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ABSTRACT

The specific heat of several dilute magnetic alloys has been measured
in the temperature range 1.30 to 20°K, using an adiabatic calorimeter. The
design and construction of the calorimeter are described in detail.

Measurements are presented of the specific heat of copper, gold, and
a series of copper-gold alloys, all conteining a fixed gquantity (0.6 at %)
of iron, Details of the specific heat anomalies in these systems are discussed
in relation to the appearance of a low temperaturemaximum in the electrical
resistance with increasing gold concentration, The differing shapes of the
specific heat anomalies in the Cu 0.6% Fe and Au 0,66 alloys are correlated
with the marked differences in the liossbauer spectra of the two systems. A
Cu 0,6% Fe 0.1% Mn alloy has been investigated to observe the effect of the
Mn ions on the magnetic ordering of the Fe. The specific heat of Rh 0. 5% Fe

and Pd 0.19% Fe alloys have been measured to throw light on the origine

of their unusuel resistive and magnetic properties.

The extensive body of experimental data on the anomalous prOpefties
of dilute magnetic alloys is surveyed, and current theories are discussed

which purport to explain these properties.
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9e
GENERAL INTRODUCTION

The study of the changes in electronic structure which occur when a
foreign atom is introduced into a pure metal has attracted much theoretical
and experimental attention. The behaviour of the system is largely deter-
mined by the requirement that the excess or defect charge of the impurity is
screened out by the conduction electrons approximately within its atomic
volume. The problem is especially interesting when the impurity comes from
the first transition series, as the screening can be accomplished either by
equal numbers of conduction electrons of both spin directions, giving an
unmagnetised impurity state, or by conduction electrons of mainly onespin
direction, giving a magnetised state., lNagnetic susceptibility measurements
show that both situations are to be found amongst the various alloys of non-
transition metals containing small amounts of transition metals, and that the
impurity state, when magnetised, behaves in a manner similar to paramagnetic
ions in non conductors.

It has also been observed that whenever the impurity exists in a
magnetised state, the thermal and transport properties of the alloy show
striking anomalies at low temperatures, Thus even with very dilute alloys,
there is a large excess specific heat at low temperatures, suggesting magnetic
ordering. The ordering temperature is too high to be accounted for by magnetic
dipole coupling, and occurs for concentrations that are too low for direct
exchange coupling to be important. A mechanism involving the conduction
electrons, which is intimately connected with the screening mechanism, is
probably responsible for this long range interaction, though other models

have been proposed.
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In Chaptery 1l and 2 the properties of dilute magnetic alloys are reviewed.
(The recent review article by Van den Berg1 was found to be a valuable source
of references), Current theories deriving the conditions necessary for the
formation of magnetised states, and the interaction between such states,
are discussed in Chapter 3, and in Chapter 4 several theoretical models are
considered which endeavour to account for particular properties., After the
description of the adiabatic calorimeter and measuring technique in Chapter 5,
experimental values of the specific heat of several dilute magnetic alloys
are presented in Chapter 6, and these are discussed in Chapter 7 in the

light of present theoretical and experimental knowledge,



CHAPTER 1

PROPERTTES OF DILUTE MAGNSTIC ALLOYS

1.1 Introduction

Many experiments have demonstrated that the addition of' a2 small
amount of non-transition metal solutie to a pure metal leads to an
approximately temperature independent increase in its electrical
resistance (Matthiesson's rule)‘. As the temperature is reduced,
‘electron-phonon scattering beccmos negligable compered with impurity
scattering, and the resistence falls to a constart value proportional
to thé solute concentration. This will be callzd normal behaviour.

In 1933, de Haasz, de Boer and Van den Berg noticed that the resistance
of 'pure! gold (containing less than 10'“‘% impurity) 4id not ternd to
a constant value at low temperatures, as expected, but went through a
minimam, and started to increase on cooling below LPK. Careful
investigation showed that this effect was due to the presence of
transition metal impurities., Similar results were found for silver
wires, and in 1951 Gerritsen3 and Linde showed that the resistance
minimum of a Ag 0.1% ln alloy* was followed by a maximum at still‘
lower temperatures, The temperature of the maximum was proportional
to the concentration, and for concentrations of less than 0,05% in, it
foll below 1°K. These authors also showed that the Ag Mn alloy had a

large negative magnetoresistance, which was consistant with a magnetic

A dilute alloy of solute B in solvent A will be written A B, and-the
concentration, if quoted, will be in atomic percent,
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origine for the resistance anomalies,

In 1956, Owen et alh'published the results of a series of
significant experiments on the magnetic properties of Cu Mn (which had
also been shown to exhibit a resistance maximum and minimum). They
observed a rapid increase in the magnetic susceptibility with decreasing
temperature, which could be well described by a Curie-/eiss law, with
a positive Curie temperature suggesting a ferromagnetic interaction
between the paramagnetic impurities, However, instead of becoming
ferromagnetic at low temperatures, the susccptibility showed a broad
maximun at a temperature Tl’ rather greater than 6, indicating a
gradual antiferromagnetic ordering.

Their experiments on the Electron Spin Resonance of the Mn ioms,
and their demonstration of the absence of a Knight shift in the Nuclear
Magnetic Resonance of the Cu nuclei, showed that there was no uniform
polarisation of the conduction electrons, and that the interaction of
the in ions and Cu nuclei was only appreciable up to a few inter-atomic
distances,

In 1930, Borelius had observed large negative thermoelectric
powers in the ligquid helium temperature range, for Cu and Au containing
small amounts of transition metals, several orders of magnitude larger
than those observed for normal metals and alloys, Later work showed
that this large anomalous thermopower persisted to extreme dilution.

(a few parts per million) of the transition metal impurity.
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The thermal resistance is also found to be affected by the
scattering processes that lead to the anomalies in the electrical
resisance. Spohr and Webber5 found a rapid increase in the thermal
resistivity of Mg .043% lin below 150K which correlated well with the
increase in electrical resistance “:low the resistance minimum, Chari
and Nobel6 observed a large negati.e thermal magnetoresistance, and
Berman et 317 have found similar effects in a Au.03% Fe alloy. In
1956 de Nobel measured the specific heat of a Ag 0.09% Mn alloy, and
found a very large excess specific heat at very low temperatures over
that of pure Ag. Such specific heat anomalies have since been found
to exist in all alloys for which there is a resistance anomaly,

The low temperature anomalies that have just been described,
occur in systemsof extreme dilution. For the face centred cubic
lattice, an impurity has a 50% chance of having another impurity as
one of its nearest neighbour atoms if the concentration is 8%, and
this probability decreases as 02 at lower concentrations. Thus, the
influence of direct interactions between impurity atoms which are
nearest neighbours is likely to be small if the concentration is less
than one or two per-cent, and the alloy may be considered to be dilute
in this conocentration range. ihe crystal structure of a dilute alloy
will be the same as that of the pure metal,

The solubility of transition metals in other metals is, in

some cases, extremely small, This is particularly marked when the



l)+o

solvents are Cu or Ag, though Mn dissolves easily in both metals. The
solubility of the transition metals in Au is very much higher than in
Ag or Cu. CGConcentrations greater than the room temperature equilibrium
limit have often been obtained by quenching the alloy from high tempera-
tures. Table 1, using results taken from Hansen , shows the solubility

limit at room temperature and 70(}00 for several alloy systems.

" Table 1 Solubilities of Transition lMetals in the Ndile f!ietalfae
Au Cr Au Mn Au Fe 4u Co Au Ni
°C 23 25 11 0.1 7
700°Cc 253 30 40 L 37
4g Cr Ag Mn Ag Fe Ag Co Ag Ni
o°¢c - 14 - - -
700P ¢ - 30 - - -
Cu Cr Gu Mn Cu Fe Cu Co Cu Ni
°C - 25 - - 100
700°C 0.13 70 0,35 1 100
*

l.2 Electrical Resistance

The alloys of first row transition metals in non-transition metals
can be classified in their resistive behaviour as follows.

a) Those exhibiting a resistance minimum only. These include
Cul, Cu Fe, Mg Fe, Zn Cr, Zn Mn, C4 Mn.

b) Those for which both a resistance minimum and maximum have
been observed. These are Au Cr, Au -n, Au Fe, Ag Mn,
Cu Mn and Mg Mn.

¢) T11 defined anomalies. Au Co, Cu Co.

d) No anomaly observed. Au Ni, Cu Ni, Au V, Zn Fe, Al Mn, Al Fe.

% Solubilities are expressed in atomic percentages
-, Solubility less than 10 °%
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It is often assumed that the resistance minimum is a result of the
addition to the resistance of the pure metal, of an anomalous resistivity
which decreases monagtonically with temperature, and which approaches al
constant value at high temperatures. The measurements of Gerritsen9 and
Linde between 1.5 and 300°K of the resistivity of fu Mn, fu Cr, and Gu
Mn, and those of Domenicali'C and Christenson (between 4° and 1200°K)
of Cu containing Cr, Mn, Fe, Co, Ni and Au containing Mn, Fe, and Co show,
however, that in all cases except Cu Ni and Au Co, the excess resistivity
itself (the resistance of the alloy minus that of the pure metal) goes
through a low temperature minimum, followed by a broad maximum at tempera-—
tures between 60°K and ZOOOK, the temperature of the maximum increasing
only very slowly with coacentration, At higher temperatures the resistance
continues to decrease slowly up to 1200%K, Similar high temperature
maxima have been observed in dilute alloys with non-magnetic impurities,
so that it is doubtful if this high temperature hump in the excess
resistance has a magnetic origine.

The behaviour of the excess resistence of Cu Fe, which shows a
low temperature resistance minimum only, and of Au Fe, which shows a

low temperature minimum and maximum, is shown schematically in Fig.d.
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Cuo-1%Fe AuO1%Fe

T

3 L] ] ] 1 1 A

A Nl - I3
20 40 60 /0 100 TK 20 40 (1] go feo Tk

Fig. 1. Schematic behaviour of excess resistance
Ap of Gu Fe and Au Fe

Resistance Minimum

The temperature dependence of the resistance of very dilute gold
alloys, which exhibit only a resistance minimum in the temperature range
of measurement (the maximum falling at very much lower temperatures),
has been measured by several workers. (Croft et alll on impuré gold
wires down to 0.006°X, Dugdale and l\isa,cdonalc’i:l'2 on similer alloys down
to 0,1°K, and I.’Ia.cdonaldl'3 et al on dilute Au Fe alloys containing less
than 0,0% TFe down to 0.0°X) and for temperatures well below L°K, their

results are consistant with a relation of the form
, =R T+R-R10T..oa.o--l,1
R(T) ure (T) : _ log

where R and R are
i 2

constants for the alloy.

Thig relation, which describes the monatonic decrease in the



excess resistance with increasing temperature, breaks down at higher
temperabires when the excess resistance starts to increase, Such a
relution does not anply to the resistance of Cu Fe, as the R - T

curve for this gystem hes a pronounced negative curvature below the
temperature of ‘he resistance mirimum. Whitgll", and Dugdale and
Macdona‘ld12 have examined a Cu 2,056% Fe alloy down to 0.05°K and find
that the resistance is approximctely constant below 1°K.

Knook15 has found that the depth of <the minimum in Cu containing
0.0005 to 0.1%% Fe is proportional to the resistance at the minimun,
and. is @bout 11% of this resistance, Measurements of Kjekshus and
Pearson16 on Cu Fe containing between 0.0025 and 1% Pe suggest that
this relation breaks dowm at high concentrations, with the depth
increasing less rapidly than linearly.

