the topper
was out-gassed at 400°¢ in a pyrex tube which was pumped below
4-x 10'5 torr for a day; the pyrex tube was then sealed off
and left o&ernight at 200°c. The temperature was then, over
a period of several days, gradually reduced to ambient in
order to prevent stresses being re-introduced.

Electrodes 1 and 2 were then attached, under vacuum,
to their respective guard rings 3 and 4 using Araldite (CY219
resin; HY219 hardener) énd some 0.01" thick fibre-glass matfing
for location. The darkened area between 1 and 3 or 2 and 4

in fig. (22) is a composite of Araldite and fibre-glass and is
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capable of withstanding 110 volts of D.C. applied across it.
The electrode assemblies were then faced on a lathe and polished
on a metallographic polishing machine so that surfaces A and B
were made clean and optically flat. At this stage a layer
of Au, 0.001" thick was electrically deposited on each of the
surfaces A and B and these surfaces were re-polished to a
flatness of the order A/yg (where X is the wavelength of sodium
light). Simi]ar]y.the cylinder shown in the diagram was go]d.
plated where it contacts A and B and polished optically flat
at these ends ensuring that the two.surfaces are parallel to
within 20 seconds .of an arc. Having so constructed the
individual parts of the dilatometer we then assembled it
toggther with the specimen using brass studs, nuts and springs
made out of stainless steel. The torque applied to each nut
was pre-determined by a torque wrench to be bélow that which
might shear the threads in the cylinder.
ﬂgig: (1) The Go]d-p]ating.process is described in appendix B.

(2) Polishing techniques'used in the construction of

the di]atometér are discussed in the chapter on

sample preparation.

(d) Detection Limits

Here we shall be concerned with the overall performance
of this bridge. Ideally it should bé the intrinsic noise of
fhe detector which should 1imit the resolution of the bridge
but in a real eXperimenta1 situation we have found that the

- temperature stability of the dilatometer controls the sensitivity.
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The noise contributed by the detector, as specified by
the manufacturer, is 30nV JH'; and since the bandwidth used in
all experiments was 0.3 H,» this represents 16.4 nanovolts in

the input of the detector. Consider the following circuit

fig. (23)

A 'OPF:’C;‘
V=25Vrms o

== 200pF & Zg
(CABLE STRAYS)

T s
= FlG(23)
LEGEND- gy oL ML My?uffo— e éwf ﬂ/)u{ V=25 Vims
ZhWM%‘WMMMA-me ‘
,oml(faoéf! case. '
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and note that at H appears 16.4nVof noise and this at A would

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

9 8

able capacitance then we have GC/CX = 344/25 x 10707 = 1.4 x 10°

Therefore for a 10pF unknown the smallest capacitance the

detector can resolve is 6C = 1.4 x 10_8 X 10 x ]0']2<=

18

0.14 x 10~ Farads.

In real measurements we have not been able to see changes

-18 Farads

-18

of this order and the observed 1imit on 6Cis 1.5 x 10
peak to peak therefore the root mean square value is 0.3 x 10
Farads.

0']8 Farads means in

And to establish what &C =A1.5 x 1
terms of a length change of our sample we have to consider the
~rate of change of capacitance with respect to the gap length
for our expansion cell. For an ideal parallel plate caﬁacitor
of plate area wrz cms2 and separation d cms in a medium of |

dielectric constant ¢

k3N
Cx = eﬂ—r/wrdxo-? pF
rA
= €7 féxd _PF , (1v.3)
= T/B-éxd PF

(We have taken é = 1; the pressuré of Helium in the cell is
-kept below Tmm Hg see White (1961b)). |

Even in the presence of a guardring the electric field
near the edge of the plate is distorted. This in effect means

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

- 1 Xy
Cx = oexd t EC Ndto22x) (1v.4)
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(Maxwell (1881)). For a gap of width x cms this capacitor is
equivalent to having plate area of a strip extending over half
of the width of the gap and a plate separation of d + 0.22W cms.
For the dilatometer shown in fig. (22) X = 0.00592 cms,

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

and 20/, = 1.2 x 107%F/10™® cn.  Consequently for a speci-
men of length 2.375 cms and bridge resolution of 1.5 x 10-]8
Farads we get ‘
‘ -9
A,@/I = 0:2 x /o (IV.5)

- - IIl. THE CRYOSTAT

This has been designed to provide a controlled and well
defined envfronment for the di]atometef cell. It basically
consists of two vacuum tight cans and five stainless steel
tubes which connect these cans to the cryostat cap. Two of
the steel tubes terminate in the outer vacuum can and the
remaining three in -the inner can. These pipes serve as
vacuum pumping lines, outer ﬁonductors for the coaxial connections
to Cy and shield for the main wiring harness. The cans in
their turn are used to provide a vacuum jacket between the
expansion cell and the liquid He4 bath surrounding the outer

can.

(a) Construction Details

The dilatometer end of the cryostat is illustrated in

fig. (24). The outer can shown is cylindrical and is made
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from brass. The vacuum seal between it ahd the flange is
made by an indium 'O rihg clamped by twelve uniformly pitched
8BA mild steel nuts and bolts tightened by a preadjusted
torque wrench; a groove of rectangular cross-section 1 mm
wide and 1 mm deep is used to locate the 1 mm diameter indium
wire (see inset to fig. (24)). A 1ight coat of low temperature.
high vacuum grease is applied to the indium in order fo make
the dismantling of the seal easier. The inner can has a
similar vacuum seal. The main difference between the two
cans is that the cylindrical body of the inner is made of
copper. We have_used copper fn preference to brass because
copper has higher thermal conductivity and therefore acts as
a bettér isothermal shield for the di]atometér.

A11 the stainless steel pipes used have 0.006" thick
walls. | The two going to the flange of the outer can are
shown by the dotted lines in fig. (24). The one with the
1afger diameter is the pumping line for the buter can and the
other acts as a spére outlet. Tubes A, B and C extend through
to the inner can; A and B are the coaxial connectors to CX,
in the case of A the inner conductor is simply a stainless
steel pipe with nylon spacers mounted on it, for B the inner
conductor is a pair of 43 SWG.cobper wires threaded through a
po]yfhene sheath; C carries all the thermometry wiring down
to the expansion cell and also serves as the pumping line for
the inner'can. The copper block inserted into pipe C acts as
a thermal break'for the wiring. A1l the wires coming down

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

At the top end of the cryostat the pumping lines ter-
minate in standard vacuum fittings and the wiring harness is
brought out via conventional vacuum seals. The way the
coaxial cables are brought out is, however, novel and involves
the use of specially modified BNC plugs, (see Griffiths and
Coole (1973)).

IV. THERMOMETRY AND TEMPERATURE CONTROL

A basic requirement for the measurement of thermal ex-
pansion is that the temperature of the specimen be éccurate]y“
. known. To facilitate this we have used a doped germanium
resistance thermometer and a p]atinium resistance thermometer.
Additional to this requirement is the necessity to alter the
temperature of the sample and to control it within certain
Timits. We have made provision for this by incorporating

an electronic two-term temperature controller into the apparatus.

(a) Thermometers

Our main temperature sensing element is a Ge thermometer
(serial no. 3083). It was bought with a calibration from
Cryocal Ltd. The manufacturer's calibration extends from
1.5% to ]OOOK, with a claimed uncertainty in the calibrated
points near 1.5% being 5 mK and %UOK fdr those near 100°K.

We have placed the thermometer inside a hole in the copper
post which is a part of the upper electrode assembly of the

cell. The sensor is thermally anchored by means of some
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‘low temperature vacuum grease and furthermore its leads are
wrapped around the grooved post allowing an even more intimate
thermal contact to the Ge element via the thermal path formed
by the leads (fig. (25)).

As a secondary sensor we have p]aeed a home-made plati-
nium resistance thermometer in the third post available on
the e1ectrode assembly. The resistahce element was drawn
into a 0.0035" diameter wire from a five nines pure Pt ihgot
using tungsten carbide and diamond dies. It was then kept
red hot by passing an electric current for twenty four hours.
This process allows iron to precipitate out of the so]id; X
solution to form oxides and hence improve the low temperature
electrical conductivity. As a result of this treatment the
resistance ratio was found to be 600. The Pt wire is bifilar
wound on a Pt former with insulated copper wire of the same
diameter. ' :

Finally we have used Au Fe versus chromed thermocouples
to indicate relative temperatures. There are two such sensors
and the reference junctions of both are kept in the copper plug

4 bath temeprature. The other

in pipe C and hence at the He
junction of one is placed on the top of the expansion cell
and is firmly clamped to it. This particular thermocouple
acts as the transducer for the temperature controller. The
second has its sensing'junction.attached to a copper post,
which is brazed on to the top flange of the inner can, and

therefore senses the temperature difference between the inner

and the outer cans.
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(b) Measurement of Temperature

A standard four fermina] potentiometric technique is
used.- The Ge thermometer is placed in series with a stable
standard resistor. A power supply, capable of delivering
currents in the raﬁge % pA to 330 pA with long term sfabi]ity
of 1T in 103, is used to drive current through this combination.
By alternately connecting the Ge and the known standard
resistor across a Tinsley type 4025 potentiometer the voltage
across and the current through the thermometer is determined.
A current reversing switch allows this measurement to be made
for both directions of current flow and hence eliminate the
effect of thermal emfs. Also we have used a Kiethley Model
155'micr0voitmeter as the null detectdr in the potentiometer
circuit, because we can read its scale directly to within a
%U uV and because it can withstand almost any amounts of over-
load as compared with a standard moving coil galvanometer.

The same procedure is employed for the Pt resistance thermo-
meter except that a different current supply (% mA to 33 mA )

and standard resistors are used.

(c) Temperature Control

We have discussed devices and measurement technique
used for eva]uating'thé specimen temperature, now we shall
describe how the temperature is varied and held stable at each
point over the range 2 to 40°K. An electronic temperature
controller based.on operational amplifier circuits has been

designéd and built for this purpose.
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In terms of a block diagram this device can be illus-
trated as shown in fig. (26). The input section of the con-
troller consists of the thermocouple and a mercury cell in
series - the Hg cell is used to generate a well defined
reference error voltage. The next stage is a low noise and
drift, chopper stabilised D.C. amplifier (Ancom 15C-3) with a
gain = 104. The output level from the Ancom 15C-3 is large
enough (1 mV for a %U uV input) to be then amplified by an
operational amplifier (741) with gain ranging from 1 to 100
giving an overall gain of 104 - 106. An integrator with time
constants ranging froh 0.3 to 300 seconds integrates the output
from the amplifier and its output is then summed with that of
~the. amplifier. A square-rooting circuit then takes the square
root of the summed output and feeds the base of a medium power-
transistor (BFY51) which controls the power dissipated in a
100@ manganin heater wound around the top electrode assembly
of the cell.

By using a controller incorporating an integrator we
have ensured a fast respohse to variations in the load dependent,
input “offset" from the thermocouple. Another feature of
note in this controller is the use of the square-rooting circuit;
it a]]ows>the'power_de]ivered'to the heater to be proportional
to the output of the summing amplifier and therefore the loop
gain of the servo is kept independént of power level in the
heater. |

The performance achieved by this temperature controller

has been found to be satisfactory. Its long term (~ 5 minutes)



L 135

HG
CELL

-
i
1/
1
|
1
|

58

Y .3-370

2] T-C. JUNCTION ON CELL
I .
|
|
!

G:lo4

300 SECS

G167

I1c

 Gal0To102

ANCOM 15¢-3

DC. AMPLIFIER

CHOPPER STABILIZED

Ay

IOM .

FIG(26G)

—

% {00 n. HEATER ON CELL

- 16 -



- 92 -

stability is such that the temperature of the cell can be
determined to within the calibration accuracy of the Ge
thermometer. Indeed, the fluctuations in the thermocouple
voltage at a data point have been found to be within %ﬁ uV
which is comparable with the internally generated noise of the
Ancom amplifier.

To control and measure temperatures be]ow 4.2% the
He4 bath temperature is reduced by pumping on it and is elec-
tronically stabilised. In this way the reférence junction of
the temperature controller andlthe cell are taken below 4.2°K
and then the servo is operated in the normal fashion to raise-
~the temperaturé of the'ce11. The stability of the bath tem-
perature is established by using another coﬁtro] circuit whose

description will be presented in the next section.

(d) Liquid Helium Thermostat

The sensor for this regulator is a 42 Ohm Allen-Bradley
carbon resistor, R.A fixed voltage of 1.03 volts is developed
across it and changes in its resistence with varying tem-
perature cause the current through it to alter. This current
is also made to pass through a reference resistor, Ry, and
voltage across it is sensed by a differential input amplifier.