Kjekshus and Pearson have found that Cu Or has the deepest
minimum of any of the systens that have been investigated; it is
about 407 of Rmin - the resistence at the minimum, This mey be
compared with the value of llﬁ%for,gg Fe andl&i for very dilute Au Fe,
(¢ < 0,0%.), R ., is however, only 4uQ c.m. /% for Cu Cr, whilst it
is about 8u0 c.m, / at % for Au Fe and Cu Fe,

The most conentrated Qu Cr alloy investigated by Kjekshus et
a2l contained only about 0,06% Cr (the solubility of this system is
extremely small), and no maximum was observed down to 1.5°K, Because

of the very low solubility measurements to lower temperatures are



required to decide whether this system will exhibit a resistance
ma}dmumc

Mu*l:ol7

has measured the resistance of dilute Zn Mn alloys, and
finds that the resistance passc: chrough a rinimum at around 20°K, and
then becomes constaent on cooliry below 5°K, without exhibiting a

maximum sbove 1,5°K,

Resistance Maxime-

The +temperature Tma"’ of the resigtance maximum observed in the

" 1 N 13, 18
systems Au cr’ 3, &Mn% 13, Au Fe 3 , AgMnj, Cu 3 16 an

a
19 ., , . . .

Mg Mn™“ increases approximately linearly with concentration at very
low concentrations, being given by Tmax°K = 31 ¢ for Au Cr, 26 ¢
for Au Mn, 24 ¢ for Au Fe, 27 ¢ for Ag Mn and 30 ¢ for Cu Mn and 10 ¢
for Mg Mn, where ¢ is the concentrations This linear dependence has
not been tested for concentrations less than 0,04% far which Toax
should fall below 1°K, though it would be of considerable interest in

determining the range of the interaction between impurities to find

whother there is a criticael concentration necessary for the existance

P R
~»

of the resistance maximum. 5759« ennd Bl

The low temperature resistance maximum is very broad, with no
sharp change of slope., The measurements of Mecdonald on a Au 0,17% Fe
alloy, .and a.Au 0.04% lin. clloy, heving narioa et 245K and 1,FK
respeclively, show that the resistenoce ig still decrecsing rapidly at

0.01°K.- From these results, the megnitude of the quantity



Rox = (0)

Roax ? where R(0O) is the resistance

extrapolated to O°K, is 2% for +he Au Fe alloy, and 6% for‘the_' Au Mn
alloye ’

At higher concentrations Tma % increases-iess rapidly with con~-
centration, and the maximum and minimum finally disappear altogether,
having presumably merged Wlth the high temperature incréase in the excess

resistance. This occurs at about 0.25% for the Au Fe system and at

about O.4 %for the other systems,

¢) and d) I1l Defined and Absent Anomalies

T 20 .
Measurements of the low temperature resistivity of Au Ni~_0.,'

22, 16 o very shallow minima (<% R i )

Au 0021, Cu Ni20 and Cu Go n

whoce depth vary in a random r.-.oor with the solute co-1"1ceni:::nsrtiono Iz
therefore seems likely that “heie aninima are due to iron or manganese
impurities in the alloy and not to the solute. (Their magnitude ;:ould
be explained by the presence of less than 0,005% Fe), For 554_,1 Co alicys
containing ¥ and %. Co, Jacobs and Schmitt22 have found rather deeper
minima, (up to 3-%Rmin) which may be due to the Co itself, Domenicaii
has found that the excess resi;tivity in Cu Co alloys goes through a
broad maximum at around 100°K, similar to that found for the systems

exhibiting low temperature maxima and minima, These autiors find that

the excess resistance of Au 2.1%Co and Au 4.3% Co decreases continuousiy
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as the temperature increases from L°K to 1000°K, and does not pass
through the high temperature maximum found for the other systems,
They also find that the excess resistance of Cu Ni increases monatonically

over the entire temperature rangs 4° - 1000°K.

1.3 Magnetic Susceptibility

Because of their comp2r-itively extensive solubility the systems
Au Or, Au Mn, Au Fe, Ag Mn and Cu Mn have been investigated over a wide
concentration range.

The susceptibilities of more concentrated alloys of all of these
systems have the following featuwes in common.

1) At high temperatures the susceptibility % can be represented

by a Curie-Weiss Law of the form

where x& is the susceptibility of the
pure metal,
2) As T is reduced, there is a broad maximum in % at a N&el
Temperature Tn’ which increases with the concentration.
3) At temperatures below about 2Tn’ where deviations from the
Cric Weiss low become apparent, field dependence of the susceptibilidy,
suggestive of partial magnetic saturation, is observed for fields less

than 10 Koe, the effect increasing as the temperature is reduced,
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L) At temperatures below Tn’ hysterosis and a small remenant magneti-
sation are observed, the latter increasing es T is reduced , to a few per
cent of the saturation moment of the alloy,

If the linear dependence of __1_ on T at high temperatures is assumed
t0 be due to independent magnetic mﬁ&gﬁts localised on impurity atoms, then

the effective magneton number g of each impurity can be calculated from the

Curie constant C., The spin S of the impurity is then given by

po= g VS (S+1)

if the orbital

angular momentum is assumed to be suppressed, Ky is the Bohr magneton, and
g = 2. The Curie temperature € may be regarded as a measure of an effective
high temperature interaction between the magnetic moments, being positive if
the interaction is ferromagned:: and negative if it is antiferromagnetic.
In the temperature region wherc fiiemagnetisation is no longer a linear
function of the applied field, the susceptibility is a somewhat ambiguous
guantity. Some authors quote the zero field susceptibility, and othems the
susceptibility at high fields,-which choice can lead to considerable variation
of the temperature of the susceptipility maximum,

In addition to the generel features deseribed above, details of the

results for particular systems will now be given.
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Cu Mn
Author Temperature Range®kK  Concentrationf gng Px .. T 35
23 o
Owen et al 4~300 0,029 495 00,5 -
labs 5.05 +7 10-13
5 s 6 5 '19 +37 30"')0
11,1 L7 +100 80-120
Van Itterbeeﬁ?+ 1,2-290 1.40 L.54 =34 -
et al . 1.61 )+055 "003 -
2457 Le45  +8.3 10,6
4,82 L435 +20 11,5

( - » @ susceptibility maximum was not observed within the temperature range
of measurement)

The divergence in the values of u found by these two authors is
probably due in part to errors in the estimationg of the Mn concentration, .
The results indicate that the spin value of Mn in Cu is approximately 2
(corresponding to P = 4.9) and is independent of the conceﬂtration. The
considerable differences in sign znd megnitude of © and Tn as found by the
two authors suggest that these guantities are particularly susceptible to
the distributions of the kn atoms in the alloy., The general trend of Tn
and © is, however, to increase with concentration,

Schmitt and Jacob525 have published magnetisation curves for Cu ln
alloys containing 0.05, 0.2, 0.4, 1.0 and 1.8 % Mn in the temperature range
1.8 to 20°K, Because of the strong field devendence of the magnetisation

and the onset of hysteresis at low temperatures, susceptibility values are

not quoted,



Ag Mn

Author

Owen et a12

Van Itterbeeck
et al

The spin value

Tenperature Range®K

Concentrationf E[hb

4~300
1.2-290

2k

4.2

1l.24
1,67
5.50
5.10
5.30

5.58

6.03
5.89

°K

+13

"13. 7
‘11—-5
+11.3
+17.6
+19

23,

T °K
10-20

-

6
11.4

of Mn in Ag is therefore close to 5/2 (p = 5.9). As

for the Cu Mn alloys, Van Itterbeek finds a susceptibility maximum above

1,2’K only for those alloys with a positive 6,

Au Mn

Author.:

Lutes and26

Schmit

GuStafsson27

The spin value of ln in Au is therefore close to 5/2.

Temperature Range®X GConcentration®

0.5 - 35

300 - 700

1
2

72
2.08

+2.9

Lutes and Schmit quote results of measurements by CGohen et al of

Au Mn alloys containing 1.8 to 18 % Mn in the temperature range L~400°K,

They find ferrcmagnetic trensitions in alloys containing more than 6% Mn,

at temperatures close to the pavremagnetic Curie temperature, and given by

TC = 9Co

Ay Cr

Author

Lutes and?6

Schmit

Temperature Range®X Concentrationf Eng

005 - 35

0.5
1,0

40
3.7

K

-2
-3

603
11.5

T °K
38 qannd



The susceptibility of these two alloys is found to be almost
independent of concentration below 5°K. The spin value of Cr in Au is
approximately 3/2.

Well defined antiferromegnetism, with a sharp Neel point, has been

found to occur in the concentration range 21-29% Cr.

Au Fe

Author Temperature Range®K Concentration% H&b K T °K

Lutes and.26 005 - 30 005 3.6 "'3 l}-

Schnmit ’ 1.0 3'3 +1 7&&-

Kaufmam et a128 1, - 300 0.63 3ok -23 -
1.3 3.6 -18 -
2.8 _3.7 "‘6 -
Le3 Lok +8 -
6.6 4.9 +25 -

29
Henry L - 295 5 +23

Kaufmenn did not observe a susceptibility maximum above 14°K for eny
of the alloys, but found a =mall remnant magnetisation iR the most concentrated
alloy at 14°K. The rapidly increszsing value of the effective moment with
concentration suggests that the true Curie Weiss region may not have bteen
reached at 300°K,

At concentrations sbove 11%, long range ferromagnetic order exists
below a temperature close to the high temperature paremagnetic Curie
temperature, This well defined critical temperature increases rapidly with

concentration,
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Cu Fe
L (o] et O 0
Author Temperature Range®K  Concentrationf EAJ_.b 6° ;65 Ik
. 30 1,4~295 ».008 2,0 -1 -
Bitter et al .065 ool -6 _
13 3,1 -10 -
032 )—i-ol "‘Ll- -
+56 b7 -2 -
oL 6.9 0 -

Measurements made between 1208K and 1300°K indicate a value of
g = 4.7 for all concentrations, whilst © increases from large negative to
large positive values with increasing concemrtration , Bititer does not find
a susceptibility meximum or remenance in any of the alloys above 14°K, +though
the susceptibility is found to be field dependent a2t 14°K for all concentraticus
greater than 0,1% by an amount which is too large to be accounted for by
sinple paraoopgnetic. saturation, and which suggests.that ordering would occur
at lower temperatures,
Cu Co
The measurements of Hildebrand31 on alloys containing between 0.1
and 0,5 % Co between 90° and 300°K, and those of Jacobs and Sehmitt22 on
alloys containing 0.5, 1.0, 2,0 % Co between 2°K and 77°K, show that the
susceptibility does not obey a Curie-Weiss law at any temperature below
300°K, %xtends to a constant velue (approximately +0.25 x10® emu/gu for
¢ = 0,5%) at high temperstures, and increases rapidly on cooling below
100°K, At low temperatures the susceptibility is very field dependent,
though the magnetisation curves show no signs of remenance or hysteresis,
aml isalso strongly concentration dependent, increasing more repidly than

2
C .
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Au Co

Hi]debrand3 1

, measuring specimens containing between 0.3 and 2%
Co in the tempersture range 90 - 300°K, and Lutes and Schm:i.‘l:26 measuring
& Au 1% Co alloy between 0.5 and 10°K, have showﬁ that a Curie Weiss law
is not apvlicable to this system, but that the susceptibility tends to a
constant value at high temperatures (+ 0.8 x 186enm/gm for 1% Co)
and increases rapidly on cooling to low temperatures. Nq remenance was
observed By Lutes et 2l, and the field deperdmx of the suseptibility was
not. measured, The behaviour is therefore very similar to that of Cu Co.
Cu Ni

Pugh32 et al have measured the susceptibility of Cu containing between
0.59 and 2.48% Ni in the temperature range 2.5 to 300°K, and find that the
inorease in suscepti“eility over pure copper is independent of temperature
and equal to 0,023‘:‘;mu/gm per atomic% , apart from a small paraagctic
increase at low temperatures that could be accounted for by the presence
of less than one part per miliion of iron impurity. The temperature
independent increase in ¥ is therefore very much smaller than thet found
at high temperctures in Qu Co cr Au 0To.

Mg ¥Mn and Zn Mn

: 0 . _ 0 0-,
Author Temperature Range®K Concentration® _g[y_.b K T 9%
Owen et 3,12'3 4L ~ 300 Mg 0,67 Mn 3.5 0 -
Collings et a133 1.3~ 300 Mg 1.34 ¥Mn Lol 0 -
Collings et aljll' 15- 300 Zn 0,43 Mn 4.8 +12 -



The Mn spin is therefore approximately 3/2 in Mg and 2 in Zn,

Curie Weiss behaviour is to be found in all systems exhibiting well
defined low tempcroture resistance@nomalies, Susceptibility mexima occur
in those systems exhibiting resistance mexima, provided the concentration
is sufficiently high.