The output of the differential amplifier is summed with
the inverse of the voltage éppearing across R. Therefore the
input to the Summing amplifier is proportional to (RX-R)/R and
so the Toop gain of the servo is kept constant despite the

wide variation in the value of R over the temperature range
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1.5 to 4.2°%K. The gain o% the summing amplifier can be
selected to give maximum output for 1, 3, 10, ... etc. percent
change in R. The output from this amplifier is used to drive
a current of up to 100 mA throuéh a 70 @ manganin wire coil,
which is p]aéed in close proximity to R.

‘The operating procedure for this regulator is straight-
forward. The 1iquid he]iuh bath is pumped until the required
temperature (~ 2.3%°K) is reached. Next a value of Ry smaller
than R at 2.3, and the summing amplifier gain are selected.
The regulator power is then chanhe]éd through the heater coil.
Pumping speed of the helium bath pump is adjusted until at
least half the maximum available power is delivered into the

coil.
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CHAPTER V

SAMPLE PREPARATION

I. INTRODUCTION

‘The need for large specimens, 1 inch long by % inch
diameter, dictated the procéss used in their making. The
procedures used are sufficiently non standard to merit dis-
cussion in some detail. It is possible to sub-divide sample
preparation into three stages.. 'Thé first one involves
metai]urgy, where we convert accurately weighed out portions
of the alloy components into a cylinder by me]ting. Next
the rough cylinder is machined on a precision Tathe (resolution
of cut ~ 0.0005") to very nearly the final dimensions. We
in fact leave the cylinder sufficiently oversize so that the
final stage of polishing removes the extra length. Polishing
of.soft metals (< 3.on MOH hardness scale) is an involved
process and requires a great deai of care and the use of the
right materials, otherwisé the resulting finished product is
not satisfactory. We shall set out below a detailed description
of our technique which yielded samples adequately finished

for our purpose.

IT. METALLURGY

In the preparation of our alloys we used: 99.999% puré
copper supplied by the American smelting and refining company;

specpure silver and 99.99% palladium supplied by Johnson Matthey
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chémica]s limited; 99.995%¢ pure manganese obtained from
Koch-1ight laboratories limited. Before weighing out the
metals for a particular alloy the "as received" material was
chemically cleaned. Silver was allowed to soak for half an
hour in a solution made from equal parts mixture of solutions
A and B where A consists of one part 0.88% Ammonia and three
parts water, and B is 20 vo]s'H202. For copper we uﬁed a -
10-25% solution of aqueous Nitric acid with water and palladium
was cleared in 'aqua regia' (75% Hydrochloric acid with 25%
Nitric acid). After the chemical treatment each material was
washed in running hot water thén with acetone and finally dried
with tissue paper. Manganese reacts with moisture therefore
it was dipped for only a few seconds into a weak Nitric acid
so]ufion, quickly washed with hot water followed by acetone
and then dried. |

After weighing out the constituents of an alloy, for
thélnominal concentrations shown in table (fI), they were melted
together in an argbn arc furnace. Both copper and silver was
bought in rod form and equal parts of Mn were melted into two
separate pieces of the rods. For the first melt the Mn was
placed below the copper or silver on the hearth to prevent it
being blown away by the arc. The melts were repeated three
times, each time presenting a different side of the alloy to
the arc. The weight loss after these melts was always found
to be within the range 0.1 to 0.01%, hence no serious loss took
place in this pfe]iminary melt.

We next placed these pieces into a clean (cleaned by

‘aqua regia'), 14 mm diameter quartz tube which was then mounted
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on a .pumping tro]ley; A wire wound furnace was uséd to raisé
the temperature of the tube and contents to 400°C to help the- .
outgassing of the metals and after approximately three hour§
of pumping the alloy piecés were sealed off.under a good

5 torr) using a gas tdrch.' For both Cu Mn

vacuum (3 x 10~
and Ag Mn the phase diagrams indicate that 1100%C is a suitébfe
temperature for comp]ete]y melting the alloys (Hansen‘(195éf).
Therefore the quartz tube, mounted in a harness of nichrome ‘
wire, was.next placed in a vertical furnace set at 1]00°C.

Half an hour was allowed to elapse, -during which time the

glass tube was agitated'by gently;tugging on the wire. ~ The
tube was-then pul]éd out and slow quenche@ in a bucket .of cold
water. To prevent a hole forming down the middle of the

sample a certain fraction of the alloy was kept molten by

keeping it above the water line as shown in fig. (27).

uArRTZ TULRE

7 MoLteEn ALLOY

 FIG(27)
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As the material near to the glass wall solidifies and contracts
it leaves a central empty core which is filled in by the
molten alloy above.

Pieces of alloy cut from the top and bottom of the
ingot were sent for analysis. Results for the 1.25 at %
Cu Mn alloy from an electron microprobe analysis indi;ate that
for this system we were getting reasonably well homogenised
alloys. We, howevér, found that Ag Mn aT]oys made in the
above manner had an i11 defined concentration, for instance
in a 0.5 at % alloy it was found'thé top portion contained
1 at % Mn and the lower a negligible amount (< 0.1%). From
the equilibrium phase diagrams (Hansen (1958)) it is clear
_'that up to 10% of Mn into Cu or Ag will form solid solutions
and'there is no clue as to why the segregation of Mn in Ag Mn
took place. One can only hazard a guess, bolstered by the
fact that the top was always found to be Mn rich, that Mn
befng about twice as light as Ag floated up during the moiten
phase. Following this line of thought we tried to circumvent
fhe problem by inverting the quartz tube before quenching.
Values given in table (II) of the electron microprobe results
show the 5ucces§ we achieved by this simple trick. As a
reminder of the pfob]em considef the results for the 5.08 at %
alloy; they are 6.41 at % and 4.46 at % for the.top and bottom
respectivg]y. In the case of this alloy the tube was only
tilted to the horizontal before quenching and as a resﬁ]t the

segregation is reduced but not eliminated.
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Since the melting point of quartz is very near to that
of Pd Mn (1600°C) we could not use a quartz tube to form the
Pd Mn ingot. In fact the alloy was first melted in small
parts and then an R.F. furnace was used to fuse it all
together,. A water cooled copper boat stopped with alumina
was used to hold the alloy. The alloy material was suspended
above the boat by'exertingva force on it of electromagnetic
origin (D. Hukin, pfivate communication (1975)).

We have described above means by which we produced
ingots of alloys and of pure Ag,‘Cu.and Pd. The next two
procésses to be described convert these rough pieces of

metal into samples ready for measurement.

TABLE II: Manganese content of the alloys studied is given in
atomic hercent. Where app]icabje results of electron-microprobe

analysis are given,

Nominal Concentration Electron Microprobe Analysis
at % ' at % Average at %
Cu Mn
0.54 - -
*1.31
‘1.25 {1720} 1.26
2.13 : - -
4.74 ' - -
7.59 - -
Ag Mn |
1.09
1.02 {1.0]} 1.05
2.91
2.90 {2.87} 2.89
' . 6.41
5.08 {4.46} 5.44
6.61
6.57 _ {2,.} : 6.51
Pd Mn | 6.41
2.8 _ - -

*
»{top of specimen }
bottom of specimen



IIT. MACHINING OF SAMPLES

At the end of the quenching we were left with a cylin-
drical specimen of 14 mm diameter and about 3.6 cms in length.
Sections from both ends were sawn off using a Cu Be bladed
saw and were used fn the e]ectron-microprobe analysis as dis-
cussed in an earlier section. Next this rough cylinder was
turned on a lathe to producé a sample ready for polishing.

Machining on the lathe had to be very accurate because
we had to ensure fhat the ends of the cylinder were parallel
to each other and the length of the turned specimen had to be
left about 0.001" larger than the desired final value. Also
owing to the softness of the alloys we machined, extra care
had to be faken about the speed of rotation, the depth of cut,
the cutting tools and the réte of tne longitudinal and cross
feeds.

High speed lathe tools made from tool-steel were used.
The cutting edge was honed and the tool made round nosed while
the front and side rake apg]es were ground to be of the order
30o and the clearance angles =~ 10°. As a result a continuous
piece of swarf was removed from the work leaving a good surface
finish, | The depth of cut at the rough machining stage was
0.015", which.was reduced to é 0.005" at thg final stages.

The speed of rotation of the job was adjusted to be 540 revo-
Tutions per minute, in accordance with the recommended cutting
speeq for copper, and the longitudinal feed 0.002" per revolution

and the cross-feed was 0.0007" per revolution.
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With the tools and settings mentioned earlier one end
of the cylinder, held in a three-jaw chuck, was turned to
0.5" diameter. Then using a 0.5" collet for holding the
sample the other end of the cylinder was reduced to 0.5"
diameter. The top-end, as defined by the quenching process,
was then faced off and a chamfer 0.020" wide put on its circum—
ference. Next a -combination centre-drill and counter sink,
mounted using a drif] chuck on the lathe tailstock, was used
to drill and countersink a starting hole in the centre of the
top end. A 3" deep hole was then dri]]ed out using ‘a number
43 drill. We have used a 43 rather than 44 drill to make
the tapping hole for a 6BA thread because less material is
1ef§ to be removed by the taps hence preventing any snagging
of the taps in the work. A taper tap was used to start the
thread and a second tap to finish, approximately seven to
eight full depth threads were made. We then polished the
hoie bearing end ofAthe sample on a cloth lap with 6 p diamond
abrasive and so removed any tracés of the lathe finish from
this end. ' |

The next stage of machining, perhaps the most critical,
involved reducing the length of the sample accurately down
to 0.949" with a tolerance of 0.0005". Throughout this phase
é check on the length had to be kept, in fact after each facing
cut a length measurement was made. As shown in fig. (28) we
used a specially made 0.5" collet to hold the specimen and a -
dial gauge, mounted on the fixed lathe carriage by means of a

magnetic chuck, was used to measure the difference in length
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between the gauge block and the sample. The final cut was
made on the sample to make L = 0.12£l(see fig. (28) for
definition of L) and the machining was finished off by chamfer-
ing the edge. A suitable Tubricant (machine cutting oil)

was used in all the lathework.

-Thi§ completed the lathework part of the preparation
but before proceeding to the final polishing stage it was
necessary to remove.the internal stresses induced by quenching
and machining. The process we have used for all the samples
was to heat up the specimen in an a1umina crucible placed
inside a furnace.. The sample was kept at about 250°C for
about half an hour and then allowed to cool down over two

hours.

IV, -POLISHING OF SAMPLES

At the very outset all traces of lathe tool scratches
were removed from both ends of the sample by polishing on a
cloth lap using 6 u diamoyd abrasive. The ends were made
sufficiently bright, almost mirror like, so that a Fizeau
interferometer (Appendix C) could be used to align the sample
end face para]]el.to the plane of the polishing plate. The
cylinder of the dilatometer is 0ﬂ9506" long and therefore to
get a gap of 0.002" to .003" long we had to polish and remove
approximately 0.001" from our 0.949" long sample. To carry
out this process we have used a PM2 polishing maéhine plus
accessories, wax polishing plates and a PP5 adqutab]e polishing

jJig as supplied by Logitech Ltd. of Scotland. Optical flats
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and lenses supplied by Ealing Optical Ltd. of London have
been used in the alignment of the specimen with the polishing
plates and in the construction of the interferometers.

Below we shall describe in detail various stages of the
polishing and relegate to appendix C the description of the

interferometers.

(a) Stage I

It has been our normal practice to polish the thread
bearing end of the specimen first. The first step was to
mount the specimen into a specially constructed brass'jig
(fig. (29)) using a molten mixture (75:25) of pale resin and
beeswax. A glass block and metal washers were used as
Spaéers so that only 3" of the sample protrudes from the jig.
Every effort was made to ensure that the plane of the surface
of specimen (AB) was parallel to the plane of the three feet
of .the jig (CD). This helped in alignment later because the
ahgu]ar adjustment allowed for in the Logitech polishing jig
is very small (- 20).

The brass jig with the sample was bolted onto the PP5
and.then_an optical flat was placed in intimate contact with
the drive ring surface (see fig. (30)).' The‘who1e assembly
was next piaced in the Fizeau interferometer and fringes due
to reflections from surfaces AB and EF sought. A useful
thing to do at this point was to seek out point images of the
refilections from AB and EF by placing the eye well away from

the focal plane of the collimating lens.
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The mounting plate angle on the PP5 was then adjusted
untf] the point images coincided. The fringe system was then
easily observed by the eye placed at the focal plane of the
collimating lens. Circular fringes were observed due to the
rounded finiéh of the specimen (polishing on a cloth lap gjves
a rounded finish) and the sag in the optical flat. The
mounting plate angle was finely adjusted till the fringe
system was symmetrié about the hole in the sample.

Before polishing of the samp]e could start we had'to
select the speed of rotation of thellapping plate, the arc
length of the sweep of sample on the polishing plate and
finally adjust the lubricant and abrasive conditions. Fajlure
to optimise these parameters leads to most unsatisfactory
resu]ts‘and every care should be taken to work methodicaliy.
For these soft alloys 60 rpm was found to be the ideal rate
of rotation for the polishing plate; an even finer finish
coﬁ]d be obtained by lowering the rate but the polishing time
rapidly becomes excessively 1ong; The fixture drive arm
'(see fig. (31)) was adjusfed so that the sample swept out an
arc not greater than 3 cms Tong on one side of the centre of
the polishing p]éte. The wax p]ate was next covered uniformly
with Tubricant (DF402S supplied by Logitech Ltd.) by blowing
ft fhrough-a perfume atomizer and‘then the polishing jig, with
the sample raised above plate level, was placed on it. The
polishing machine (PM2) was then run for a few seconds‘and the

rate of feed of Tubricant from a drip feed was adjusted

(20-30 drops per min) until the jig rotated smoothly on the
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wax p]ate. The PP5 was then removed and approximately 1/10'
to 2/]0 carats of diamond powder.of appropriate u size was
dispersed onto working area of the platelusing a camel hair
brush, making sure that thé diamond did nof form clusters.
The machine was run, for about a minute, with the bo]iéhing
Jig on, in order to settle the diamdnd into the wax.“ By

undoing the collar nut on the PP5 the sample was lowered onto
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‘the wax plate. Since our samples were made from soft materials
and we required a good surface finish, a low work pressure
(50-100 grm/cmz) on the sample was found to be suitable; in
practice this meant rotating the collar nut on the PP5 through
about one full turn after the specimen first reached the wax
plate. Polishing of the sample is started by switéhing on

the PM2. The surface of the specimen was examined periodically
underneath a X600 microscope and an assessment bf the finish
made . If necessary the plate was replenished with abrasive

and polishing continued. Thié initial stage lasted for about
two hours of polishing time and the abrasive used during it .

. is 23 u diamond powdef. The observation that the whole of

the surface of specimen was being polished énd that no major
scratches from the machining stage were left heralded the end
of this polishing phase.

The working area of the polishing jig and sample were
wibed c]éan and then subjected to an ultrasonic cleaning
process for about half an hour. The medium used in the
u]frasonic tank wa§ water because chemicals tend to attack
the resin and beeswax cement. After cleaning and drying the
wax plate it was replaced by one impregnated with a finer
abrasive size (6 u). The lubrication conditions were es-
tablished as before and polishing was started. When it
became obvious that scratches from the previous stage of
polishing had disappeared we moved onto the next grade of finer
abrasive (1.5 u). The ritual of cleaning plates, the jig and

the drive arm had to be repeated at each change of lapping plate.
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Another aspect we should mention was that we have stepped
down by a factor of four in abrasive size in changing plates
and it might be prudent as well as time saving to reduce
this factor to two.

Polishing normally lasted for approximately half an
hour each on the finer abrasive plates. At the end of the
1.5 u grade polish the brass jig was removed and then submerged
in a bath of toluene. The temperature of this bath was raised
to 30°¢C enabling the beeswax plus pale resin cement to dissolve
in ten minutes. The sample was then cleaned in an alcohol
ultrasonic bath and dried using selvyt cloth and camel hair

brushes to wipe the polished surface.

(b) Stage 11

In stage II fhe other end of the sample was polished
using the procedure above but there was an additional compli-
cation in aligning the specimen this time. It is an experi-
ménta] necessity that the lower and upper surfaces of the
specimen be parallel to each other. We had to devise a
technique, described below, which at least ensured that the
angle the planes containing the two surfaces made with each
other was less than twenty seconds of an arc (to keep the tilt
correction of the dilatometer capacitance < 0.1% see appendix
E).

What was essentially required was that planes AB and EF
(refer to previous section) be maintained parallel whilst the
second surface of the sample was polished. Since all our

samples were opaque we attached a silvered optical flat .
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(flat to */,q) to AB (fig. (32)). Contact between AB and

top of the optical flat was achieved by first c]%aning them
with a selvyt cloth and then sliding a lens cleaning tissue
between them. If necessary the two surfaces were pressure
contacted, any slight damage suffered by AB was of little
consequence. The fact that there was good contact was checked
by the white light interferometer (appendix C) and usually

a single fringe covered the whole contact area. The sample
was then attached to the flat by using some molten wax cement
taking care that the contraction of the cement on solidification
did not upset the contact. The brass jig was also cemented

on and, as shown in fig. (32), a Mylar spacer was used to
provide clearance between the flat and the mounting plate.

The planes GH and EF were made parallel to each other
by using the Fizeau interferometer. The fringes were again
circular (due to the sag of the upper optical flat) and one
adjusted the mounting plate to make them as symmetric as
possible about the specimen. Polishing of the second. face
proceeded in.exactly the éame way as before. We have on
occasions used a lap impregnated with 0.5 yu size diamond
abrasive for the final polish. This completed the processing
and we ended up with a_specimeh ready for the dilatometer.
Inevitably some damage must be suffered by the wax plates
either by accident or by accumulation of debris during the
above mentioned polishing operations. We have therefore
: descfibed in appendix D the necessary steps taken to maintain

the Taps and also to make new ones if the damage is beyond repair.
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CHAPTER VI

EXPERIMENTAL TECHNIQUE AND THE ANALYSIS OF DATA

I. INTRODUCTION

In this fina] chapter we shall endeavour td specify
the manner in which the experimental results were obtained
using the apparatus described earlier (Ch. IV). The con-
version of raw data to the coefficient of thermal expansion
as a function of temperature will also be discussedf Some
computing was necessary in order to generate tables for the
- data analysis and the details of the program used are presented
in appendix (E).

The behaviour of the coefficient of thermal expansion,
associated with the presence of Mn impurities in the alloys
measured in this work, as a function of temperature is similar
to that of the excess specific heat as measured by Zimmerman
and Hoare (1960) for Cu Mn alloys, Du Chatenier (1964) for Ag Mn
alloys and Boerstoel (1970) for Pd Mn. We have limited the
discussion of our results by assuming that a proportionality
betwéen the expansion and speciffc heat exists. The Grlneisen
constant for each alloy system has been determined. The
numerical value of this constant has an important bearing on
the volume dependence of the interaction energy between Mn ions.
There is some evidence in Cu Mn alloys that at Mn concentrations

> 4 at %, long lived spin excitations are present.
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IT. EXPERIMENTAL TECHNIQUE

Above all else the integrity of the apparatus has to
be maintained whilst data is obtained from it. This meant,
in our case, that the cryostat was thermally cycled at a rate
which did not harm the calibration of the Ge thermometer or
puf undue differential stresses on the expansion cell. Also
during an experimental run the temperature of the celi was -
again altered at a rate which prevented large thermal gradients
being set up. These and other precautions taken will be
discussed in the following paragraphs.

After the ;amp]e is mounted and the inner vacuum can
bolted on, the thermometer and temperature regulator cir-
cuitry‘is checked for continuity. Next the second vacuum
can is bolted on and the cryostat is put inside a set of glass
dewars.‘ The vacuum cans and the 1iquid helium dewar are
flushed out with dry Nz gas and then evacuated to a pressure
of approximately 10'2 torr.  Then liquid Nz.is poured into
the space between fhe helium dewar and the nitrogen dewar
and the crystat is left to cool down overnight. An automatic
liquid N2 topping up apparatus is used to keep the liquid N2
level from falling overnight.

The cell normally reaches-approximately a 100%K after
the dvernight cool down. Dry helium gas is introduced into
the vacuum cans surrounding the cell so that their pressure is

brought up to 0.1 mm of Hg and the helium dewar vacuum'space

is also softened using N, gas. This allows the cell to cool
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down to 77°K. The helium dewar vacuum is then hardened to

< 'IO-3 mm of Hg and cold helium gas is 1ntrodﬁced into it

via the transfer syphon at a very small over pressure. An

hour later the cryostat usually reaches 4.2% and then

approximately three litres of liquid helium is transférred.
The vacuum between fhe inner and outer can is hardened

to < 1073 mm of Hg and the inner can evacuated to between

3-2 x 10'2 mm of Hg. In the case of the inner can we believe

that the mean free path of helium gas is comparable with the

radius of the pumping line (2.38 mm). Therefore the pressure

read at the Pirani gauge, used for reading the inner can

pressure, is at least three times larger than the pressure in

the can (seé Roberts and Sydoriak (1956}). With the above

room temperature pressure of 3-2 x 10-2

mm of Hg the cell was
arranged to be in a vacuum of 10-2 mm of Hg and hence changes
in the dielectric constant of helium gas as a function of
temperature (White (1961p)) can be neglected. Secondly, a
pressure of 10'2 mm of Hg allows different parts of the cell
to be in good contact with each other but is sufficiently low
to keep the heat input to the cell low.

With all the vacua established at the pressure values
mentioned above, the transformér ratio arm bridge is balanced
and the quadrature and in phase balances decﬁup]ed. It has
become normal practice to check if the reference gap length

changes on thermal cycling the cell between 4.2 and 30°K.

*This check is initiated by switching in the temperature regulator
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-and gradually heating the cell to 30°K. The cell is then
allowed to cool down to 4.2K and the voltage from the inductive
divider read. We have found that after about four to six
such cycles the bridge reading at 4.2K does not change by
more than 1 in ]05 following a run lasting 8 hours (i.e.
typically a change of 20 R units over that period).

We regard the cell and the sample as then having reached
a mechanically stable contact with each other and proceed to
take down data. The temperature regulator is kept switched
on even for the 4.2°K point to make sure that all data is
taken ‘under the same experimental conditions. The'decoupling
. of inphase and quadrature bridge balance is checked and a
note of voltage across Cy (Cx is expansion cell caﬁacitance)
and the temperature made. The temperature of the cell is
incremented in steps of 50mk until its temperature is raised
bylgoK._ The new voltage and temperature are noted and the
next §°K step is then generated. At temperatures above 129k
the interval is increased to 1% and above 20°K to 2°K. Any
strong deviations in the data from the overall trend are.noted
and the data rétaken at and around that particular temperature.
At least one further run on anylspecimen has always been found
necessary in order to take more low and high temperature data
points and to check some intermediate points, The second run
normally took place on the following day and the temperatures
on the second run were so chosen as to fall in between those

on the previous run. A genéral point has emerged in following
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‘the above experimental procedure and this is that if tem-
pérature steps are reduced to < 5°K'the scatter in‘the data
becomes unreasonable (due to our temperature resolution) and

so the majority of the data we have measured is for temperature

intervals 3 é°K.

IIT. ANALYSIS OF RAW DATA

The apparatus yields a set of voltage readings, taken
from the seven decade inductive voltage divider, as a function
of temperature. The topic under discussion, in this section,
is the conversion of these voltage readings into a set of i
- Tength changes. The basis of our analysis.is that the

capacitance formed by the expansion cell is calculable and

takes the form (see White (1961b))

C-= ﬁ2£2 {: + \M (w + W )} pF (VI.1)

I+ 022w}

Equation (VI.1) represents the capacity of the cell plus the
corrections due to the guard ring. We have found that
corrections due to non parallelism between electrode surfaces
are at least a factor of 10 smaller than the guard ring
corrections and hence have neglected them (see appendix (E)).
For the case w = ¢, r = 1.00379/2 cms (af 4,2°K) and w = .00592

cms equation (VI.1) reduces to

C= x*  «x 1ot pF (v1.2)
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Contributions to the gap length 2 and hence changes in length
of sample as a function of temperature have been evaluated

by relating changes in C to increments in bridge voltage

(see appendix (E)). Length changes directly attributable

to the presence of Mn impurities in the alloys have been con-

verted to an effective coefficient of thermal expansion,

a(Mn) .

IV. DISCUSSION OF RESULTS

(a) Introduction

We have reached the stage where it becomes necessary
to present the results and to make an attempt at understanding
them. The cornerstone of our discussion will be the assumption
that the behaviour of the host crystal lattice is not radically
changed by the addition of Mn impurities and that the Grlineisen
rule can be generalized to relate the magnetic energy contri-
butions to the specific-heat and thermal expansion. This
appears to be a reasonably well supported assumption becausé
the magnetic energy contribution to expansion and specific-
'heat.display remarkably similar temperature dependence.

As discussed in Chapter I an understanding of these
alloys has been developed in terms of an interaction of the
R.K.K.Y. form. Predictions of this mode] are aimed at
describing the specific-heat; we shall show if any of these

predictions apply to the expansion contribution. Values of
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the magnetic Grlineisen parameter, Yy for the alloys have been
obtained from the data and found to be much larger than the
electronic Grlneisen parameter (0.7).

(b) Cu Mn: Thermal Expansion Results

We have plotted the -excess coefficient of linear ex-
pansion, «=(Mn), divided by temperature as a function of
temperature (figures 33, 34, 35). Our data for the 0.54 at %
alloy is in good agreement with that of a 0.56 at % alloy as
measured by White (1962). It is evident from the graphs
that as the concentration is incréased above 2 at % that the
anomaly seen in these alloys broadens. We believe that in
the high concentration range, due to the increased probability
of there being more nearest. neighbour Mﬁ atoms, the spin-glass
character of the alloys is modified by the formation of |
"clusters". (See below for further discussion.)