The sitvation regerding systers exhibiting a resistance minimum only
is still not elear, The only systemof this group to be investigated are
Cu Fe and Zn Mn., The measurements on Cu Fe were taken down to 14°K, and
no maximum in the susceptibility was observed; this is not surprising as
the highest concentration of Fe was only 0. 7%, (because of the very low
solubility of *“he system). Similarly, the Zn 0.43 Mn specimen measured by
Collings et al is probably too dilute to give & maximm above 1.5°K if the
behaviour is similar to that of Cuv. Ag or Au containing Mn, |

Thus it is not know whether susceptibility mexime occur in systems
exhibiting resistance minima.only., Nor has it been definitely established
that susceptibility mexima occur at very low concentrations in systems
exhibiting resistance maxima and minima,

There is little correlation betweern the temperature Tn of the
susceptibility meximum, and the temperature Tmax of the resistance maximum,
This is partly because the concentration of those systems exhibliting sus-
ceptibility maxima tend to be so pigh that the resistance maximum has

disappeared ( ¢ > 0.4%), However, assuming that Tn and Tmax vary linearly



with concentration. Tn takes the approximate values of 2c far Ag Mn,
ho for Ay Mn, 8¢ far Au Fe and 12¢ for Au Cr, whilst T takes values
between (25 and 30) ¢, for all of these systems.

The rapid veristions of p and® with temperature, found for some
systems suggest that

1) The interaction constant © may be temperature dependent, or

2) The assumptiorsinvolved in the derivation of Curie's law may
not be velid, namely that the impurities wey be treated as a8 system of
independent wagnstic moments 4in thermel equilibrium and uneffecied by the
Pauli Exchusion Frinciple,

In such systems, the value of the effectiwe moment p calculated from
the slope of 1/x vaT mey be of little significance. This is probably the
case for Au Fe and Cu Fe, and is certainly true of Cu Co, Au Co and Cu Ni.

The onsect of well defined ferromegnétism at ¢ >11% in the Au Fe
system, and gt ¢ > 6% in the Au Mn system, and of well defined anti-
ferromagnetism in the Au Cr system at high concentrations, is almos$
certainly due to short range interactiorsbetween nearest neighbour impurity
atoms, This interaction is presumably ferromagnetic in Au Fe and Au Ma,

and anti-ferromagnetic in Au (v,

1;# Magnetic Remenance
Magnetic hysteresis, and remenance on removal of the applied field,

is observed in all systems which exhibit a susceptibility maximum, and



the results of Lutes and Schmit26 on Au Gr, Au Mn and Au Fe alloys suggest
that it occurs only at temperaturcs lower than the susceptibility maximum,
The rcmenance has several intercsting propertics.

1) The application and removal of a magnetic field at a constant
temperature produces an isothermz2l remenance M which increases with the
applied field up to some maximum MS, which is never more than a few per cent
of the saturation moment of the alloy, Jacobs and Schmitt22 heve shown that
no further increase in the saturation remenance is possible even with the
application of fields of up to 140 kg, ten times greater than that just
needed to produce Ms'

2) The field Hs needed to produce MS increases as the temperature
is reduced and the concentration is increased, and for Cu Mn, H_ can be
approximetely calculated from Hs kg = 35 ¢/T where the concentration c
is in %. \

3) Ms increases as T is roduced, varying approximately es 1,T at
low temperatures, and falling to sero as T approaches the temperature of
the susceptibility maximum.

L) At a given temperature MS can be reversed by the applicabtion
of a reverse field of about 2 kg, far smaller then the field necessary to
create Ms’ and can be restored to its criginal value by the application of
a forward field of about 2 kg.

5) MS can be produced by cooling from higher temperatures in e field

which is considerably smaller than HS. A field which is sufficiently high
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to saturate the remenance is opnlicd 2t a high.temperature (this will De
smeller than thc field required at 10¥EP -  temperatures), On cooling, the
remcenance remains  saturated, and thus increases in mognitude to the value
obtained by isothermal saturation at the given low temperature,

&) The remenance decays with time at a rate which incroases with

the temperature, and is of the order of @ few howrs at low temperatures,

1.5 Electron Spin Resonance

Measurcments of Owen Browne Knight and Kittel* on the electron spin
resonance of Mn spins in Cu Mn alloys conteining 0.5, l.4, 5.6, and 11,1%
Mn, at a few fixed temperaturcs between £ ond 300°K, show the following
behaviour. At high temperatures (77 - 300°K) the line width inercases approx-
imetely lincarly with temperature due to spin lattice interactions, with a

- ~10
relexation time decreasing from 4 x 10 10 sec 2t 77°K to 1 x 10 sec at

300°K, This is considerably shorter then the spin-lattice reloxaotion time
observed for Mn ions in non-metallic erystsls. The clectronic Knight shift
. is very small in this temperaturé renge, and the g-factor is close to 2.06
at 2ll temperatures above the Neel point Tn;

As T is reduced below Tn the resonence line width becomes constent,
end the resonance field shifts to lower values, from the free spin velue Ho
found at high tempersturcs to a lower ficld He The line shift Ho -~ H increases
rapidly as T is reduccd, and may beecome so large that the resonance disappears
altogether, The line shift increases with the wavelength, and is appréximately

three times lorger for A = 3.3 om (Ho = 3250 genss) than for A = i3cm (Ho=8250gauss)
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The shifts for the two frequencies can be described rather closely by the
23

relation

1
2 . H33)%
(52 -8?)

jas]
il

where the critical field Hc decreases as the temperature increases,
and approaches gero as T approaches Tn' Hc does not depend on the frequency.
This behaviour is similar to that found in non-metallic anti-
ferromagnets, in which the large shif't is caused by small anisotropy’
fields at right angles to the applied field. The effect for the Ju Mn
alloys was found to be isotropic, and is thercfore not due to crystal

23

anisotropies, Owen ~ et 2l show that these large field shif'ts could be
caused by a rather smrll interaction betwecen the conduction electrons and
the Mn spins assuming the existence of long range anti-ferromagnetic
ordering of the Mn spins below Tn.

Owen23 et al also observed an electron spin resonance in Ag
containing 2.0 and 4.%% Mn, and a Mg 0.67% Mn alloy, and found a rathex
smell line shift which increased opn cooling from 4° to 2°K.

Collings and Hedgecock33 have measured the spin resonance of a
Mg 0.6%nallqy which exhibits a resistance maximum at 6.5°K, They find thet
abhigh temperatures the g-value is 2,00, but that below the temperature orf

the resistance maximum the resonance field falls, the field shift increasing

rapidly as the temperature debreases.



Collings 23 ot al did not detect a resenance in Al 1% Mn, which is
consistant with the absence of anomalies in the other properties of Al Mn
alloys, They3 ° were also unable to detect a resonance in Au % Fe at 77K

or 1°, in Cu 4,5% Fe and Cu 0.55% Fe at the same temperatures, and Cu 0,57%Co

This is rether surprising as the susceptibility suggests the

. at 7P K.
It

existence of localised magnetic moments on the transition metal atoms.
is possible that spin-orbit coupling, stronger than for the Mn atoms, (Mn
atoms are probably in a state of sepa orbital angular momentum, as in the

free atom) broadens the resonance so much that it camnot be detected.

1.6 Magnetoresistance
The resistance of a normal metal or alloy generally increases when

measured in a magnetic field due to the deflection of the conduction
electrons by the magnetic field away from the direction of the eleairic

field, by an amount which depends on the ratio of the mean free path to the

radius of curvature of the electrons in the magnetic field. The effeet is

therefore large when the mean free path is long, end decreases when the

resistance increases, due either to thermal or impurity scattering. The
increase Ap due to a field H can be represented by the formula due o
Konhler, fp = £ (ﬁ,) where p is the total resistivity in zero field. The

e .
function f£(z) is generally a power of z, close to 2 for low fields and

decreasing at higher fields,
Marked deviations from Kohler's Law are observed for several of the

dilute magnetic alloys, there being e negative contribution %o the magneto-

resistance which increases as the temperature is reduced. At low enough



temperatures, and suffieicntly high concentrations, this may exceed the
normal positive contribution, and the total magnetoresistance becomes negative.

1t is also found that the negative contribution is isotropic with
respect to the relative directions of the magnetic field and the current,
in contrast to the normel contribution, which is strongly anisotropic.

Schmitt and Jaco‘bsz5 have made a careful study of the relation

between the magnetoresistence and the magnetisation of Qu Mn alloys containing
between 0,05 and 1.8% Mn., They find that whilst both the magnetisation and
magnetoresistonce sﬁow hysteresis at high concentrations and low temperatures
(below the susceptibility maximum), and the magnetisation shows considerable
saturation effects, the megnetoresistance is proportional to the square of
the magnetisation, Writing the magnetisation I as a fraction of the saturation
noment (assumed to be hpb / Mn atom in Cu), and the magnetoresistence as
Ap, where p is the zero field resistance, they find

P

b = -5(D) P
P

The coefficient S(T), which is close to 1 as T ~> o, decreases as
the temperature increases, The rate of decrease is greatest for the lowest
concentration,

. .22 .

Jacobs and Schmitt  have made measurcnents of the electrical

resistance, magnetisation, and magnetoresistence of Cu Co alloys

containing 0.5, 1.0 and 2,0% Co, at temperatures down tol.6°K. They fini
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that despitle strong saturetion effects in the magnetisation and megneteo-
resistance curves 43 a function of magnetic field; that the negative magneto-
resistance can be represented by fp = A M, If WM is the megnetisation in
emu/gn (it is not possible to determine a relative magnetisation I for this
sys‘bem), and Ap is expressed in p) em, the constant "A", which is independent
of temporature for this system, tokes the values, A = 2,1 for ¢ = 0.5,
A=0,87 for ¢ = 1,0 and A = 0.23 for ¢ = 2.0, Thug "A" falls rapidly as
the concentration inecreases, but unlike the Cu Mn system, is independent
of temperature.

It is unfortunate that this dependence of the magnetoresistance :m>
I has not been tested far other systems, and to nagnetisetionsapprocching
saturation, This would be of interest at low temperatures os a valus of
unity for the coefficient S(T) suggests that the resistance should fall %o
zero if the alloy is complctely saturated. Deviationsfroma 2 dependence
are therefore presumably to be expected before this ocecurs,

The behaviour of the earlicr measuremcnts of Gerritsen et al oun {ie
magnetoresistance of Cu Mn®®, Ag Mn®, and of Mx®, Cr®®, and F*® in Au,
can be understood gqualitatively in terms of the relative magnitudes of the
normal positive and anomalous negative contributions, assuming that tils
latter quantity increcses with the magnctisation, At very low concentrations
the mean free path of the conduction electrons is long, and the positive tern
dominates. As the concentration increages, the mean free path decreases,

the anomelous scattering of the magnetic impurities increases, and the



total magnetoresistance becomes negative. At higher concentrations the magnet
resistanc: pasges through a maximum value for a given applied field, and
decreases rapidly as the concentration is furthcer incrcased. This can be
understood from the results of Schmitt and Jacob525 (tha‘b Ap -18 proportional
to I?) if the relative magnetisation increases less rapidlypthan the con~
centration, This is consistent with the results of Lutes and Sc:hmi‘t:?6 on
the susceptibility at low ficlds of more concentrated alloys of Au Cr, Au
Mn and Au Fe, The magnitude of the maximum negotive value of tixe magneto-
resistance increases as the temperature is roduced, and at 1.3°K, in a
field of 20kg, it takes thc value of 11% et ¢ = 0.02 % for Cu Mn, 32% at
0.1% for Au Mn, and 27% at 0,1% for Ag Mn.

The very small negetive component found for Au Cr is also under-
standable in these terms, Gerri‘tsen36 finds a small negative value of
Ap  (~bout 2%) only for thc most dilute alloy measured, containing 0.03% Cr,
and at the lowest tempersture measured, 1,7°K. This negative component has
elnost completely disappeared at L°K for this alloy, and is also negligable
when the concentration has increcesed to 0.3%. Lutes and Schmi‘b26 find small
negetive Curie temperatures, ard high Néel temperatures for Au 0.5% Cr and
Au 1% Cr, and therefore the susceptibility resmeins very low compared to that
of say Au Mn, which has a positive Curie temperature and a low Néel temperature
If this behaviour continucs to very low Cr concentrations, the negative

contribution to the magnetoresistance in Au Cr may be expected to be very

small,
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C:'e:t‘::‘:‘d:senl8 has measured the magnetoresistence of Au Fe alloys containing
between 0.02 and 0,24% Fe at 1,3, L.2, 14.3 and 20.3°K. The be.aeviour is
founl to be similar to that of the alloys containing Mn, but the magnitude
for a fixed field and temperature is rather smaller # 1.3°K in a field of
23kg, Ap reaches a maximum megotive velue of 12% for & concentration of
0.08%, gnd. decreases ropidly for larger end smaller concentrations.

In order to investigate the magnetoresistaonce of systems exhibiting

37

a resistance minimum only, Muto and Hedgecock™ examined Cu Fe alloys con-
taining between 0,01 and 0.1% Fe, and a Cu 0,007% Mn alloy, at 1l.3°K and
4.2PK in fields up to 100kg, They find that all of the Cu Fe alloys have
a negative component of magnetoresistance which increases on cooling, and
that for those 2lloys containing more than 0.04% Fe, the total magneto-
resistance in negative., The megnitude of the effect is Ap = 12% for H = 100kg
at 1.3°K, far the Cu 0.1% Fe alloy, and is thercfore consg).derably smal}er
then the effect far a Au 0.1% Fe alloy. Ap is proportionsl to H® for fields
below 10kg, but no nmeasurements were made Fo)f the magnetisation. At high
fields there are signs of saturation, though this is not complete at 100kg.
For a fixed field, Ap is approximetely independent of concentration, but
there is only a 20 —‘)3_0%- increase on cooling from LK %o l.3°K for any
concentration, suggesting that the magnetisetion does not increase much in
this temperature range.

The CuQ00%, Mnalloy exhibited only a resistance minimum in the
temperature renge down to 1.3°K (the moximum might be expected et about
0,2°K). There is & negative contribution to the magnetoresistance which is

aprroximetely isotropic, and which saturates completely at high fields,
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At L.2°%, it saturates at about 9% of the residpal resictivity, ot a field
only slightly greater than the saturation field ab 1,3°K, The lower saturation
value at 4,2K is consistant with the tenperature variation of S{T) found
by Schriitt and Jacobsz's, but it is rather surprising that the saturation ficld
is much the same at the two temperaturese

Gerritsen21 has measured the magnetoresistance of Au Co alloys
conteining between 0.01 and 0,44% Co, and finds very small negative values
in 2lloys containing more than 0,1% Co at tempcratures below 5°K, though
only the 0.44% Co alloy hes a total magnetoresistence which is negative.
The bechaviour is therefore probably similar to that of Cu Co, though tnris
is not definitcly establishcd, The consistant correlation with the magneti-
sation in the Cu Co systen shows that the negative magnetoresistance ia
this system is definitely due to the Co atoms, and not to iron impurity.

Los and Gerritsenzo have mcesured the magnetoresistance of Cu Wi
and Au Ni alloys, The very small negetive deviations from Kohler's law
thet they find in the morc concentrated alloys, could certainly be accounted

for by iron impurity.

1.7 Mossbauer Effcct

The Mossbauer effect provides a veluable method of determining the
megnetic field existing at the nucleus of an atom which may decay from an
excited state to a ground state with the recoilless emission of a s-ray.
The measurcments yicld values for the splitting of the nuclcar energy levels

in the hyperfine field, and from a knowledge of the nuclear magnetic moment,
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this field can be calculated.
Unfortunctely the technique has only limited application, as Pe57

is the oniy suitable merber of the first transition series. It haz a

-y

large nuclear moment, amnd emits a 1k kev yeroy with a half life ~ 10°f

secs., and has, therefore, a very small natural line width, Transitions
between the four level excited state and the two level ground state give

rise to a six line hyperfine spectrum, The lines are spaced at equal
intervels by an amount proportional to the hyperfine fields If the hyperfine
field varies from one iron nucleus to anofher, the fiml s~ray spectrun

will be & superposition of six.line spectra of différent widths, whose
amplitudes arc proportional to the number of iron nuclei in the given field.
Thus an analysis of the y spoctrum encbles the spectrum of hyperfine ficlds
to be determined,

The hyperfine field ariscs from the interaction of the nucleus with
both the conduction electrons, and the bound electrons of the Fe atom, and
is proportional to the magnetisation of the atom and of the conduction -
clectrons. As the atomic nagnetic moment is continually flipping in the
nagnetic field in which it finds itself, the hyperfine field is also
flipping, and the ficld which determines the energy of the 4 ray is the

thermal average of the hyperfine field over z time of the order of 10”7
secs., the lifetime of the excited state, Thus the hyperfine field is related

to the ficld seen by the atomic moment, and in principle, it is possible to
work baglc from the y-spectrum to the spectrum of magnetic fields at the
iron atons,

The technique has been applied to Cu Fe containing between 0.2 and
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8. 29 at 290%, 77, ke? and L.FK. AL high

2.6 Fe by lershall et a].5
tempsratwes (77, 300°K) only a single paramagnctic resonance line is observed.
With the 0,2% ¥e alloy the line remains unresolved at 1.2° K, but is slightly
broader than the line at 4.2°% and 29K, The 0.5 alloy shows a single
line at 4.2 K, approximotely twice as broad as thet at 290°K. At 1.9%°K,
the centre of the rather broad peck has split intc two, and by 1, 7K four
small peaks have appeered, superimposed on an approximately triangular
sheped bagksround whose meximum width is around 290kg. The 1.,2% Fo alloy
shows a broed spectrum at 4.2°K, of width around 250 kg, which at 4.@K has
- become resolved into four well defined lines, and two i1l defined lines,
superimposed on a broad background.

The temperature at which linss first appear can he represented
approximotely by T = 6¢; where ¢ is the concentration, though the lines
appear gradually, end there is no well defined transition temperature.

Thesc results suggest that for the Cu Fe system, there is an
approximately constent probebility of finding any value of the intermal
field between zero and some maximum value,

Several authors have investigated the Au Fe system, and all find
that the high tomperaturc paramagnetic linc splits into six well resolved
lines bcdlow some well defined transi*ion temperature Te, Duc to the long
periods required to obbain a single spectrum, a study of the spectrum over
a continuous range of tempcraturcs has not been possible, but the results

on speeimens of diffferent concentrations at a few fixed temperaiures
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suggcest thet for the Au Fe systom the width of the spccirum inercascs
rapidly at temperatures just below Te, and tends to & constant value on
further cooling, suggesting & coopcrative increese in the internal field
which veries with tenperature in 2 manner similar to a Brillouin Function,
The shorpness of the lincs at temperatures well below Te (only about five
times the naturel line width), cnd the &bscnce of a paramagnetic line (less
thet 1% of the six finger spectrum) suggest that most of the iron atoms are
in large fields, nd very few in low or gero ficlds,

Borg, Booth, ond Violetl"o have studied the Mossbauer spectra of
4u Pe alloys contoining 0.8k, 1.85, 7.38 amd 11,5% Fe at 290°, 80°, 27.3°,
20.4°, 17, 1°, 4.2 and 2,PK, Por all alloys exccpt the Au 7.3 % Fe
they find a splitting g (T) which is either zero (at high temporatures) or
largec end close to the valuefr pure iron (at low temperature), For the
Au 7.38% Fe alloy they find that at 27.,3°K the spectrum is brozd but unresolved,
with the full spectrum appearing at 20°K and below, They therefore assvie
that 27°K is just below a cooperative transition temperature for this alloy.
They then find the best Brillouin curve to f£it the splitting found at different
temperaturcs for each of the 2lloys, and from this calculate & splitting
g (0) at 0°K, and a tronsition temperature Te at which the splitting would
be zero, As it has not been established that a Brillouin curve is suiteble
to descoribe the tempcrature dependencce of the splitting, due to the lack
of points necar +to the transition, the value of Tec should be taken as

approximate only, The splittings at O°X are probably quite relieble, however,



Their results for -+ Tec and g(0) (represented as e fraction of the O°K

splitting in pure Fé) are given below.

C% 0.8, 1.85 7.38 10,2 11.5
TP K 72 122 28+1 3141 3541
g(0) 0.70 0,73 0.77 0.91 0.81

If it is assumed that the splitting at O°K is proportional to the
magnetic moment of the iron atom, (although because of the unknown contri-
bution to the hyperfine field of the conduction electrons this mey not be
justified), and that the same constent of proportionality applies to the
Pe®? nucleus.in pure Fe, it can be seen that the magnetic moment of the
Fe atom in Au veries between l.5pb for ¢ = 0,84% and 2.0y, for o = 10, 2%,
The trend of this moment with concentration is similer to that found by
Kaufmann28 from the high temperature susceptibility of Au Fe alloys, but the
magnitude of the moment calculated from the Mossbawa results is rather lower
than those of Keufmann,

Craig and Steyert4l have investigated the effect of an external
magnetic field on the Mossbauer spectrum of e: Au 5% Fe alloy, Measurements
in zero field show that the transition temperature is 23+1°K, (the same value
as the high temperature Curie temperature found by Henny29 from the
susceptibility of a Au 5% Fe alloy), though it is not made clear from'the.‘
text whether this value is deduced by extrapolation from low temperature
points, or by measurements close to Tc. At 4+2°K they find a hyperfine

field equal to 250kg.
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Nuclear selectlon rules forbid the emission of those y-rays which
give the 2nd and 5th lines of the spectrum, in the direction of the
magnetic field, Thus in the Mossbauer spectra of ferromagnets, observed
along the direction of an aprlied field which is lerge compared with the
demagnetising field, these lines are found to be suppressed. The sbove
authors have found that the spectrum of Au 5% Fe, observed in a direction
parallel to an applied magnetic field of 30kg, is essentially the same as
that measured in zero field., There is no obvious change in the relative
magnitudes of the six lines of the spectrum though the lines are broadened
slightly. They suggest that these results exclude the possibility of ferro-
or ferri-magnetic ordering for the system, and deduce that there must be anti-
ferromagnetic ordering with the Pe moments pointing in random directions
that are only slightly effectcd by a megnetic field, The broadening is
then duec to some of the Fe nucleil feeling a slightly larger field, and some
a slightly smaller field, as a result of +their random orientations with

respect to the applied field,

1.8 Thermoelectric Power

The thermopower of a pure metal can be separated into diffusion
thermopower, and phonon drag thermopower, Diffusion thermopower, which is
due to the reversible changes in thermal energy of the conduction electrons
as they move to regions of different temperature in the electrical circuit,

is linear in fempercture, and may be of either sign depending on the
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detailed shape of the Fertil:, surface. It has a magnitude which is less than
107 pv / °K, and dominates the thermopower at high temperatures (above
100°K). TFor Cu, Ag and Au this term is positive, and of the order of

5 x 1077 pv / °K,

Between 30° and 60°K there is a broad positive peak, whose maximum
magnitude is arownd 1 puv / °K, which is attributed to electron-phonon
scatiering by Umklapp processes, which tend to scatter the conduction electrons
predominantly in a direction opposite to the phonon heat current. This is
called the phonon drag effect. This contribution falls off roughly as T
below the maximum, and is negligablc below 20°K, Below 20PK, the pure metal
may be expected to have a thermopower of less than 0,1 pv / °K.