(b.1) 0.54 at %, 1.26 at % and 2.13 at % Cu Mn alloys

These alloys are sufficiently dilute in Mn concentration
so that the contribution of the impurities to the coefficienp
pf expansion is assumed to be dependent upon a long range
interaction of the R.K.K.Y. form. The appearance of an
anomaly in these a]}oys'is associated with the fact that as
the temperature is lowered the number of spihs in small effective
fields is reduced due to the R.K.K;Y. interaction consequently
reducing number of spins contributing to tﬁe entropy and at

. highltemperatures all possible spin configurations are occupied
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.hence no further increase in the magnetic entropy is possible.

Thedretica] predictions concérning the exeeés specific
heat, Cm, in the dilute Timit (Klein (1968)) require it to be
concentration independent and l1inearly dependent on temperature
as T -+ 0. A rounded maximum at a temperature proportional
to the concentration and the value of Cm/1 at the maximum to
be independent of concentration were also features of that
theory. We have plotted Cm/T in fig. (36) (see also fig.
(10)vChapter I1) and as'can be seen a rounded maximum is
observed but there is no confirmation of any of the other
predictions. Marshall (1960) has also attempted aﬁ'explanatTOn
- and he came up with an additional feature i.e. the high
temperature tail of AC should go down as 1/Tg. Specific-
heat data does not extend to high enough temperature for a
check to be made of this expectation.

Thege theoretical conjectures should also apply to the
thermal expansion results shown in fig. (33), subject, of
course, to the assqmption’of a substantially temperature
independent Grlneisen parameter. A rounded maximum in d(Mn)/T
and a behaviour similar to that of specific-heat as T - 0 is
obsefved. The temperatures at'which maxima in the expansion
occur correspond to those of the specific-heat maxima. At
high temperatures there is no simple %2 dependence and as the
concentration goes above 2% the character of the anomaly
changes radically and it becomes very broad. There aré at

least two possible exp]anatibns for this. It is possible

that the change in "lattice" expansion upon alloying (Waldorf
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(1960)) is not adequately allowed for in the procedure adopted
in deducing the expansion attributable for the impurities.

It is also possible that the broadening of the anomaly with
increasing impurity concentration is due to the increase of
clustering whereby, owing to the statistical fluctuations and
increasing number of n.n. " Mn atoms, the measured anomaly

is the sum of a 'spread' of anomalous contributions. We
tend to prefer the latter view as a more likely reason for
the observed broadening because even for a 10% change in the
lattice contribution the shape of the anomaly would not alter
by very much.

From chapter III we know that one can write the magnetic
Grlineisen parameter as Y, = - 9&n Em/aanV where Em is the
interaction energy of the magnetic system. A measure of Yo
from the experimental data (provided strict proportionality
between expansion and specific-hgat is observed) gives the
vofume dependence of Em. In table (III) we have listed '
values for the 0.54% and 1.26% Cu Mn alloys, also tabulated
are the values for the buik modulus, the molar volume at 09K
and the specific heat used in evaluating Yo The uncertainty
in the calculated vy, values is of the order + 0.2 due to
differences in concentration and the error involved in
obtaining Cm values from the graphical data bf Zimmerman &
Hoare (1960). Our value of v, for the 0.54% alloy is in
good agreement with that (3 + 0.2) obtained by White (1962)

- for a'0.56% alloy. There is little evidence for a variation
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Table III T for Cu Mn alloys-

Cu Mn T 4 6 8 10 Ok
0.54% Yo 2.9 3.0 2.8 2.7
Cm md

0.56% /707 5 34 5.49 5.12 4.23

- mole deg K2) .
Cu Mn T .4 5 - 6 7 8 9 Ok
1.26% Yo 2.9 3.0 3.1 3.1 3.0 2.9
1.16% Cm/T

iy 5.5 5.68 5.81 6.06 6.29 6.29

_( /mote deg Kz)

Bulk modulus = 1.4203 x 10'% dynes/cm?

Molar volume (0°K) = 7.03 (cm)3

in Yo with temperature and its value does not appear to change
upon increasingvthe concentration of Mn from 0.5% to 1.26%.

We have remarked earlier that the magnetic properties
of such alloys have been {ntérpreted in terms of the R.K.K.Y.
interaction. Since the interaction energy depends on the
value of Yo it should be possible to check the consistency
of the R.K.K.Y. model with our measured value of Y+ In its

simplest form the interaction energy is written as

Em = 2. A CaRke%y) S¢-S; (VI.3)
. oy = .

where A depends on the Fermi-energy.
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There are two forms A can take, one due to the direct exchange
between conduction electrons and the impurity, the other due
to double resongncg scattering. In the direct exchange
P
9 sd .
case A = X 3 where Z is the excess charge of the
T X TE kg

impurity compared with the host. Whereas for the double

resonance scattering case A = %% Ep %&%270 where n, is the

phase shift suffered by a conduction electron upon scattering.

By assuming a spherical model for our a]]oys_i.e. rij = €43 V1/3,

we can find out the explicit dependence of (VI.3)on the volume.

Since the Grlineisen parameter, Yoo gives the value of - ég%ﬁﬁﬂ,

we can compare the measured dependence with the curfent]y -
~accepted theorética] ﬁode].

For the free electron model the Fermi energy, EF’ has
the following volume dependence Ep = ]/v2/3 and so for the
direct exchange case

Epmo V7 (V1.4)
and the double resonance case
CEwm o 4,2 (V1.5)

From table (III), however, our measurements indicate

Em o 3 | (V1.6)

In an earlier paragraph we have stated that Yy = - giz Em

therefore equation (VI.4) gives a negative Y, value (- 2/3).
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This result has been invalidated because a negative Yo would
result in negative thermal expansion whereas experimentally
we find the impurity contribution to the expansion to be
positive. Although equation (VI.5) leads to a positive
Y, value (2/3) and therefore a positive thermal expansion,
its value is equal to the expected magnitude for Yoo the
free electron Grlineisen parameter. There is 1ittle doubt
that the measured Y (equation (VI6) is incompatible with
calculated values for it would take an error of the order 70%
in the measured value for there to be agreement.

In fig. (37) we have plotted the temperature at which
the anomaly occurs against the concentration of the alloy.
It is apparent that the theoretically expected behaviour
of this temperature being proportional to the concentration

is not observed (T(max)= co'7

) . Cannella and Mydosh (1973a)
have published a similtar plot for the peaks observed in the
A.C. susceptibility. There seems to be good agreement
between the two sets of data and we therefore believe that
the sharp peaks observed in the A.C. susceptibility must be
associated with the bulk behaviour of the sample. It thus
seems that any adequate model deve16ped to explain the
properties of spin-glass alloys is now required to predict
anomalous a.c. susceptibility and thermal expansion behaviour
at the same temperature.

Measurement of the thermal expansion has also proved

to be a good way of checking the scaling hypothesis concerning
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these alloys. In fig. (38) exceSs expansion divided by
concentration is plotted against T/C. We find, to within
the experimental accuracy, that the data would scale below
2°k/at % but above this temperature variations similar to
those seen in the specific-heat data (fig. (11)) are observed.
In view of the fact that our Grlineisen parameter value seems
to invalidate the model on which scaling is based, i.e. the
R.K.K.Y. interaction, it is surprising that these alloys do
show some scaling features. There is strong evidence for

a concentration independent linear term in the temperature
contribution to the coefficient of expansion in all of these
alloys. And this is another feature which any new model of

these alloys must be able to explain.

(b.2) 4.74 at % and 7.59 at % Cu Mn alloys

We measured these alloys with a view to seeing if the
concentration dependence shown by the specific heat (fig. (10))
would be found and also if any contributions due to long 1ived
excitations were evident in these alloys. As illustrated in
fig. (34) the low temperature expansion coefficient is lower
in value as compared with those shown in fig. (33), in agree-
ment with the specific heat behaviour. We believe the change
in slope below 9%k for the 4.74% alloy and below 12°K for the
7.59% alloy is due to contributions from long lived excitations.
Currently there is no theoretical framework available which
could ekp]ain this. We have tried to eliminate the possibility
that the effect seen could have a metallurgical origin. Since

the effect seen in 7.59% alloy was smaller, heat treating it
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would therefore possibly eliminate it. After a 24 hour
homogenizing heat treatment at 750°C we re-measured the
alloy and found all the features still present (fig. (35)).
The only sﬁgnificant change between the two measurements is
the increase in the value of «(Mn), above 30°K, of the order
4% .

Data on these alloys has also been used in figures
(37 and 38). In general comments applicable to the low
concentration alloys also apply here. At Tow temperatures
there is a linearly temperature dependent and concentration
independent term present in the expansion and temperatures
at which the anomaly occurs in these alloys also scale as

0.7
c .

“~

There are other features present in the temperature
dependence of the coefficient of expansion of these alloys
which are not observed for the low concentration range alloys
probably due to the fact that we did not measure at low enough
temperatures. For the 4.74% alloy we find that Eéﬂﬂl rises
initially and then becomes almost linear between 10 and 24°K.
similarly o(Mn)/T rises up to 129K and is then linear between
12 and 32°K for the 7.59% alloy. The implication of the
linear dependence of E%Hﬂl on T is that «(Mn) has, in addition

to the linear term, a concentration dependent term proportional

to T2.

(c) Ag Mn: Thermal Expansion Results

In view of the fact that the measured Yy In Cu Mn turned

out to be so Targe we decfded to investigate the possibility
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this would also be the case for Mn in some other simple
metal host. Ag seemed to be the ideal choice for it has an
f.c.c. structure with a 1attice spacing of 4.086 A and Fermi-
wavevector 1.19 cm-]; corresponding values for Cu are

3.615 % and 1.35 cm_]. From the equilibrium phase diagram
Hansen (1958) the solid solubility of Mn in Ag is 14 at % at
room temperature and so there seemed to be no obvious reason
to expect any difficulties in making specimens suitable for
the éxpansion cell. Experimentally there was a ready made
problem present in that the Debye temperature of Cu (343°K)
is very much higher than that of Ag (226.2°K) and this, at
low temperatures, the expansion of the silver sample would
be very much larger than that of the cell, leading to a
situation where the expansion contribution of Mn impurities,
at temperatures > 10°K would be < 10% of the cell and host

lattice correction.

(c.1) 1.05 at % and 2.89 at % Ag Mn alloys

Several obvious differences from the Cu Mn system
are immediately apparent as can be seen from fig. (39). The
anomalies are sharper; the values of E%Mﬂl at the maximum
are at least 3 times those of nominally the same concentration
Cu Mn alloys; anomalies occur at lower temperatures in Ag Mn
system (see fig. (37)). If we consider the specific-heat
data (fig. (40)) we see that the anomalies are sharper as
well as larger than the comparable Cu Mn alloys. Specific

heat data is available for the 0.41 at % and 1.01 at % alloys
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of Ag Mn and it would have been appropriate to measure the
thermal expansion of these alloys to calculate the Grilineisen
constant. We, however, came up against an unexpected
problem which cut severely into the time available for this
project. We found that on making a % at % Ag Mn alloy the
top end of the sample was Mn rich and the lower end Mn depleted.
The segregation was found to be so severe that expansion
results for the } at % alloy and a 1 at % alloy were found to
coincide and the anomaly in both alloys seemed to be below
20k . We subsequently found that this segregation was reduced
by completely inverting the molten alloy before casting.

In the end we made expansion measurements on a 1.05 at %
Ag Mn alloy and in conjunction with Du Chateniers specific heat

data for the 1.01 at % alloy we calculated the Grilineisen constant.

The resulting yy and data used for evaluating it are given in Table IV

Table IV y, for Ag Mn alloy

T 2 3 4 5 6 7 8
Y 4.0 4 .1 4.3 4.0 3.8 3.7 3.4
Cm/7

(md/mole 10.762 11.905 12.381 12.571 11.905 10.667 9.095
deg K2)

Bulk modulus = 1.087 x 10]2 dynes/cm2
Molar volume (0°K) = 10.15 (cm)3

The average value of Ym is 3.9 which is considerably larger
than those obtained for Cu Mn alloys. The interaction energy

of Mn in Ag has a dependence on volume given by v=3-9 ang
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therefore interaction between Mn spins in Ag are of much
shorter range than in Cu Mn. A consequence of this would

be that anomalous behaviour should occur at lower temperatures
in experimentally determined properties for Ag Mn as compared
with Cu Mn. This does agree with observations such as the
a.c. susceptibility results of Cannella and Mydosh (1973b)

and also fig. (37) where we have plotted the temperature at
which the expansion anomaly occurs against concentration for
both Cu Mn and Ag Mn alloys. The range of interaction has

an important bearing on the shape and size of the anomaly

seen in the excess heat-capacity. In figures (36) and (40)
we have plotted Cm/T against temperature and the area under
the curves represents the entropy of the magnetic system.