Gold et a.ll"2 showed that only in wires of extreme purity were such low
values obtzined, Slightly less pure specimens of Cu showed very large
negative thermopowers, (between 1 and 10 pv / °K) in the temperature range
2 to 20°K, falling off to zero below 2K, and, more gradually, above 20°K,
the variation in magnitude bearing little relation to the residual
resistivity of the wires, He showed that Fe (when in solution) was the
impurity responsible for the large thermopower, amd that other non-magnetic
impurities reduced the efflect of thc iron by an amount which was in proportion
to their relative contributions to the electron scattering, and thus tothe
residual resistivity. This dependence of the thermopower on the relative
magnitudes of the different scattering mechanisms, rather than their actual

magnitude, is expressed in the Nordheim-~Goriter law,
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where ‘c'1 and p eare the thermopower end resistivity that would obtain if
only the i1 th scattering mechanism were present., (The conditiorms necessary
for the velidity of this relation are discussed by Goldl"z). p is the total
resistivity, S the total thermopower.

1§ there are only two scattering machanisms present, Sl, e, and S:3 ’

Pg s this may be written

S = Pi S:L + PQ Sg = Si + fa. (S2 Si) e o o 2 s+ 8 s e @ 3
P, TR P

I{ 1t is assumed that the intrinsic thermo power of Fe in Cu increases
rapidly fram zero at T = 0 to a constant value of - 16 uv /°K above 20°K,
and apply equation 2, the complex behaviour observed for alloys of different
iron concentrations can be understood, (The assumption of a constant thermo-
power above 20°K may not be correct, but it is not inconsistant with the
;I.imited experimental results).

At low temperatures, below 30°K, the charactoristic thermopower due

to thermal scattering ie close to zero, and therefore as the thermal scattering
increases, the total thermopower decreases. Thus although the intrinsic
thermopower of Fe in Cu saturates at a constent velue, the total thermopower

will pass through a meximum negative value, and then decrease to zero at



45,

higher temperatures. The temperature of the meximum increases only slowly
with Fe concentration because of the very rapid.increase in thermal scattering
above 20°K end its very small magnitude bel&w that temperature, Variation

in thes magnitude of the maximum can be explained simply by the presence of
other non-magnetic impurities with intrinsic thermopowers close to zero,

The intrinsic thermopower ST at temperature T of any particular solute,
can be found by measuring S for different solute concentraticns, and plotting
S against 1/p at constant temperature T. Equation 2 shows that this should
be lincar (if S2 and P, due to all other scattering mechanisms are constanf)
and gives Sl = Sp on extrapolating to 1/b = O, Thus when the solute
scattering predominates, the thermopower approaches the intrinsic thermopower
of the solute, Gold applied this analysis to Cu containing Ag, Au, Ga,

Ge, In, Si, and Sn as solutes, and found that the charactoristic thermo-~
power at 15°K, Sls; was close to zero in each case, The large thermopower
observed on the addition of small amounts of these substances was therefore
probably due to the reduction of iron oxide impurity in the solvent, bringing
¥e into solid solution. For Cu Ni they found S15 = -1.2 puv /°K; for Cu Cr,

S .= 0; and for Cu Fe containing less than .05% Fe, 5. = -16.2 pv / °K.

In attempting to make correletions between resistive and thermo-
electric behaviour, (as between any other properties) it is essential that
the measurements should be made on the same specimens, due to the sensitivity
of the properties to heat treatment, cold work, aging etc., and to the

difficulty in ascertaining the amount of solute in solution., Kjekshus and

16
Pearson™ have mcasured the thermopower of alloys of Cu containing Cr, Mn,
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Fe and Co between 0.3° X and 20%K, and the resistivity of the same specimen
between 2°K and 30°K,

Their results for Cu Fe containing less than 0,19%Fe are very similar

to those of Gold, The S~T curves for concentrations between 0025 and 0.1%
- are independent of the concentration below 20° X, showing that scattering
due to other impurities is negligable. The initial rate of increase of 8
at very low T is approximately -4.5 u v/ © K®, A plot of S against 1/p is
linear, and extrapolation to 1/y = O gives S =-9u v/® K, and 5,, = |
~-16,2 uw/QK. For concentrations greater than o.fﬁg the S~ T ourves are similar
in +.’: shape to the lower concentration curves, but the initial slope‘ is
less rapid, and decreases as the concentration increases., &8 may reach the
seme saturation value as for the lower concentrations, but at a higher temper-
ature, A plot of S ageinst 1/p for ¢ > 0.1% extrapolates to 1/p = 0 to
give a value of S close to zero at low temperatures, but which increases
slowly as T increases, This suggests that the addition of iron in concentra-
tions greater than O.E% introduces a scattering of intrinsic thermopower which
increases rather slowly with temperature,

The thermopower of Cu Mn alloys containing 0.01% and 0.03% MNn are
small and positive below 0.4° K, then decrease at a rate of about 4 u v/° K2
to a maximum negative value of around -5 g v/° K, and arc then approximately
constant up to 16°K. Higher concentrations, up to X6, continue to exhibit
the positive deviation at very low temperatures. The maximum positive value
is approximstely +1 uv/°K, and the temperature of the positive maximum

increases with the eoncentration, For concentrations of 0.1%%and greater
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the negative component increases less rapidly than for lower concentrations,
as was found for the Cu Fe system.

The S-T curves for Cu Or alloys containing between 0.005 and ,06%

Cr are rather ambiguous. Two alloys, containing .005 and .012% Cr, show
large negative thermopowers, approaching -6 uv/ °K. Alloys containing
+016% and .03% Cr show a much smaller thermopower of about ~L pv/ °K, and
an alloy containing 0.06% Cr has a thermopower waich is close to zero. As
the large negative thermopower can be explained by the presence of less .
than 0,003% Fe impurity, it seems very likely that the intrinsic thermo-
power of Cr in Cu is c¢lose to zero,

The 3-T curves far Cu Co containing between 0,01 and 0.5% Go suggest
that the intrinsic thermopower of Cu Co increases approximately linearly with
temperature up to 16°K, with § = -0,3T pv/ °K, independent of the Co cén—
centration, There is no tendency for a reduction in the thermopower for higher
concentrations, as was found for Cu Fe or Cu kn, though the rate of increase
in Cu Co is less then for the other systems,

Mecdonald, Pearson and Templcton have measured the thermopower and
resistivity of alloys of Au containing Cr, Mn, Fe, Co and Ni, though
unfortunately the two properties were not measured on the same specimens.

The behaviour of the Au Fe alloys is similer to thet of Cu Fe,
though the initial increase is much more repid, and saturation takes place
at a lower temperature for Au Fe. For concentrations less than 0,05%, S is

approximately independent of the concentration, and increases initially at
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around -20 uv/ °K®, reacuing -10 uv/ °K at 1°¥ and saturates ata valne of aromd
=15 pv/'oK above 6°K, There is then a broed, flat, maximum, followed by a
decrease at higher temperntures which can be accounted for by the increcsing
thermal scattering, For concentrations greater than 0.05%, the initial rate
of increase falls ranidly with increasing concentration, though the final
saturation value may be the same as for thc lower concentrations.

The S- T curves for Au Mn are similor to those for Cu Mn except
that the initiel increase is ruch more rapid when Au is the solute (about
-12 w/’K® ). The smell positive peak observed for Cu Mn is found in this
systen also, though the temperature of the uk occurs at lawer temperatures
in Au Mn. The Nordheim-Gorter plot suggests a value of S8 of about -4 pv/ °K
for ¢ < 0.04%, and ebout zero for c>> 0,04%.

Au Cr exhibits a negative thermopower which decreases rapidly with
Cr concentration, and it is not possible to decide whether this is due to
Fe impurity, or to the Cr, If it is not due to Fe, Cr in Au would appear
to have an intrinsic thermopower at &K of ~-2uv/°X for ¢ < 0,2%, and zero
or slightly positive for ¢ > 1%, The Au 1% Or alloy exhibits a very small
positive thermopower (less than 0,1 pv/ °K) and the Au 3,7% Or alloy has a
rather larger positive peak which falls to zero at about °K, The S-T
curves of Au Co containing between 0,002% and 2.1% Co are indspcndent of
concentration and linear in temperature at low temperatures, with an intrinsic
thermopower given by S = =0.9T uv/ °K, When thérmal scattering becomes

important, the thermopower falls away from the linear curve.
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Macdonald et a113 heve measured the thermopower of Au 0,2% Ni; up to 16°K,
L3

and Borelius™ has measured Au Ni alloys containing 0,04, 0.18, and 1.16%
Ni above 16°K. As the thermopower increases slightly with increecsing Ni

concentration, it seems likely that the intrinsic thermopower of Ni in Au

at 16°K is -k pv/K,

Summary

It is apparent that the behaviour of the thermopower due to a
particular transition metal solute is basically the same in e¢ither Cu or
Au, although the rate of increase of the thermopower with temperature at
low temperatures is generally three to four times larger with gold than
copper. Thus Fe has a saturation thermopowsr of ~16uv /°Kin either solvent, Mn
has a small positive peak (rather less than 41 pv/ °K) at very low temperatures
followed by e maximum negative thermopower at higherftemperatures of about
-ﬁ.pv/'°K. In 211 these systems, the presecnce of mére than about 0.,1% of
the solute reduces the thermopower considerably,

Co shows essentially the same behaviour in Au and Cu, giving a thermo-
power linear in T, and increasing much more slowly than for the Mn or Fe
alloys, but showing no signs of saturation. It is also not reduced by the
presence of large concentrations of solute, Ni also seems to have a negative
intrinsic therﬁopower, which does not fall at high éoncentrations, being
about -1 pv/'oK in Cu and =4 pwv/°K in Au. |

The situation for Cr is not quite clear, but it would appear that the



intrinsic thermopower is close to zero in Qu Cr, and slightly positive for
Au Cr at moderate concentrations. |

The small positive thermopowers found for Cu Mn and Au Mn at very low
tempezratures are particularly interesting, and may indicate & scattering
mechanism which gives an intrinsic thermopower which changes from positive,
at vory low temperatures, to negative at rather higher temperatures. An
alternotive analysis is possible however., Two scatiering machanisms may
be prescnt at all temperaturcs. One has a negative intrinsic thermopower
which rises to a moximum velue of -5 pv/ °K at ebove 4°K, and one has a
positive thermopower which increases more rapidly, but saturates at a lower
temperature than the negative one, saturating at a constant value of around
+ 1pv/ °K, above K. The resultant of these two mechanisms would give the
S-T curves observed,

There are no simple correlations to be found between the thermopower
and the resistance anomalies. Thus large thermopowers are found for Cu Fe
and Au Fe, the former having & resistance minimum only, the latter a minimum
and a maximum, They are &lso found in Cu Co and Au Co which exhibit neither
‘a minimun nor meximum. They are not found in Cu Cr,.which has the largest
resistance minimum of any alloy, amd are small in Au Cr which has a meximum
and minimum, They are also found in Cu Ni and Au Ni, for which there are
neithcer resistance nor magnetic anomalies. The tgmpting agssociation of the
small positive thermopower observed far Cu Mn, Au Mn end possibly Au Cr,

with the resistance maximum found in those systems, is refuted by its
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absence in Au Fe which 2lso exhibits a resistence maximum,

I+ is however, possible to correlete the coneentration of Fe or
Mn above which the intrinsic thermopower decreases, with the ratio of the
depth of the resistamce minimum to the resistivity at the minimun, It was
noted in the section on resistance anomelies that this ratio was independent
of the concentration a2t low concentrations, but falls rapidly at higher
concentretions, The concentration at which this deviztion tekes place is
also the concentration above which the thermopower falls, This may suggest
either that the machenism which produces thie resistance minimum elso producgs
the thermopower anomaly, (in which case it is herd to account for the large
thermopowers in Cu and Au contsining Co or Ni,) or that the mechanism
which is responsible for thc breakdown in the linear relationship between
the depth of the minimum and the resistivity at the minimum is also responsible
for the reduction in the thermopower.