If we compare the 1.01 at % Ag Mn alloy with the 1.16 at %

Cu Mn alloy we find the value of Cm/T at the maximum of the
anomaly to be two times larger and as a function of temperature
Cm/T decreases much faster above the maximum. These features
support our results which indicate that due to the shorter
range interaction in Ag Mn the impurity spins break free from
each others influence at a lower temperature than in Cu Mn and
so the contribution to entropy goes down rapidly as compared
with Cu Mn. Du Chatenier and De Nobel (1966) have shown

that the spin values for the Ag Mn and Cu Mn systems are very
nearly the same within their experimental accuracy. Therefore
contributions to the spin disorder entropy are the same for

the two alloys. The difference in size of the anomalies



e

6:51%

10% o (Mn) /ol % °K
(o

—_——

1:05%

FIG(41)

10

1

A -
T /et
'IC
iz



- 138 -

must therefore be associated with the ease with which the
magnetic state is disordered as the temperature is raised
and we believe it is a reflection of the fact that inter-
action in Ag Mn is of a shorter range that the entropy
contribution is piled up near the anomaly whereas in Cu Mn
it is spread out over a wider temperature range.

We have plotted o(Mn) ¢ vs T/C in fig. (41) for these
alloys and we find that the data scales just as well as in
the Cu Mn system. The data for the 1.05 at % Ag Mn alloy
below 4°K was difficult to obtain since we were unable to
control the Helium bath temperature to better than 10mk and
the results presented are an average over four runs, We
believe that it is because of this fact that the graphs for
1.05 and 2.89 at % Ag Mn alloys do not coincide in fig. (41)
at low temperatures. Again in agreement with the Cu Mn
alloys the temperature at which the anomaly occurs goes up
as ~ c2/3 (see fig. (37)) rather than the expected theoretical
dependence of ~ ¢ (see Klein (1968)).

(c.2) 5.44 at % and 6.51 at % Ag Mn alloys

These alloys were measured to investigate the possibility
that the features observed in 4.74 and 7.59 at % Cu Mn alloys
might also be observable in these alloys. Though the 5.44
at % Ag Mn alloy has a large concentration gradient (concen-
tration varies from 4.46 at % to 6.41 at % going from one
end of the sample to the other) the anomaly seen (fig. 42)

is comparable in its definition with the lower concentration
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alloys. Above the maximum the decrease with temperature is
faster than corresponding Cu Mn alloys. The 6.51 at %

alloy has a much better defined concentration and the results
are shown in fig. (39). The curve of a(Mn)/y for the 6.51
at % Ag Mn alloy falls below those of the more dilute alloys
at temperatures < 10°K in agreement with the behaviour of

the high concentration Cu Mn alloys. There is also present

a term probortiona] to T2

with the coefficient decreasing

with increasing concentration. It perhaps requires a measure-
ment on a 10 or 12 at % Ag Mn alloy to clarify the situation
but that concentration would be too close to the solubility
limit.

(d) Pd Mn:Thermal Expansion Results

The host metal in this case has an f.c.c. structure,
as have Ag or Cu, but the electronic structure is very
different. It is known that in Pd (Mott (1964)) the density
of states at the Fermi level is very large because the d-band
is so narrow compared with the s-p conduction band. In
conjunction with the repuision between up and down spin
itinerant electrons this narrow d-band leads to the enhancement
of Pauli spin susceptibility of the Pd. If a magnetic
impurity in Pd causes the repulsive interaction to increase
in the vicinity of the impurity then this Tocal moment induces
a large polarization of spin on the nearest Pd atoms; that
is a net transfer of electrons from the down-spin to the up spin

states at these Pd atoms takes place. In elemental Mn the
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magnetic moment per atom is in the range 2 to 2} Bohr magnetons
whereas for Mn alloyed in Pd it has been measured to be 7.5

ug Per Mn atom (Star et al. (1972)) and this clearly supports
the view that giant momen ts have been induced at the Pd

sites by the magnetic impurities. At low enough concen-
trations of Mn (c < 2 at %) it is probable that interaction
between impurities is via the overlap of these giant spin
polarization clouds so any ordering of Mn spin directions

would be ferromagnetic. Boerstoel (1970) has reported specific
heat data on two alloys of Pd containing 1.35 at % and 2.45 at %
Mn, showing sharp peaks at 4%°K and 6°K respectively for the
two alloys. On the basis of these results and those of

Rault & Burger (1969) it is claimed that these alloys are
ferromagnetic (see Coles et al. (1975)) and the interactions
between the magnetic carriers uniform.

We became interested in Pd Mn because of the possibility
that, if a sufficient number of Mn are alloyed into Pd for
there to be a Targe number of Mn-Mn nearest neighbour pairs
in the alloy, there would be competition between ferromagnetic
interaction due to the Pd clouds and antiferromagnetic inter-
action due to the nearest neighbour Mn atoms (Moriya (1967)).
Fe Ni alloys with Ni content of about 35 at % are similar in
many respects to the Pd Mn system; they have an f.c.c.
structure and as the Ni content is decreased from about 40 at %
to 35 at % the magnetic moment per atom is reduced from 1.8 ug

to 1.2 ug (Mott (1964)). The reduction in moment per atom
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is associated with the increase in Fe-Fe pairs which align
antiferromagnetically in an f.c.c. structure, while the
Fe-Ni and Ni-Ni pairs are considered to interact ferromag-
netically. The measured magnetic thermal expansion of such
alloys (White (1965)) is negative from the Curie temperature
(GOOOK) down to 4%K. We wondered if a similar expansion
behaviour would be observed in the related Pd Mn system and
made measurements on a 2.8% Pd Mn alloy. The reason for
choosing the concentration to be 2.8% was simply that for
such an alloy there is a large probability (~ 30%) that a

Mn atom would have another Mn atom as a nearest neighbour.

(d.1) 2.8 at %4 Pd Mn alloy

The magnetic contribution to the expansion for this
alloy divided by temperature as a function of temperature
is plotted in fig. (43). The first and foremost feature
to be noted is that this excess éxpansion is a positive
quantity; secondly, a maximum in «(Mn)/7 is present at 7°K.
If the expansion had been negative then the results on Cu Mn
and Ag Mn would have been difficult to interpret because we
have established for those systems that the interaction
energy decreases upon increasing volume whereas a negative
expansion would require the opposite for Mn in Pd. That the
maximum in a(Mn)/T should occur at 7°K is perhaps not too
surprising since Zweers (1976) saw a peak at 7§°K in the
low field susceptibility of Pd 3 at ¢ Mn; furthermore
Williams & Loram (1969) saw a sharp kink in the resistivity

of a 2.91 at % alloy at 7.71°%.
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From the specific-heat data we have calculated the
excess specific heat divided by temperature and were surprised
.to find that this function does not show a maximum in its
temperature dependence - at least, according to the results
of Boerstoel (1970) for a 2.45 at % alloy and Zweers &

Van den Berg (1975) for 2.7 and 3 at % alloys, although there
is just the possibility of a maximum for this last alloy

at 2°K. In view of these specific-heat results we could
view our expansion data as being evidence for the breakdown
of the Grlineisen rule; that is, the ratio of the thermal
expansion to the specific heat is not independent of tem-
perature. As a consequence the free energy of the magnetic
system cannot be represented by a function of the form

E
Fm = Tf(Tm). We can, however, still define a Grlneisen
function ym(V,T) = B V/ C and find out its temperature

m XT vy

dependence.

| In table (V) we have presented the calculated values

of Ym using the specific heat data of Zweers & van den Berq(1975) for
the 2.7 at % alloy. We have assumed that the Bulk modulus is

not altered by the alloying or, for that matter, becomes

strongly dependent on temperature.

Table V
T 4 5 6 7 8 9 10 123 15%

Cm/T

(md/mole 36.034 28.276 21.264 17.241 13.879 11.494 9.655 6.345 4.046
OK2

Yy 1.4 2.7 4.7 6.4 7.3 7.9 8.2 9.9 11.4
Molar volume at T = Q%K = 8.8 cc

Bulk modulus = 1.954 x 1012 2

dynes/cm
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A pictorial representation of the results is also made in
fig. (44). We find, in addition to the rapid rise from 1.4
to 11.4 over the temperature range 4 - 150K, that a marked
change in behaviour of Yp @s 2 function of temperature occurs
at approximately 7%°K in common with resistivity (Williams

& Loram (1969) and low field susceptibility (Zweers (1976)).
A similar rise in the v, for the Ge lattice is interpreted
(Barron (1970)) using the fact that at low temperatures
transverse acoustic phonon modes contribute to y whereas at
high temperatures high frequency modes, dependent on a different
force constant, also contribute and hence raise the value of
Y - We assume that an analagous explanation for our magnetic
system is possible but at the moment we do not even possess

a model Hamiltonian for the system, Iet alone the form of
excitations.

Recently we have managed to measure a5 at % Pd Mn
alloy and found that the anomaly in a(Mn)/T vs T coincides
with that in Cm/; vs T of a 5.5 at % Pd Mn alloy (Zweers & van den Berg
(1975)) (see fig. (45)). ym(V,T)}in this instance varies
from 6 + 0.3 at 2.5°K to 5 # 0.3 at 15°K and therefore is
taken to be a constant. It seems that for this aT]oy we can
write the free energy in the form we have used for Cu Mn and
Ag Mn systems whereas for the 2.8 at % we cannot do this.
Evidently the 5 at % alloy magnetic system has an excitation
spectrum which is well behaved in a manner similar to the
transverse acoustic modes in a lattice at low temperatures

(< eD/30) but as soon as the concentration of Mn is reduced
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to 2.8 at %,in effect reducing the number of nearest neighbour
pairs, we find Y varies by a factor of 10 over the tem-
perature range 4-15°K implying that different terms in the
Hamiltonian and hence different parts of the excitation
spectrum have unequal weighting in determining the properties
of this alloy over the temperature range 4-15%%. Since at
the present time there is no detailed theory for such alloys,
we are unable to present a better interpretation than the

one given above.
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APPENDIX A

AC

This is a home-made capacitor designed to yield a

4pF. It basically consists of two

capacity of the order 10~
copper wires (18 SWG) mounted inside a die-cast box and screened
from each other by means of an aluminium partition. To get

4pF a hole 1" by 2" was made in this

a capacity of order 10~
partition.

A flap made from copper sheeting and mounted on a brass
Stud is used to swithc in and out this capacitance by respec-
tively uncovering and covering the hole in the aluminium screen.
The die-cast box acts as the guard screen for the capacitor
and the copper flap is grounded to it by means of flexible
copper wire (see Fig. (A1)). With the flap closed the

capacity between the electrodes was less than could be resolved

with our bridge (< 10-7pF).

Q

As'explained in the text (Chapter IV) Q is a network
used to balance out the conductance of the capacitor CX. A
circuit diagram representing Q is given in fig. (A2). Input
to the network is from the 0.4 and 0.2 tappings of the inductive
voltage divider. A transformer wound on a u metal core steps
this down in the ratios 1000:300, 1000:100 and 1000:30.
Ganged switch S is used to feed the rest of the network from

the secondary of this transformer.
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For conductance balance it is required that the voltage
at P be in quadrature to that across CX or Cp. The phase
of the voltage at P is altered by means of a variable capacitor
C3 to get these vo]tages'in quadrature. Indeed, for a unique
setting of C, the impedance represented by this network is
purely resistive {(Thompson (1958)) and so the current through
it is in phase wjth that through RX. The amplitude of this
cufrent can be adjusted via the combination of the 10 @

variable resistor and the 1 X2 ten turn potentiometer.
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In the absence of stray or leakage impedances the

conductance circuit can be represented as (see Thompson, 19%58) .

2Gr o 2G2

Q=

|
I
Il
|

D

Where 26; = gigz ;= 0.10 wF €, = 33pF and C3 is a
. variable capacitor. The delta, abc, can be transformed by

applying a delta to star transformation and we get the_foT]owind

equivalent circuit

| 26, --'A'/cha_ A/}wc; dC a '
A0

o

where A = juCg 26; + juCy 26y - ® €y C3.  The admittance
between N and H, YNH’ can be evaluated by é further trans-

formation given by the following equations-
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YNH = \/Q \/b / (YQ + yb+ \/C) (])

where

-1

Ya = ag, +3wl/a Yb_I: VJ\JCZ +ju3C3/R 3 Yo = A/,;)_&' (2)

From 1 and 2 we get

i . . : .
Ve = ’/(ijZ"J“’C%/e*’/.?&;*A“”C'/n*'/ae,(n/gmc;”3“’C3>('/2&,+J“Cn/ﬂ) (3)

-1 - . ax . . - ®
Ynn = -3uC,+ ol F;,mz*-’/z&.ﬂ"’c'ﬂ/m\‘*'/ze, (4%,c3196) ('/.zcx;‘-""C"‘/,Nz)(‘l)

The admittance between N and H has to be real and so the

imaginary part of Yyy must vanish.
Im(YNH) = 0

Hence

3.2 2 iy
I w2C2C Wwe C ~ i (020 00 ) - 03 Ca(CAC
Vaca + &S a7 Sehar” he (e o) B Lo 5)
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and C. = (A&)/ accicy) (6)

Equation (6) represents the value of €3 for which the circuit
Q becomes tuned to the bridge supply frequency, and the
admittance YNH real. Expression (6) substituted into (3)

gives the following real value for YNH

YNH = G‘,C-,_/(CI_,_CI_'_VZC&) (7)

3

For w = 2m x 3 x 107 radians/ge. and the values of Ci> C, and

G] used in Q we get

C, = 20 pF
and

-1 .
YNH = 170 Maq.