It should finelly be mentioned that although it was suggested initially
that the intrinsic thermopower of Cu or Au containing Fe (or Mn) saturates
to a constant value, and that the high temperature decrease is entirely due
to thermel scattering, this has not been definitely established, although
it is clearly of the greatest importance in testing the predictions of any
theory of the thermopower that +the high temperature beheviour of the intrinsic

thermopower should be established,



1,9 Dilute Transition Metal - Transition Metal Alloys

Susceptibility

Matthias et alh4 and Clogston et alh'5 have measured the susceptibility
of second row transition metals containing 1% Fe between 1..4°K and 300°K
in a field of likg. They obtained a continuous variation in the electron
per atom ratio of the solvent by choosing suitable binary alloys of consecutive
second row transition elements. (Because of the difficulty of working with
Tc, the Third Row Transition Element Re was used to produce alloys in the
electron per atmnea range 6 to 8). Their results are summarised in Fig.

2 (a).

Zr, and Nb rich NbMo alloys (all containing 1% Fe) exhibit a tempera~
ture independent susceptibility, showing that there is no localised moment
associated with the Fe atoms,

With Nb Mo solvents containing more than 50% Mo, Curie Weiss behaviour
is observed, and the effective moment per Fe atom is shown in Fig 2(a).

Re (equivalent

0'6 OQLI'-
to a spin of 0,7) and is zero at Re, It reappears at Ru 75 Rh 257 and

The moment resches a maximum value of Z.Ipb at Yo

increases to the very large value of 10.8pb at Rh.OB Pd'95.
Several interesting features of these results should be noticed.
1) There is no localised moment on the Fe atom for solvents close
to Ru, that is, when the perturbation of the lattice by the Fe impurity
is smallest. (Fe lies directly above Ru in the periodic table).

2) The increase in magnitude of the moment as's increases from
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5.5 to 6 (Nb Mo series), and between 8.3 and 9 (Ru Rh series) is extremely
rapid, as is its disappearance as -3- increases from 6.5 to 7.

3) The magnitude of the moment per Fe atom, when dissolved in V Ru
alloys having g- values between 6 and 6,5, is similar to the magnitude found
in Mo Re solvents of the same:;e’ values, even though the Fe moment is gzero
in both pure V and Ru,

4) No susceptibility maxima were observed.

5) The Rh Pd, g alloy containing 1% Fe was found to become fawo-

0.2
magnetic at 11°K. The transition temperature increases as the P4 concentra-
tion increases amd reaches a maximum value of 39°K in the Pd 1% Fe alloy.

L6

This value is consistant with earlier measurements of Gerstenberg' , and

L7

Crangle™’, and it avpears that arbitrarily small amounts of Fe (or Co) are
capable of inducing fewomagnetism in Pd, with a transition temperature of
approximately 40°K / %Pe. The very large moment per Fe atom associated
with the RhPd Fe alloys is due to the polarisation of the Pd atoms in the
neighbourhood of the Fe impurity atom, The magnetic moment per Fe atom is
then the sum of the moment on the Fe atom itself, and the induced moment on
the Pd atoms, Neutron diffraction studies of Lcwvz"8 on Pd Fe alloys show

that the polarisation is significant on Pd atoms which are as far as 10 §

from the Fe impurity, and thus more than one hiindred nearest Pd atoms are
effected.

49

Waszink '’ has measured the susceptibility of a Rh 0,85% Fe alloy
between 1,7°K and 29°°K, X weas found to be field independent at all -

temperatures
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but the results could not be fitted to a simple Curie Veiss law over the
entire temperature range. The high temperature results (T > 100PK)

suggest a value of p = 3.4 and @ = -41°K. (Clogston et al found p = 2.2
and 6 = -14°K). At low temperatures ¥ increases more rapidly than a simple
extrapolation, based on these high temperature values, would suggest.
Resistivity

Coles has measured the electrical resistivity of Nb°°, Mo®°, RHS:
and Pd°® containing small amounts of Fe, above 1,8K., The tehaviour of the
resistance at low temperatures is different in each of these systems, and
is shown in Fig 2b for a fixed concentration of iron (0,5%).

No low temperature anomalies are observed in Nb Fe alloys, consistant
with the aebsence of a localised moment on the iron atom.

In Mo Fe, resistance minima and maxima are observed which are similar
to those found in noble metal -~ transition metal alloys. The temperature
of the maximum increases with concentration, and is given approximately byv
6K, This may be compared with the value of 24c for Au Fe and 10c for
Mg Mn,

In Rh Fe, the behaviour of the resistance is quite different from
that found in any other system. The variation with temperature of the excess
resistance per atomic % Fe, %5 s is shown in Fig 2c, and it is seen to
increase by a factor three between 1°K and 50°K. The resistance is still
decreasing rapidly at 0.4°K. The ocurve %5 is seen 4o be independent of

concentration, for concentrations between 0.1 and 0.85%. The magnitude of
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the decrease between 1°K and 50°K is approximately 0.9 uQ om/%, whichis.com-
parable  with the increase in resistance below the minimum in Cu Fe and

very dilute Au Fe of 0.9 uQ om/% and 0,5 puQ2 cm /% respectively. The fraction
%%EFET is very much larger, howevey for the Rh Fe alloy,

Measurements on a series of Pd Fe specimens containing between 0.1
and 0,5% Fe show that the excess resistance decreases rapidly below some
well defined transition temperature To, and is constant above Tc.

Thus in this system there is no resistance minimum, and there is a
sharp kink in the resistance at Te¢, rather than the broad maximum found in
Cu Mn and }o Fe, Tc increases rather more rapidly than the concentration,
and is PK for Pd 0.2% Fe, and 15°K for Pd 0.5% Fe. It is therefore slightly
lower than the transition temperature for feromagnetic ordering found by
magnetic measurements,

Sarachik53 et al have measured the resistivity of a series of Nb Mo
and Mo Re alloys containing 1% Fe., They find that a shallow minimum first
appears at Nb0.5 M°0.5 (where a localised moment first appears on the Fe
atoms), and increases in depth with increasing Mo concentration., It reaches
a maximum depth (10% of Rmin) for N‘n.15 MO.85’ then decreases, and is zero
at Mo.é Re.#. A resisteance maximum first awpears at Nb.05 Mo.95, and is

observed for all alloys up to Mo 6Re The variation of the residual res-

o
istivity 4p (measured at room temperatureS#), and the depth of the minimum
Af, are plotted against e/a in fig 2d, The variation of p is also plotted

for comparison.
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Sarachik55 has also measured the resistivity of a series of NbO.Z MOO;8
alloys containing between 0,2 and 2,27% Fe, (This solvent composition exhibited
the deepest minimum in the Nb-Mo-Re system)., The guantity %g has the value

of 10%, independent of concentration, up to 0.78% Fe. At higher concentrations
the relative depth of the minimum decreases. No maximum is observed, however,
even for the highest concentration, 2.2%. It is found that the resistance

has the logarithmic temperature dependence expressed in egq.,. l.1l over quite

a wide temperature range, though it breaks down at a low temperature which
increases with concentration,

Magnetoresistanée

Saraéhik55

also presents values for the magnetoresistance, and
magnetisation of the Nb0.2 MOO.S alloys containing varying quantities of

Pe, and finds that the magnetoresistance is regative, isotropic, and propo-
rtional to the square of the magnetisation for all alloys. The magnetisation
is proportional to Hr, where r approaches 2 only for infinite dilution,
0016550, 56 has measured the magnetoresistance of Mo 0,65% Fe and

Mo 1% Fe, and found it to be negative, and proportional to H? at low fields.
He has also measured the magnetoresistance of Rh 0.5% Fe, down to 1.4°K, and
finds it to be positive. The change in magnitude between 4P X and £X can
be well described by Kohler's law,

Ihermopower

Coledthas measured the thermopower of a Rh 0,5% Fe alloy, and finds that

i% Is anomalously large, and increases continuously with decreasing



temperature, reaching a value of 4,6 uv/°K at 1.5°K,

Specific Heat

Specific heat measurements on a Rh 0,5% Fe alloy and a Pd 0.19%
Fe alloy are presented in Chapter & of this thesis and are discussed in
detail in Chapter 7. A large excess specific heat at low temperatures is
observed in both of these systems, though the specific heat falls off more
rapidly in the P4 Fe alloy at high temperatures than is found in the Rh Fe
alloy or in noble metal - transition metal alloys. Rayne 51‘168.5 measured the
specific heat of a series of Pd Fe alloys containing between 0.1 and 0,7%
Fe, and from the excess entropy determines a spin value of approximately l.l.

Hakrg?et al have shown that Mn has a localised moment of 3.5p.b when
dissolved in the first row fransition element Ti. Definite Curie Weiss -
behaviour is not observed for Fe, Cr or Co in Ti., They find resistance
minime in Ti Mn alloys, and also in Ti Fe and Ti Cr alloys, which is not
consistant with the absence of a2 localised moment én the impurity atom in
these latter systems. Resistance maxima were not observed in Ti Mn alloys
above 2°K, even for concentrations as high as 2% Mn,

Their specific heat measurements on a series of Ti NMn alloys containin
0.17, 0.36, 0,85% Mn reveel low temperature anomalies very similar to those

observed in Cu, Ag or Au containing Mn, (see Chapter 2) the maximum in

-A-%' occuring at 1.3°K for the Ti 0,85% Mn specimen.
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CHAPTER 2

THE SPECIFIC HEAT OF DILUTE ALIOYS— A BASIC THEORY

2.1 Introduction

The specific heat of a body is defined as the limit as AT —> 0 of
%%-where AT is the temperature increase when an amount of heat AQ is supplied
to the body. If no external work is done in the precess, AQ is the increase
in internal energy. The specific heat is usuvally defined with certain para-
meters held constant, e.g. pressure p, volume v, or magnetic field H. The
specifiic heat measurements to be described in the following pages have been
performed under vacuum, and are t..crefore at constant pressure - CP’ whereas
in calculations of the specific heat the volume is generally assumed constant,
giving Cv' Cp will in general be larger than Gv because of the dependence
of the internal energy on the volume, and because of the work done in expand-~
ing against the external pressure (this latter contribution is negligible

for a solid body). The difference can be estimated using the thermodynamicali

identity,

Cphcv=Tvpﬁi{ e 8 % & 8 8 o 0 s 6 s s o o 8 s & 2ol

where B is the expansion coefficient and k 1s the compressibility.
It is fourd experimentally that B is approximately proportional to

C,» end can be written as § = S Cy where S is a constant and k is nearly



independent of temperature. Therefore,

C - G Tve?

o2 % = I = TS e e e e 22
C  C k
v v

For Cu this fraction has the value 2.8% at 300°K, 0.1% at 50°K, and
falls rapidly at lower temperatures, anl is therefore negligible in the
temperature range of interest, The measured values of Gp will therefore be

conmpared with the valculated Cv without correction.

2n2 The Specific Heat of a Pure Metal

Contributions to the specific heat of & pure metal are to be expected
from the nuclei, the core electrons and the conduction electrons. Because
of the large energy separation of the core levels, electrons in these states
contribute a negligible amount to the specific heat. The allowed vibrational
energy levels of the atom cores,and the energy states of the conduction
electrons lie so close together, however, that significant changes in the
energy distribution of these particles talte place when the temperature is
altered, leading to the observed specific heat,

It is generally assumed that the electrons and lattice contributions
may be calculatedinmdeépendently though this is at first sight surprising for
the f'ollowing reasons.

1) The restaring forces acting on the atom cores are in part dependent
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on the nature of the electronic wave functiormsbetween the nuclei., These
restoring forces determine the vibrational modes of the cores, and thus the
lattice specific heat. This might thercfore be expected to be affected
by changes in the conduction electron distribution with change in temperature.
Because of the high degeneracy temperature of the conduction electrons,
however, their energy distribution is very little affected by changes in
temperature in the range 0-20°K in which we are interested, so that the
elastic constants are scarcely affected.