Finally the next two figures (A3 and A4) show the way

in which the capacitance bridge is connected up.
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APPENDIX B

GOLD PLATING

Introduction

The proéess described below was used to provide corrosion
proof surfaces in the dilatometer. Layers of the order 0.001"
thick were required so that they could be mechanically polished
to an optical finish without exposing the substrate. We
used a process recommended by Ihasa Ltd., Slough, Buckingham-
shire. This involved cleaning, electrolytically, the surface
on which Gold was to be deposited then "charging" the surfacé
in a dilute acid dip to prepare it for the final electroplating

stage.

Cleaning of Surfaces

After the preliminary polish the specimen surface was
cleaned in an ultra-sonic tank, using alcohol as the medium,
for approximately two hours. The next stage of cleaning
involved cyanide based chemical salts sold by Imasa Ltd. under
the brand name Greasex C. The salts were diluted to a con-
centration of 50 grms per litre in a glass beaker and then
using a stainless steel (18:8) electrode and a six volt power
supply the surface was electrolytically cleaned. This process
was carried out for about five minutes (current direction was
defined by taking the specimen as the cathode). After a rinse
in de-ionised water the job was dipped in a 10% HC% solution

and a further rinse left it ready for electroplating.
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Electroplating

(a) Equipment used:

(1) A glass tank; 1lower portion of a very large glass
beaker.

(2) Hotplate with a magnetic stirrer to provide correct
heating and agitation.

(3) Perspex cell used for containing the gold solution.

(4) Anode made from highly polished EN58J stainless
steel has an area equal to half of the surface to
be plated.

(5) A programmable Solartron power supply (50 volts,

1 amp) and an ammeter capable of reading up to 100 mA.

(b) Initial preparation:

Those portions of the specimen which do not require
gold plating were masked off using several layers of GE7031
varnish. The Perspex cell was leached for twenty-four hours
with a 5% solution of Phosphoric acid. And, most important
of all, an antidote for swallowing cyanide was made up in
liberal quantities. This has two components A and B; A is
made by adding 158 grms of FeSO4 7H20 and 3 grms of citric
acid to a Titre of distilled water; B by mixing 60 grms of
anhydrous sodium carbonate Na2 C03 with a Titre of distilled

water.

(c) Operating procedure:

As shown in the schematic (fig. (B1) of the apparatus

used, the glass tank containing water was heated to 60°¢C oh
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the hot plate. Then the Perspex ce11acontaining sufficient
Orotemp Vat Gold solution.(7.8 grms of Gold/litre) - for twice
the thickness of depoSit needed - was placed in the tank and
allowed to reach therma1'equilibrium. A test specimen and
the anode were then placed in solution and the power supply
adjusted so that the current density was 5 amps/sq.ft.

(5.5 mA/cmz). Next the test specimen was fep]aced by the
actual sample whiisf keeping the power supply on so thatA

current flows throughout the time the sample was in the solution.
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For a uniform deposit the inter electrode separation
was arranged to be a few times the anode diameter. Secondly,
a magnetic agitator was used to prevent any gas bubbles from
adhering to the sample surface. The process was allowed to
go for two hours, keeping the current as well as the temperature
constant. Finally the sample was removed and then rinsed
several times with water. The depleted solution was disposed
of and any object, such as the anode, contaminated by cyanide
was also thoroughly cleansed in water.

Note:

(1) The current density we used (5 amps/sq. ft.) was necessary
to give a heavy deposit in the shortest ﬁossib]e time. For
a bright and uniform deposit the optimum current density is
in fact between 3 to 1 amp/sq. ft. -

(2) We used an excessive amount of Gold solution in order to
prevent Gold depletion during the process. Secondly the pH
of the solution was checked and maintained between 6.5 and 7.
The concentration of the Hydrogen ions present was determined
by using a set of pH papers.

(3) It is essential to prevent any contact between cyanide
and Tiving tissue. Therefore we used surgical gloves, Tlab
coat and a Welders mask to reduce the probability of this
taking place. Furthermore 50 mls of component A and 50 mls
of component B of the antidote were kept close by; in the
event that some cyanide was swallowed these two were to be

mixed and taken immediately.
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APPENDIX C

We have found it necessary to use interferometric
techniques for aligning the sample during the polishing phase
of its preparation. Two interferometers were made, one
incorporating a white light source (fig. (Cl1)) used for
establishing contact between sample and optical flat and the
other a Fizeau type (fig. (C2)) with a laser as the light
source.,

The white 1ight instrument is a simple device consisting
of a half silvered mirror and a lamp bulb surrounded by tissue
paper. In operation we look for interference between 1ight
reflected from the specimen and the top surface of the optical
flat. When there is good contact between the two we see a
central dark region (wn phase change due to reflection from the
specimen) and concentric colour fringes. Flatness of the
specimen can also be gauged, the flatter it is the Tlarger the
dark fringe area. 0f course flatness is assessed with reference
to the optical flat which itself is flat to no better than */,g.

The Fizeau interferometer is a more intricate instrument
in operation, requiring care in setting up. Since we need
to observe fringes from a wedge at least an inch thick we are
constrained to use a laser source. A beam expander placed
at the focus of the collimating lens enlarges the laser beam
and also removes the speckle. The half-silvered mirror allows

observation of the fringe system from a side window.

The setting up of this interferometer basically revolves

around the correct adjustment of the beam expander. The very
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first stage requires the optical axis to be defined (fig. (C3)a)
A %" focal length microscope objective is next introduced in
the beam path and fts position altered until 1ight through it
goes along the optical axis .(fig. (C3b). A 10 u diametef
bihhb]e is then mounted bn the beam expander and p]aced at tWo
to three t1mes the working distance of the objective. By
placing a m1rror on the white cardboard for observation purposes
and adjusting the position of p1nhq]e 1atera]1y the beam is
brought to bear on the pinhole. The distance between the
dbjettive and pinhole is gradually reduced and the size of

the light spot should increase to its maximum value when the
'p1nhole reaches the point where the Tight beam is focussed by
the obJect1ve (fig. (C3)c). Throughout this reduction of
sepafation between objective and pinhole the light spot is
kept symmetric about the optical axis and at maximum brightness
_by “small" adjustments in the lateral position of the pinhole.
The very fﬁna] setting up requirement of this instrument is

‘ to'pbsition the collimating lens so that the pinhole is at

| 1t$'focus (fig. (C3)c).

In passing it should be mentioned thaf the pinhole dia-
meter should be % E%U x f (where f is the focal length of the
‘collimating_lens). Secondly, the optical flats used should
have diameter to thickne;s ratio of.no more than 6:1 to give
hinimum sag and they should be sufficiently flat (x/zo) to
check the flatness of the samples. .

'ﬂgigf The He-Néon‘1aservbought from 'Spectra-physics’ degradeé
if not used kegular1y. This problem is serious and the cure

~is to Teave the laser on for a whole day at least once a fortnight.
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APPENDIX D

WAX LAPPING PLATES

Thege are made from 'OKERIN 100' (Multiwax ML 445)'wéx
supplied by ASTOR‘chemicals 1td. A seven millimetre layer
of wax is cast on a metal backing plate. to -form the lap. Wax
being such a delicate material requires extreme care in hahdiing,
debris from polishing or insufficient chamfer on the samp]e-.
can lead to instant ruin for the polishing plate. . HWe shall
describe below ways of preventing damage to plates and also,
if totally ruined, the way to recast a new plate.

After a polishing run on a lapping plate the debris is
removed by cleaning with a tis;ue. Sometimes there is so
much of it that the tissue jis soaked in acetone to wipe‘offi
the plate. It is then necessary to recondition the plate by
running on it a device known as a 'stroller’. 'This object,
shown in fig. (D1), is made from steel and has sharp'tips which
‘have been Tlapped flat. The 'stroller' must be used with |
p]enty-bf Tubricant iﬁ order to avoid it becoming snagged with
the wax surface. In a relatively short time (15-30 minutes)

the wax becomes flattened and highly polished.

STROLLER

SHRRP TIPS

FIG (51) '
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If, unfortunately, the lap is damaged beyond recovery
by_the use of either the 'stroller' or by machining on a lathe
then it has to be re-cast. The following is a step by step
recipe for making a new lap. 01d wax is removed from the
backing plate by heating dver .a BUNSEN. Plastic tape.is
then stuck around the circumference of the meta1 back1ng
plate. Next the plate is heated to about 60°C and mo1ten
'Okerin' 100 is poured onto it to form a layer 7 mm thick aﬁd

then the plate is allowed to cool down slowly (see.fig. (D2)).

TAPE

J7MM

\ METAL BACKING PLATE

.The as-cast lap has to be flattened and this is initially
done by facing on a lathe. At a slow speed of revolution
(105 revs/min), cross feed of 0.0016" per revolution, depth of

cut 0.005" and using high rake angle tools, the machining.is
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carried out. To prevent any surface contamination a solution
of distilled water and soap is used as the lubricant. For
the retention of lubricant whilst polishing, a set of circular
grooves in the plate surface is needed and these are next cut
into the surface, placed at every 0.200" along the diameter
and 0.025" deep, using a narrow sharp nosed tool. Finally
the 'stroller' is run on the plate and if it is known that

the lathe used for facing gives a small degree of either con-
cavity or convexity then the running centre of the 'stroller'

is adjusted to be out or in respectively.
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APPENDIX E

(1) DATA ANALYSIS

We shall present below a detailed account of the analysis
and computing necessary to convert data from the expansion
apparatus into the coefficient of thermal expansion. Our
starting point, as mentioned in the text, is the following

expression for the capacitance of the cell

C - r1/3.6£_ {‘ +W/'_(|+W/2f) /0_‘_.7_7_\1/2)} (1)

For W = 0.00592 cms
2r = 1.00379 cms @ 4.2°K and
2 = W equation (1) reduces to
2 . l-o0qQq7
C = /¢ /3.6 (2)

We use (2) to work out the length of the sample, g, at 4 .29
in the following manner: the value of C is worked out from
the ba]ance'equation for the bridge and the measured value of
thé reference capacitor, 2 the gap length is then calculated
from (2) and is subtracted from the length of the Cu cylinder
at 4.2°%, to yield the specimen length. This cylinder is
0.9506" long at room temperature and therefore it is 0.9475"
long at 4.2°k.

Next we differentiate (2) to work out the dependence

of changes in C on r and 2.

AG = a by - By (3)
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If the total voltage read from the inductive divider minus
that across the reference capacitor is represented as B and
changes in it as AB then, using the balance condition, one

can show that

AC/C = AB/B (4)
From (3) and (4) we get
AB/B = _;LAT/Y_ + AE//Z (5)

In equation (5) Ar represents the increment in radius of the
top electrode in the cell and A2 the increase in gap length
for a temperature rise of AT in the cell temperature, T. Now

Ar is given by
Avr = v+ AT x(Ca) (6)

where o{(Cu) is the value of the linear coefficient of thermal

expansion of copper at temperature T. (It is taken to be
constant over the temperature range T - %I to T + %I . There

are several contributions to A%; Agp comes from the insulating
material and the gold layers in the expansion path; Azg from
the uncompensated copper in the gap; Mg from the difference

in expansion between the copper cell and the specimen.

A,e: A,@I + Azgg +‘A’esc (7)
DALy = £ AT £(C) (8)

Nl = fs X CC)AT = L C(SYAT (9)
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In equation (9) «(S) represents the expansion coefficient of

the specimen. Equations (6 - 9) substituted in (5) yield

ARt + 8 ATX(G)+Ls (@) AT Ly K(SIAT

= 4 FATZ(G) f- + ZAB/B (10)

AMry = (L) <G+ R () A+ Ky 8BL ()

We shall next demonstrate how equation (11) is applied
in working out the expansion due to Mn in an Ag Mn alloy and
show that analysis of the data for Cu Mn is a special case

of this. Equation (11) for a pure Ag sample can be written as

AQI/AT = (0-05) ® () +£So?(95)+»@/3 2B/ (12)

and for an Ag Mn alloy sample of length zé

e (A AL ORI CHEL 797 LY O

where AZMn is the increase in gap length due to the presence

of Mn, From (12) and (13) we get

aln = @0 % (@) - (5 - e)ocm>+(<)s-@)a<(ﬁﬂ+[’“‘“ 280
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Special features of equation (14) are that if the R.H.S. is
negative then Mn impurities increase the length of the sample
as a function of temperature and therefore we get a positive
expansion; secondly, if the lengths of the two specimens were
equal then the first three terms on the R.H.S. would vanish;
also, if we were comparing Cu Mn against copper then the second
and third correction terms would disappear. In genera1‘we
have found that the first three terms on R.H.S. of eqn (14)

for all the alloys we have measured to be negligible compared
with the fourth term (i.e. ~ 1%).

Mention should perhaps be made of a couple of corrections,
of a different kind, which have beenvignored in the above
analysis. In assuming equation (1) as the basis of our dis-
cussion we have ignored the fact that there are corrections
to that equation due to the surfaces of the cell electrodes
being slightly nonparallel. It has been experimentally deter-
mined that at the most 8 Fizeau fringes cover the electrode
area for interference between 1ight reflected from the lower
and upper ends of the sample. This implies that one point
diamétrica11y opposed to another in the top surface is 4x higher
with reference to the lower surface of the sample. Rosa and
Dorsey (1907) have shown that the correction due to the tilt

is given by

2
_
DC/e = o (Bqp )= Yy %10 (15)

where & = 3 x 41 = 2 x 6000 x 1078 cms

and 3

0.006 cms a typical gap length.
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The magnitude of this correction is such that we can
safely neglect it. The next correction which we have also
neglected, perhaps with less justification, is due to the
finite temperature intervals used in obtaining the data. We
have found it necessary, due to experimental constraints, to
maintain the temperature interval per dafa point to AT z,QOK;
This in effect means that in working out the coefficient of
expansion at a témperature T, we are making the assumption
that ¢ is a linear function of temperature over the temberature
interval AT. Consider the following diagram where the gap

length 2 1s plotted as 2 funcgion of temperature.

2| - | | ""/

[ .y

L -
T.-AT T, To+axY
o > (<] 2 T

We have used the slope of the line PQ to define the coefficient
of expansion at the temperature To' By using Taylor's theorem

expansion one can show that

£0(7%) = A+ 87)- L) ] - @)
a7T oo _
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where represents differentiation wrt temperature and

AT AT .
T0 -5 < E < T0 + o The ratio of the two terms on the
RHS of equation (16) gives the error in ignoring the local

4

curvature of 2(T). If we assume ¢(T) = aT’ then this ratio

is given by
2 o,
R = as (’V/T) 4 (17)

Therefore for AT = 1 and T = 4, R is just over one percent.

It is possible to minimize the effect of this cqrrection
by plotting 2(T) as a function of temperatiuic and interpolating
usingfcubic splines in between data points, thus allowing one
to dﬁoose a small enough AT. Indeed all one would have to

do is to plot (from equation 1)

/e' (T) = R %_Y“CT)} Z/C (_T) (18 5——

;rc("r)dT} + 7 (42)
where r(T) ={r0(4.2)% 4% s the temperature dependent radius of

the top electrode of cell and o(T) is the linear coefficient

of expansion of copper, for a pure sample and an alloy and carry
out the rest of the data analysis in a manner similar to that
discussed earlier. Our view is that this approach toc analysing
data is not warranted on two counts; firstly, a great deal of
Tabour is involved and, secondly, the accuracy of currently

available data on the thermal expansion of copper is of the

order 29%.
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(2) COMPUTING REQUIREMENTS OF THE DATA ANALYSIS

In order to reduce the Tabour involved in data analysis,
tables were generated of resistance against temperature and
of %% against temperature using the calibration data supplied
by Cryocal for the Ge thermometer and data obtained by us on
the‘pure materials (Cu, Ag and Pd) respectively. The inter-
polation was carried out by using computer sub-routines deve-
loped at UKAEA Harwell. The fit obtained at the data points
is better than the claimed accuracy and corresponds to the
best possible curve drawn through the data points. The
alogorithm used, in fact, tries tg emulate what a person with
a trained eye would consider as the best fit.

Polynomials of degree three i.e. cubic splines, are
fitted piecewise at several points, known as knots, and their
first and second derivatives made continuous at these points.
A Teast squares criterion with added constraints relating to
the discontinuities in the third derivative of the cubic
splines at the knots is used to find the best possible fit
(for further details see MJD Powell (1967)). The theory of
this interpolation scheme is comprehensively documented by
Powell in the above mentioned report. We shall, therefore,
limit ourselves to presenting the Fortran IV program and the
control cards necessary to use the subroutines from the Harwell

library, which is stored at ULCC.
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(a) JOB CONTROL CARDS

JOB (UMAPX10, J9, T120, CM30000, LC5000, MT1) J.A. KHAN
REQUEST (MARWELL, VSN = HARWEL) * HARWELL INHIBIT * HARWEL LIBRARY TAPEX
UPDATE (Q, P = HARWELL, L = A1)
MAP (PART)
ATTACH (LIB, MNF, ID = TRIAL)
LIBRARY (LIB)
MNF (I = COMPILE, L = OUTPUT, B = BGO)
RFL (70 000)
MNF (T, L = OUTPUT, B = BGO)
BGO.
EXIT.
DMP .
END OF RECORD
*COMPILE VBO3A, VBO6A, TGO1BA
*1, TGOIBA.5
EPSLON = 1.0E-6
END OF RECORD



(b)

11
10

47
100

22

30

24
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PROGRAM CALIB

PROGRAM CALIB EINPUT,OUTPUT,TAPE5=INPUT,TAPE6=0UTPUT)

DIMENSION TITLE(100),R(200),T(200),4D(200),RD(200),XN(200),FN(200)
1,GN(200),DN(200),THETA(200),W(2000),55(10),555(10),RRD(200) ,XXN(20
20),TT(200),RR(200),TRUE (200),TR(200)

READ(5.1) (TITLE(I),I=1,20)

FORMAT(20A4)

READ(5,2) N,M,IPRINT

WRITE(6,2) N,M,IPRINT

FORMAT(313)
READ(5,3) (TT( )RR
WRITE(6,3) (TT(J),R
FORMAT(2F10.3)

DO 4J=1,N
T(J)=ALOG(TT(J))
WD(J)=AL0G(100.0)
R(J)=ALOG(RR(J))
CALL VCO3A(N,M,T,R,WD,RD,XN,FN,GN,DN,THETA, IPRINT,HW)
PRINT &

FORMAT('1',"' TEMP GIVEN R FITTED R DIFF SENS')
DO 10 J=1,N

I=-1

TR(J)=EXP(TGOTB(I,M,XN,FN,GN,T(J)))

FORMAT (F10.4,2F12.3)

PRINT 11, TT(J),RR(J),TR(J)

CONTINUE

L=1

PRINT 41, (TITLE(I),I=1,20)
FORMAT('1',///,20A4,///)

DO 100 J=1,10

$S(J)=J4/100.0-0.01

PRINT 42,(SS(J),Jd=1,10)

DO 20 I=1,500

S=1/10.0+4.7

L=L+1

DO 30 J=1,10

§5(J)=J/100.0-0.01

II=-1

SSS(J)=ALOG(S+SS(J))

TRUE (J)=EXP(TGO1B(II,M,XN,FN,GN,SSS(J)))

CONTINUE

IF(S.GT.2.80) GO TO 101

PRINT 24,(S,(TRUE(J),J=1,10))

FORMAT(F7.2,(10F11.2))

GO TO 103

PRINT 41,(TITLE(K),K=1,20)

FORMAT(F7.2,(10F11.4))

IF(L.EQ.27) GO TO 23

IF(L.EQ.27) GO TO 23

GO TO 20

PRINT 41, (TITLE(K),K=1,20)

FORMAT (9X,10(2X,F6.4,3X)//)

L=7

CONTINUE

STOP

END

)sd=1,N)
J),d=1,N)

(J
R(
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The above program requires three inputs for it to
function. A title of the program has to be read in; N
the number of data points, M » IN the number of knots and
IPRINT > 0 have to be specified; finally the experimental
data is fed in ascending order with Temperature = TT(J) and
Resistance = RR(J). The output is a tabulation of resistance
against temperature for temperature intervals defined by the
user. One word of warning to the user, the data fed in must
be uniformly spaced and if there is a change of interval then
this new interval must be maintained. If this is not the case
then the fit will have a ripple where the density of data is
greatest. A simple cure, found to be effective when fitting
a thermocouple calibration, is to leave out some of the data

in the high density region.
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APPENDIX F

GENERAL DATA AND TABLES

Here we shall present tables of data on the alloys
measured in this work and other relevant data needed iﬁ the
analysis. The temperatures were calculated using the following
standard resistors in conjunction with the Ge thermometer.

Standard Resistors:

) 3041.1 @°

) 935.40 @°
(c) 302.50 @°

) 94.18 «°

) 29.99
These values were measured by using a potentiometer and two
resistance boxes.

The length of the cylinder in the expansion cell was
measured, using a dial gauge and a 0.900" gauge block, to be
0.9506" at room temperature. The diameter of the top electrode
in the cell and the guard ring gap were measured using a travel-
ling microscope and were found to be 1.00707 cms and 0.00592 cms
respectively.

At 4.2°K length of cylinder = 0.9475"

radius of top electrode = (1.00379)/2 cms .
Apart from the data already mentioned the value of the reference
capacitor CR is needed in the analysis. This was measured

by using a Wayne-Kerr bridge accurate to 1 part in a thousand.

Cp = 10.852 pF
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Initially the data was plctted as /¢ vs T assuming all

the samples were of equal 19n§th. In order to correct and

convert it to % % %% we have had to multiply % by
% X %4%%€7 X 108 = 2.42. For all the alloys we have done

1 2' AB' 1 2 AB
TEB' AT - T B ap) by the

length of the sample 2; to get 5L¥ﬂl vs T. However, for pure

this and divided the difference (

Cu, Ag and Pd samples the data is presented in the original
form.

To carry out corrections on the data for the alloys we
require values of % given in table I at all temperatures from
2 to 50°K. For the Cu and Ag samples we carried out a cubic
spline fit, discussed in appendix E, for the temperature range
shown in table I. However, for extrapolation below 4.2 we

used a simple power law fit given by

108 « % = 0.02091 x T 2297 for the pure Cu sample with
respect to the cell
108 « ¥ = 0.0146 x TV-9845 401 the pure Ag sample with

respect to the cell

For the pure Pd sample we decided to use such fits for the whole

temperature range and did not attempt a cubic spline fit:

4 < T < 10%

108 x & = 0.1194 x 70-8937

10 <« T < 14

108 x % = 0.1682 x TO0-7477 for pure Pd sample with
14 < T < 19 respect to the cell

108 x & = 0.2599 x 70782
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19 < T < 26

108 x & = 1.355 x 100259
26 < T

108 x & - 1.6059 x 10-9699

We recognise the fact that such fits are an oversimplification

of the actual temperature dependence of & but for interpolation

-

these will do. Similar fitting to data from White and Collins
(1972) was carried out to enable corrections due to sample

length differences to be carried out.

T < 12%
108 x a(cu) = 0.021 x T + 0.00276 x T3-021
12 < T < 34

108 x «(Cu) = 0.021 x T + 0.00152 x 713-262

where o(Cu) is the linear coefficient of expansion of Cu

and
3 < T < 12

108 x a(Ag) = 0.019T7 + 0.0108 T73-0384
10 < T < 18

108 x «(Ag) = 0.019T + 0.0117 73-032
18 < T < 25

108 x «(Ag) = 0.019T + 0.018 x 72-9999
25 < T < 32

8 2.403

10 x a(Ag) = 0.019T + 0.0918 x T
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where o« {(Ag) is the linear coefficient of expansion of Ag and

similarly for Pd

T < 10

8 3

100 x o(Pd) = 0.37T + 0.0042 T Collins and White

(1964) .

Using the data set out so far in this appendix corrections
due to differences in sample lengths have been carried out for
Cu 0.54 at % Mn alloy and Ag 1.05 at % Mn alloy and these were
found to be of the order 1 part in a thousand. Such corrections
have therefore been ignored for the other alloys and their data
is presented in the uncorrected form.

In table V we have presented data for a single Cu Co
alloy. As seen in the accompanying graph the contribution
to 3L%Ql varies from 0.1 x 1078 to 0.03 x 1078 in the temperature
range 4 - 189K. Two aspects, related to the physical behaviour
of the alloy, emerge from this measurement: ageing reduces
thé contribution to expansion, secondly &(Co) can be expressed
as the sum of a constant and a term linear in T. Data for
below 4.2°K indicates that there is an anomaly which may be
present but the reliability of this data is questionable.
Finally this measurement demonstrates what the apparatus is

capable of resolving.
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TABLE 1 = OC vs T for pure Cu, Ag and Pd samples against the
= |

expansion cell.

Pure Cu specimen vs cell. Pure Ag specimen vs cell. Pure PAd specimen vs cell.