2) The conduction electrons move in the oscillating field of the vibrat-
ing cores, and the temperature dependent amplitude of these vibrations may
be expected to affect the distribution of energy states occupied by the
electrons, aml thus their specific heat. However, because of the large zero
point motion of the cores, thcir amplitude of vibration is very little
affectedby changes of temperature, for temperatures small compared with the
Debye temperature (to be discussed below), and thus the electronic specific

heat will not be affected.

It is therefore permissable to treat the lattice and conduction
electrons as two independent systems in thermal equilibrium, and their

separate conmtributions will be discussed in the following sections.

2.3 lattice Specific Heat

Ator. cores, placed at regularly spaced sites in the crystal lattice,

vibrate under the influence of approximately harmonic forces, Classically



they can be considered to be & set of simple harmonic oscillators, and their
energy B at any temperature T can be calculated by applying Maxwell Boltzman
Statistics, this being justified by the localisation of atoms on definite
lattice sites, leading to the theorctical possibility of distinguishing
between them,

It can be shown that the speeific heat of NO simple hermonic oscillators

where N is Avogadro's number is,

C = 3Nk = 3R = 249 joules/mole®k,

and this is therefore the specific heat of 1
mole of a crystal of atom cores on a classicel model. Experimentally it is
found that the constant value of 3R is approximately true only at high
temperatures. As the temperature is reduced the specific heat falls rapidly
and tends to zero as T approaches zero, This failure of the classical theory
at low temperatures can be traced to the aspumption of a continuous spectrum
of available energy states extending to zero energy. When a spectrum of
discrete energy levels is assumed, and the temperature is such that kT is
small compared with the energy differcence & between the ground state and the

- ¢ /&T,

first excited state, the specific heat falls to zero as 1/Tfe The

temperature dependence of the specific heat of any particular system can

then be calculated by a suitable choice of the distribution of discrete

energy levels,



As a first approximation Einstein suggested that the crystal lattice
might be considered to he equivalent to a set of simple harmonic oscillators

each of constant frequency v, whose energies are guantised with the values

where %hv is the ground state or zero point energy of each oscillator.
Applying Maxwell Boltzman Statistics to determine the distribution of the
particles among the various energy levels, the total energy of No oscillators
is

3N, w4 3/2 N, by

e

ehv/kT _

1

and the specific heat is

BR(P_\_)_)Q th/l‘[T -o..-oo-oo'o.2¢3
kT (ehv/kT - 1P

This function tends to 3R, the classical value, at
high temperatures, and et intermediate temperatures reasonable agreement
with experiment can be obtained by an appropriate choice of the frequency

v. In the low temperature limit the formula predicts that
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¢ = 3R (‘192’)2 e—hv/k'l‘
which is in disagreement with the experimentally observed T° dependence for
the lattice specific heat as T tends to zero.

A better approximation to the vibrational spectrum of the crystal
lattice was obtained by Debye, who treated the crystal lattice as a
homogeneous elastic solid, and considered the energy to be distributed
among the normal modes of vibration of the system up to some maximum -

frequency Vpe ¥V is determined by the condition that the maximum number

D
of independent vibrational modes is 3N, where N is the number of atoms in
the crystal. The finite energy spacing of the vibrational modes of a finite
elastic medium, which is a result of the requirement that each mode should
contain an integral number of half wave-lengths to satisf'y the boundary
conditions, ensures that the specific heat will fall below the classical
value of 3R at low temperatures and tend to zero at T=0, The approximation
that the body is homogeneous will be reasonable at very low temperatures,
where the atoms move coherently with wﬁ&e~lengths which are long compared
with the interatomic distance. Such modes have a low frequency and corre-
spondingly low energy, and are the only ones to be excited significantly

at low temperatures,  The existance of these discrete long wave-length modes,
with energies which extend nearly to zero, ensures that the specific heat
need notfall to zero exponentially as in the Zinstein theory.

If there are g (v) dv modes in the frequency range v -> v + dv,

they will give a contribution to the specific heat of
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The total specific heat is therefore

¥V
/m k(ll__\)a)a thfC‘b . g(V)d.V e v s s o s o 24
(ehv]i;i——l)a

where v, is given on the Debye model
by the condition that the number of independent modes is 3N, thus
)
m
3N = .[ (1) AY . v v e i s e s s 0 s 245
]
Assuming periodic boundary conditions, and remembering that for each
frequency there are three independent waves, one longitudinal and two perp-
endicular transverse waves, it is easily shown that the number of modes

between v and v + dv for a homogeneous solid is
g () =V ( 1 + 2 ) LRV @ ot v o v s v o 246

where V is the volume and

G, and G, are independent of v (this is true for low v, but does not

A
hold as v ~> vm) €.8. Ig 2,5 may be written

v v
/m 5(”)d9=3N=[mV(_L + ___,%_)l;-‘ltvadv....ZJ

3 a
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o"\’m3=2N ;r o-oao-ooo--ozos
IV (/0 + 2/01;3)

and from 2,6 and 2,7

gv) = 9N _y v <y

e B o o B 8 & 2 * e @ 2.9
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This simple form for the density of states of the vibration spectrum
is the central result of the Debye theory, and is a result of the assumption
of a homogeneous anl non-dispersive medium, The specific heat per mole then

follows immediately

n
CV = 9R (L )3 [ e:r I4 dr s & & o @ 2010

e,D ) r - 9
(e" = 1)
where x = hy xm = hvm
kT kT

8, = hvw = h 1 | . 9N \%
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If kT <« hy , I =X and the integral takes the value lx* so that
15

cv. = 1228 R (_'.}.‘_)3 = 194 (2)3 joules/mole as T ~> 0 . . 2,11
5

thus giving the temperature dependence cbserved experimentally. It should
be notedthat thE™Pdependence at low temperatures is a result of the
parabolic density of states function at low frequencies, and this is
expected far any three dimensionael crystal at sufficiently low frequencies
and is not peculiar to the model discussed above.

On +he Debye model, deviations from a simple T law exceed 1% at
above 6/15, with the specific heat increasing less rapidly than T as T
increases, Deviations are usually found at Temperatures much lower than
this, however, as the parabolic density of states curve is true only in the
low frequency limit. The ability of the Debye function to generate the
experimental results may be represented numerically in the following way.
The electronic contribution to the specific heat is subtracted from the total
specific heat, to give the lattice specific heat at each temperature, anml
from this a value of 0 appropriate to that temperature may be computed.
If @ is independent of temperature, the simple Debye model describes the
results exactiy. It is commonly found that O is constant at very low
temperatures, below, say 6/30, then falls as T increases, passes
~ through a minimum at around 6/10 and tends to a constant value at higher

temperatures., The fall in 6 and subsequent minimum are associated with a
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peak in the density of’states‘curve at frequeﬁcies well below the value
L calculated on the Debye méﬁél. More refined caloulations af‘the density
of states curves based on more realistic assumptions than those of Debye,
namely a discrete lattice with its associated anisotropies in the force
constants, and frequency despendent wave velocities, predict the existence
of several peaks in the density of states curve.

In a review article, B?.a.ckman5 8 discusses the background and developf
ments in this study, amd recent calculations :‘an’lude those of Leighton59

on the f.c.c. lattice including Cu, Ag and Au, Neighbours and Aler.s.60
on Au and De Launﬁ‘ysj' on Cu, Ag and Au,.

2.4 Electronic Specific Heat

Each electron moves in the coulomb field of the other conduction
electrons and the atom cores. Because of the long range of the coulomb
field, strong correlations between the motions of the electrons are to be
expected. Bohm and Pines have shown that as a result each clectron is
surrounded by a local deficet of electrons or 'correlation hole', and the
motion of the resulting guasi-particle is almost independent of that of
other similar quasi-particles, interacting with them only by a short range

potential of the form

v(r) = &/ e_r/}'

where A is o constant of the order of ﬁ..
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One may therefore consider the allowed enecrgy states of these almost
independent quasi-particles in the field of the atom cores.

The very rapid variations in potential in the neighbourhood of the
ion cores might be expected to influence the allowed energy states of the
electron very profoundly. The requirement that the conduction electron
states be orthogonal to the occupied core states leads to = rapid increase
in the kinetic energy of the conduction electrons in the region of the
core, <This may be considered to be equivalent to a reduction in the
effective potential energy of the core and leads 1w the concept of the
'pseudo-potential’ introduced by Phillips and Kleinman and by Heine, which
is very much smaller in magnitude then the actual core potential. It thus
becomes a reasonable approximation to think of the electrons as independent
particles moving in a uniform potential, with the remaining influence of
the cores included By giving the electrons an effective mass ﬁ+. A density
of states function g(E) dE, giving the number of allowed one electron states
between energy E and E + dE, may be caliculated.

The property that electrons are indistinguishable and obey the Pauli
Exclusion prineiple dictates the use of Fermi Dirac statistics in deciding
the distribution of electrons among the allowed cnergy states at any given
temperature, This leads to the result that ét T=0, electrons have energies
up to the Fermi energy EF’ which for metals is generally several electron

volts. For temperatures low compared to the degeneracy temperature EF s

k
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which is of the order of 10° °K for Cu, only a small number of electrons
with the highest kinetic energies can be excited into unoccupied states,
and thus the energy absorbed by the degenerate elcctron gas in raising its
temperature is very small,

The fraction of clectrons which are in excited states at temperature

T is of the order of %T- , and each will have gained an amount of energy of

F
the order of kT. The total increase in energy of N electrons is therefore
approximately NkT x kT and the specific heat is
E

C~NET , and F:i.s therefore linear in T,

Ey

A more accurate value can be obtained by diffeerentiating with

respect to T the total energy

[-.)
u =f Ee (B)  4E
o LE-Fp o4 1
o kT

e ———

which yields C = «* ¥ g (EF) T = 4T for

KT << By rovided g (EF) varies only slowly with energy., Thus under these
corditions, C is proportional T and to the density of states at the Fermi
surface,

If ¥ isexpressed in milli joules/mole °K*, and g(E) in electron
states / electron volt atom, g(E) can be calculated from the observed
electronic specific heat from the relation,

g (B)/, 0,425 v mj/mole °K and may be compared with

« V. atom
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the theoretical value found from the surface integral over the Fermi swrface

eE) = 1 f _as
& S grad, E(k)

Total Specific Heat of Pure Metal

From the two precceding sections, it follows that the specific heat
of a pure metel may be written C = T + B’I" at very low temperaturcs. A
plot of C/T ageinst T is therefore a straight line with a slope B and ¥y
its intercept at T = O, Such a plot therefore yields the two contributions

to the specific heat separately,

2.5 Magnctic Specific Heat

Because of its possible relevance to an understanding of the anomalous
contribution to the low temperature specific heat of dilute magnetic alloys,
the specific heat of jsolated magnetic momcnts in & magnetic field will now
be considered.

A magnetic carrier of spin S and magnctic moment pu= g Hy Ve (5 + 1)
(complete quenching of the Orbital angular momentum is assumed), placed in

a magnetic field H, will have 2 S + 1 allowed energy lovels
E:“g“bHS,"gp.bH(S"l)ooooo"'gp.bHS

The distribution of carriers among these energy levels at a temperature
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T can be found by applying Maxwell Boltzmann statistics, (required by the
distinguishability of the cariiers) and the total energy and specific heat
may be calculated, The result is a specific heat curve, known as a Schottky
anomaly, which incrcases from zero at T=0, passes through a maximum, and
falls to gzero as T => »., The form of the curve is such that when kT is much
smaller than the encrgy separztion E between the ground state and the

first excited state, thc specific heat per carricr falls to zero as
3 - L
k B kT
(55 °

As E=g pr, the specific heat in this region depends only on H,

ard not on S, When kT is large compared with pyH, the specific heat per

carrier fal’s as P‘%
3% T

In Appendix 1 the analysis is extended to show the influence on the
spec¢ific heat curve of a distribution of magnetic fields. It is convenient
to define a quantity P (H), such thet P (H) dH is the probabi.ity that a
magnetic carrier is in a field lying between H and H + dH. The high
temperature specific heat is little changed, falling as 1/T° for any
temperature independent distribution of fields, provided kT is large
compared with “Hmax. B is repleced by ﬁr’ & suitable average of K over
the distribution of fields,

At low temperatures the behaviour of the specific heat will be affected

dramatically if P (H) remains finite down to H=0., In this case C does not
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fall to zero exponentially as T -> 0, but in the limit a3 T => 0, the
temperature dependence of C/T closcly resembles the field dependence of the
P (H) curve as H => 0, 1In particuler, if P(H) tends to a constant P (0)
at H=0, C/T 2lso tends to a constant,

The physical origine of this linear temperature dependence of
C as T ->0mn be seen from Fig. 3.