B =1782532 B =193806T B =68264T73
C =18,264 pF . C =16.7962 pF C =4,769 pF
1 =0.00387 cns 1 =0.00421 cns 1 =0,0148 cas
1l =2.403% cnms 1 =2,402 cnms 1 =2,392 cms
3 . ? . .. .8
q © ol 410 , o ¢ 10 . oC x 10
T . T T )
4,724 143 . 2.813 121 5.356 »528
5.725 191 © 3,609 - 2163 6.974 697
6.816 245 4377 263 8.026 .766
8.063 <295 4.638 <341 ' 9,061 .845
10,132 «381 6.077 «557 - © 11.099 913
10.830 422 6.903 CWT07 ' 12.092 1,088
11.838 «454 7529 .784 13,082 1.165
12.837 .483 : 8.137 915 14.067 1.200
13.886 «514 8.997 1.091 15.045 1.253
14.882 537 9.592 1.225 - 16.039 1.339
15.852 <549 10,256 ' 1.433 17.102 1.369
16.856 .576 11.619 1.751 18,085 . 1,388
17.881" «595 12.449 2,000 19.023 1.437
19.016 - 607 13.462 2.314 20.532 1.466
20,099 "~ W611 14.443 2,679 23,361 1.500
20.967 b1l 15.427 3,076 27.501 1.430
22,018 .628. 16.440 3,500
24,210 622 18,419 4,283
© 25,212 .633 19.463 . 4.721
26,261 63T - 204445 5.170
27.467 631 21.406 5.535
28.416 <645 22.437 5.929
- 304404 «635 23.504 6.339
32.653 617 24.576 6.802
34,964 607 25.640 7.125
37.250 <601 26.724 7517
44.983 «563 28,886 8,124
49,502 534 - 304116 8,397

304840 8.703
31.581 8.718
32.337 8.926
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TABLE 11 ¢ Cu kn data, where o£(in ) is the linear coefficient of
due to the presence of Mn in Cu.

lin content in at?

0.54 : 1.26 2.13
B =2646043 B: =3485112 B =6289683
C =12.304pF C =9.3415pF C =5.176pF
1 =0.00574 ens 1 =0.00756 cms - 1 =0.01365 cms
1 =2,401 ecnms 1 =2.399 cas 1 =2.393 cms
2 . ' 8 2
iy oC(tn)x10 i o<(1in) x10 7 oc(lin)x 10
T ' T . , T
4.848 04525 5.083 0.568 8,415 - 0.721
5759 0.559 " 5.697 0.638 9.542 0.756
6.656 0.503 6.295 0.615 10.650 0.7T774
Te531 0.497 6.895 0.633 - 11.748 0.7682
8,106 0.459 7.483 0.667 12.840 0.782
8,672 0.436 8.053 0.618 13.923 0.775
94236 0.428 - 8.631 . 0.622 15.003 0.767
9.793 0.378 9,204 0.616 16.091 - 04757
10.355 . 0.363 9,769 0.539 17.175 0.739
10.901 0.347 10.332 0.605 18.818 04735
11.450 0.290 10.886 0.555 20.477 0.710
12,015 0.283 11.713 0.538 21.595 04690
12.566 ©  0.278 12,533 0.509 22,726 0.661
13.102 0.246 13,082  0.465 24.448 0.602
13,917 0.229 13.634 0.473 26.208 0.619
15.009 0.201 14.171 0.448 4,541 0.522
16.101 0.168 14.978 0.429 5.145 0.567
17.197 0.150 16.065 0.400 5.T47 0.668
18.847 0.126 17.157 . 0.376 6.348 0.649
21,061 0.108 18,257 0.344 18.480 0eT711
64893 0.542 19,362 0.326 19.492 0.689
- 20.464 0.303 20.502 0.685
21.567 0.297 28.429 0.593
22,711 0.263 30.618 0.564
23,882 0.261 32,838 0.545
4,854 0.57L T
5753 0,586
6.345 0.611
6.941 0.624
" 8.09 0.647
8.657 0.611
24,941 0.258

26.388 0.242
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TABLE 11 continued : -

474 | ' T7.59

es cast
B =1416682 - B =2679528
C =22,980pF | C =12.1499pF
1 =0,00307 cns . 1 =0.,00582 cmsg
1 =2,404 cus 1 =2.401 cas
: 2 2
by ¢ (kn) 10 T oC(Hn)x10
T - T
5.141 0.485 6.06 0.447
5.T43 0.531 7.242 0.507
6.340 0.543 8.390 0.538
6.931 0.595 9,516 0.590
7.508 0.602 10.63 0.644
8.078 0.639 11.726 0.674
21.875 0.937 12.814 0.705
22,896 0.926 13.906 0.734
23,961 0.954 14.994 0.778
24,842 0.979 16.085 0.305
254735 0.963 17.185 0.855
27,303 1.015 18.279 08997
26.804 0.972 20.513 0.9383
27.874 0.982 21.634 0.981
28,972 0.98% 23%.540 1.035
30.083 0.976 25,666 1.097
31.181 0.978 4.586 0,285
33.411 0.971 6.692 0.452
34453 0.960 7.859 0.519
354652 - 0.975 9.C03 0.576
364806 0.967 10.117 0.623
4,349 0.4583 11.216 0,652
6.064 0.549 12.306 0.689
T.245 . 0.677 13.393 0.724
8.339 0.664 14.4386 0.757
9,528 0,711 20.523 0.953
10.633 0.747 25,961 1.105
- 11.733 0.764 - 29.376 1.196
12.824 0.790 32,714 1.214.
13.905 0,812 36,128 1.304
15.020 0.821 39,521 1.332
16.034 0.846 42 .89 1.358
17.171 '0.853 46,299 1.349
18,266 0.879 _
19.363 0,897
20,477 0.918
21,602 0.941
22,736 0.974

T.59
annealed
B =2786700
1 =0,00605 cms
1 =2.4006 cns
4
L o< (n)x 10
T
4.551 0.360
5.180 0.379
5.784 0.438
- 6.381 0.441
6,981 0.471
T7.573 0.517
8.152 0.513
8.726 0.558.
9.303 0.572
9,868 0.603
10.414 0,606
10,962 0.645
11.513 0.656
12.06 0.674
12.610 0.699
13.161 0.712
13.706 0.735
14.521 0.759
4.809 ° 0.382
5937 0.454
7.012 0.495
8.082 0.549
9.122 0.579
10.182 0.611
11.231 0.642
12.249 0.679
13.263 0.724
14.244 0.743
15.226 0.771
16.237 0.803
17.256 0.83%8
18.253 0.870
19.285 0.904
20,312 0.932
21.326 0.956
22.326 1.000
23.33 1,02
24,406 1.085
25.474 1.089
26,552 1,128
274641 1.160
28.727 1.1996
304391 1.229
32,620 i.gg
Sosy L6
42,023 - 1.576




TABLE 11 continued :

7.59 (continued)

ammealed
m 2 (rm)x 108
T
43,181 1,392
45,455 - 14390

AT.675 1.380
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TABLE 111: Ag Hn data wheretC(in) is the linear
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expansion due to the presence of lkin in Ag.

. En content in at 7

rraW

1.05

=2920911 .

=11 .146pF

=0,00634 cms

=2 04OOC'~mS

T oc(2in) 10°
=

4.55 1.540
5.157 1.449
6.353 1.303
6.944 1.211
T.53 1.081
8.372 0.885
9.511 0.731
10.616 0.647
11.694 0.467
12.784 0.405
13,870 0.337
14.952 0.228
16.027 0.175
17.643 0.065
2.638 1.343
2.398 1.453
3+278 1.468
3.673 1.610
3.929 1.625

2.89
B =2251628
C =14.4597F
1 =0.00489 cnms
1 =2.402 cms
2 ec(n)xl0°
T
43663 1.775
5.398 1.782
6.110 1.795
64833 1.782
T.557 1.860
6.83%2 1.818
4.635 1.772
4.622 1.764
5.367 1.852
6.089 1.814
64822 1.843
7.546 1.898
84257 1.996
8.967 1.949
9.65 1.871
10.319 1.851
11,018 1.781
12.319 1.629
12.988 1.549
13.653 1.470
14.303 1.372
11.663 1.703
15,543 1.193
16.229 1.088
16,905 1.042
17.569 0.989 -
18,245 0.945
18.921 0.794
19.619 0.801
20.474 0.756
21.475 0.662
22,511 0.607
23,562 0.538

coefficient of

. .14

B. =5013511
C =6.494pF
1 =0,01038 cams
1 =2.,396 cms
' 2
T o (¥in)y 10
T
4.541 1.614
5.14 1.674
5.741 1.689
6.343 1.782
6.940 1.849
T514 1.860
8.084 1.798
8.644 1.850
9.211 1.956
9.774 1.904
10.315 - 1.981
10,862 1.931
11.407 < 1.907
11.957 1,78
12,504 1.86
13,036 1.81
13.042 1.76
13.581 1.76
14.126 1.744
14,672 1.76
15.214 1.71
15.753 1.71
16.299 1.691
20.946 1.491
21.615 1.42
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TABLE 111: continued

651
B =4653394
C =5.9962pF .
1 =0.01009 cms
1 =2.,397 cms
, 2
T o< (lin), 10
T .
4.565 1.380
5.177 1.516
5.784 1.530
6.380 1.514
6.971 1.669
T.55 1.717
8,123 1.664
8.690 1.796
9.256 1.756
9,816 1.886
4.568 1.505 °
5,186 1.561
5.797 1.617
64397 1.645
4,571 1.449
5.790 - 1.561
6,746 1.562
T+322 1.654
7.896 1.689
" 8.465 1.756
9.035 1.770
9,615 1.760
10.108 1.795
11.145 1.872
11.705 1.878
12.256 1.858
12,798 1.798
13.348 1.771
13.899 1.732
14.789 1.56
15.796 1.672
16.808 1.602
17.819 1.672
18.824 1,600
19.843 1.563
204857 1.577
21.850 1.530
24.639 1.394
26.498 1.395

23,002 1.463
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TABLE 1V : P4 iin data whereel(in) is the linear coefficient-
of expansion due to ln in Pd.

ln content in at %

2.8
B =3285500 °
C =9.909pF
1 =0.00713 cns
1 =2,399 cms
.
T O_Q(hin) x 10
T
4.469 1.437
4.959 1.311
5.062 1.566
5.935 2.0099
6.887 2,134
T.354 2,162
9.159° 1.811 -
9,505 7 1.705
10.048 1575
10.485 1.555
10,919 1.463
11.364 1.296.
12,385 1.204
12,935 1.065
4.529 1.236
5.146 1.423
5.76% 1.815 ' -
6.371 2,173 _ :
6.471 2.144
7.057 2.129 : -
T.519 2,047
8.185 - 1.944
8.7T49 1.807
11.399 1.353
11.941 1.249
13.834 0.991
14.912 0859
16,542 04725
18.730 04535
20.949 0.425
23,210 0.349

25.539 0.244



TABLE V : Cu Co data where o€{Co) is the linear coefficient of

expansion due to Co in Cu.

Co content in at i%
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= Qo

067

aged at 400 C for 19 hours

=2870649
=11.341pF
=2,400 cmg -

oC(Co)go" T

T

0.67
‘as cast __
B =2798962
C =11.632pF
1 =0,00607 cms
1l =2 0400 cms
T ue Cor
”4.842 0271 0148
54963 « 305 202
T.039 +336 252
8,088 «382 «299
9.103 ' -407 '342
10.138 «453 0384
. 11,187 .489 424
12,197 «521 .459
13,197 534 491
14.197 «559 «518
15,188 576 «542
16,173 <596 .563
17.166 614 <579
18,171 .629 «594
19,202 643 605
21,242 .654 621
4.801 246 146
54901 «301 .199
6.987 327 «250
8,067 379 «298
Ge11 416 342
2.589 .128 .08
3. 706 187 109
2.92 «153 .081
3475 213 <111l
«238 «140

4.52

.124 5.%88
104 - b6.128
085 6.847
084 T7.558
0654 4.666
'0695 8'975
0654 5,425
0624 6,149

043  6.893
041  T7.603
034 9,498

«033 10.508
0353 11.55

0353 12.574
«0383 13.563
<033 14.543
101 15.527
2103 16.541

078 3,058
.082  4.239
L075- 3.00
048  3.97L
079  4.253
110 5,38
L0735 8.493
.103 _

-099

uc

4239

275
«299
342
<240
380
248
273
.308
347
<402
152
JA76
.503
531
«546
253
.585
105
.158
.098
«135
.150
220

375

Cor

175
.210
244
275

«336
<177
211
<246
278
358
«399
437
471
«501
e 227
«549

.085
«129

083

o119
«130
175
316

oc(Co)x10®

=
0065
066
- #055
.08
095

044

072

0624
0624
.0695

044
.053
+039
032
«030
019
004
.016
«020
029
«015
.016
+020
045

«0594
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