P(H)
Fig. 3

kT
M

Suppose that P(H) has the general farm sharn in the figure, and
that P (0) is finite. At very low temperatures those spins that lie in
fields large compared with kT will be almost completely aligned parallel
to their local field, and Wlnz.lll not contribute to the specific heat., They
will, however, provide an approxim:tely temperature independent distribution
of magretic fields, Those spins in fields very amall compared with kT will
be completely disordered, and will also not contribute to the specifg.lc
heat. Those spins lying in fields of the order of XT , and indicated by
the shaded areas A, A ', will be partially aligned, gnd will contribute an

approximztely classical value k to the specific heat. The number of such
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spins will be of the order of cN kT P(0), and thus will give a specific
K
heat of clk lc_?(o). Thus in the limit as T -» 0, C is proportional to T if
i
P (0) is finite, Graphs of C/T against T for a few simple P (H) curves

are shown in Fig. 4.

B, EXISTING EXPERTIMENTAL RESUITS

2.6 Dilute Non-Magnetic Alloys

If an impurity atom is introduced into a pure metal, and has a
higher valency than the solvent, the extra valence electron joins the
conduction band of the solvent. The average positive potential of the lattice
is increased, and the energy of sach electron state falls slightly, by an
amount AE, If the band shape is unaltered by the perturbation, (Rigid Band
Approximation), Friedel6szhows that to a first approximation the extra
electrons added with the impurity raise the Ferni level to the same value
that it had in the pure metal, Ths density of states at the Fermi encrgy
of the alloy, will, on this approximation, be the same as the density of
states at an energy AE above the Ferasi Energy of the pure metal. Thus,
assuming the rigid band approximstion, the addition or subbraction of condu-
ction electrons by the addition of impurities having a valency higher or
lower than thet of the solvent, allows the density of states function of
the pure metal to be determined from a measurement of the electronic specific
heat of the alloy.

Measurements by Mon’cgomeq?}of the Specific heat of dilute Ag Cd and
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Ag Pd alloys, in which the number of conduction electrons is expected tfff be
increased or decreased by one for each atom of Cd or Pd added, show that
¥ increases linearly with concentretion in each system. MNeasurements on
the tornary alloys Ag 4% Cd 4% Pd, which is isoelectronic with Ag, show

an increase in y which equals the sum of the increascs in Ag 4% Cd and

Ag 1% Pd. Similar results arepound for a Ag 2% Cd 2% Pd alloy.

Similar results seen to obtain for the Cu Zn, Cu Ni system.
Guthrisel"has measured a series of concentrated Cu Ni alloys, and finds a rapid
increasc in y with Ni concentration, though the most didute alloy measured
was Cu 10% Ni. Rayne6 %has investigated the Cu ~Zn system and finds that y
increases at a rate of 2% per % Zn at low concentrations., Doubt has been
cest.. on these results by the recent work of Isaacs and Massalsk:éson the
same system. They find an initial decrease in 4 followed by & minimugp at
about 3% Zn. Raync also measured ¢ for the Cu @e system, in vhich two extra
electrons are introduced into the conduction band per Ge atom, and found an
initia.i rate of increase twice as large as the rate found for Cu Zn.

De Haes van Alphen meesurements on Cu, Ag and Au show that in each
of these systems the Fermi surface touches the (111) faces of the Brillouin
Zone, amd tilerefore the density ofstates of these metals is expected to
decrease with increasing energy at the Ferwi energy. On the basis of the
rigid band model, this is quite inconsistant with the increase in y with
electron / atom ratio found by Montgomery for Ag Cd and Rayne for Cu Zn,
but is in agreement with the results of Isaacs aml Masalski., It is evidently



not possible to explein the results of the ternary Ag Cd Pd alloys on this
theory,

The magnitude of the change in y is very much larger than would
be expected from 2 rigid band calculztion. A frec electron model would '
give, for a divalent impurity in & monovalent solvent, an increase of 0.3%

/ at % impurity, and Zinan®’

finds that the rigid band model applied to a
nole metel whose Fermi surface contacts the Brillouin zone, givcs a decrease
of 0.74/at % impurity.

It therefore seems likely that the rigid band model is not
applicable to thc systems discussed above. The theory has greater success
when applied to the elloys of members of the first row transition series

(Cheng, Wei and Bec}6;8). v apnears to be a function of the electron per atom
ratio only, independent of thc componcnt metals, provided their difference
in velency is not too great.

Several improvements on the rigid band metal have been proposed.
Cohen and Heinsegproposed a soft band model, in which the tand gaps decrease
of alloying, lezding to a sphericalisation of the Fermi surface, Jonegohas
suggested that the greatly reduced mean free path of conduction electroms in
a dilute 2lloy broadens their states in k-space, and allows the excitation
of electrons from stetes well below the Foril energy, even at very low
temperatures, The existaence of a peak in the density of states curve of

the pure metal just below the Fermi surface, as is expected for the noble

metals, will therefore increase the electronic specific heat, In the
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explanation due to Friedel, the conduction electrons which screen the
excess or defect chargc of the impurity lie in a rather narrow range of
energy mtates, and may give a large contribution to the density of states
at the Fermi surface. Friedel's ideas will be discussed in morc detail in
Chapter 3. It is not at present clear whethur any of the above suggestions

can explain the experimental results,

2,7 Dilute Mognctic Alloys
The spzcific heat of those dilute transition metal in normel meteal

alloys which show anomclous resistive and magnetic behaviour, is profoundly
different at temperatures below 20°K from the non-magnetic alloys that have
Just been discussed.
The excess speeific heat increases linearly from zerd at T=0, and

at very low temperaturcs may be an order af\magnitude larger than the specific
heat of the purc metel, It reaches a rathcer broad maximum, then slowly
decreases at higher temperatures, and is generally negligable compared with
the rapidly inecrcasing lattice specific heat above 20°K, At low temperatures
the excess spoeific heat is approximately independent of concentration,
but 2t highor temperatures the magnitudes increase rapidly with concentration.

Table 2 shows the systems that have been investigated, and the
alloy concentrations and temperature renges for which measurements have

been made,
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Table 2
Alloy Author Concentration Temperature  Anomaly
% °K inG dnpxarx
Cu Cr  du Chatenier'2 0.073, 0.56. .. 0405-20 Yes Yes
0.3 1.2 -20
Culin  du Chatenier/2* 0 0.15, 1.15 0.06-~30 Yes TYes
0.35, 0.45 1.2 =30
Zimmerman & Hoare73 0.135, 0.48, 1.0 1.8 -16
2, L}., 10 1.8 -14-02
Cu Fe  Franck M§Rchester
Martin 7 0.05, 0.12, 0.24 Q.4 =30 Yes Yes
du Chatenier 0.086 Ou4 =30

5

Cu Co Crane & Zimmerman 0.25, 0.55, 1.1, 1.3,

1-5, 1078, 2021, 2.25 1.5 -4.5 Yes Yes

CuMi Guthriet¥ 10, 20, 30, 40 1.5 4.5 No Mo
Ag Cr du Chatenier’? 0.099, 0.28 1.3 -20 Yes
Ag Mn  du Chatenier72’76 0.093, 1.01 0.03-0,5, Yes Yes
1.2 -30

0.29, 0.41 1.2 -30
AV  du Chatenier’® 0.1. 0.27, 0.7, L 1.2 =4 No No
Au Cr  du Chatenier’> 0.11, 0,18 1.2 -k Yes Yes
Au Mn du Chatenier72 0.083, 0.16 0.05-30 Yes Yes
Au Fe du _C]?ata/n;i.er72 0.092 0,15-30  Yes Yes
B Go et T 003 5,087,098, .0 2,006,008 — 5 es Yo
T Fe logan’ ™ 7% »0¢57,0.96,1.8,2.0,2,6,1.2 -5 55 &8
Mg Mn  Hartin'® 0.025, 0.15 O -1.5  Yes TYes
Zn Cr  du Chatenter '~ 0.21 | 1.5 -5 Yes TYes
gn Mo Qu Chatender’> 0.071, 1.5 1.5 -5 Yes TYes
Zn Fe  du Chatenier'2 0.1 1.5 -20 No Mo
Al Cr du Chatenier72 - 1.5 -5 No No
Al Hn Martinao : No No

As can be seen from the last two columns in table 2, the existance
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of a: spccific heat anomaly correlates well with the existance of anomalies
in the resistance and susceptibility, The distribution amongst the alloys
of anomalies in these properties, can be seen more clearly in the Friedel
diagram (section 35 the signifiicance of which will be discussed in detail
in Chapter 3.

Uncertainties in the shape of the C against T curves increase
rapidly with temperature . above the liquid helium range, because of the very
rapidly increasing lattice specific heat, and the difficulties of accurate
temperature calibration in this region. Although this is obviously more
severe, at any given temperature, for low concentration alloys, the fact
that the anomaly generally occurs at lower temperatures in these alloys,
and may therefore fall in a more managable region, allows a greﬁter propo-~
rtion of the shape of the anomaly to be know accurately, narticularly if
measurements have been performed below 1°K. The difficulties are also
greater when Au is the solvent, which, because of its low Debye temperature,
gives a lattice specific heat approximately eight times larger than that of
Gu.,

Figures 5, 7, 8, 9, 11, 12 show the quantity AC against T found
by other authors for several systems exhibiting anomaiies in the specific
heat, AC is the difference between the specific heat of the alloy and pure
metal at a given temperature T, These have usually been taken by direct
measurement from the authors published curves, and may not, therefore, be

a very accurate representation of their actual results. They do, however,
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show the main features of the anomalies in the different systems.

For systems in thermal equilibrium, AG is equal to 48, where S is
the entropy of the alloy minus that of the gure metal, anddihus the magnitude
of AC indicates the rate per degree at which disorder is increasing in the
sys’ch of magnetic impurities, AC is the rate per degree at which the energy
of the impurities is increasing. |

Fig, 5 shows AC/T against T far Cu, Ag and Au containing Mn. These
are mainly from measurements of du Chatenier, but those of Zimmerman and
Hoare on Cu Mn have also been included. The curves exhibit the following
features, At very low temperatures, generally below 0.5°K, AC/T is dominated
by the specific heat of the nuclear megnetic moments ardering in the
hyperfine field, giving & specific heat which varies as A/T°, The_ gonstant
A is proportional to the concentration, anl for 1% of Mn, tekes the values
0.12, 0,06, 0.07 mj/mole for Cu Mn, Ag Mn and Au Mn respectively. If this
nuclear term is subtracted AC/T is found to become independent of Mn con—
centration as 7' ~> O,

The curves pass through maxims at temperatures which are proportional
to the Mn concentration, and are given approximately by 4, 5.5, and 10 °K /
at % Mn for Au Mn, Ag Mn and Cu Mn., AC decreases rapidly below the maximum
and du Chatenier quotes the following 3a1ues for AC at T = 0 af'ter subtraction
of the nuclear cerm; 7.8, ho6, and 2,3 mj/mole °K° T:l:'ur Au Mn, ag Mn and Cu In,

These figures must be regarded as approximate only, because of the large

extrapolation of a non~linear function that is involved in their estimation,
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and almost any value between zero and these values would seem possible from
the published curves, The estimated entropy for each of these systems is
found to approach ¢R loge 6 at high temperatures, and is therefore consistant
with a spin of 5/2 on the Mn atom,

Fig 7 - shows AG against T for Gu, Ag and Au containing Cr, as
T

measured by du Chatenier., For Au Cr and Cu Cr, AC becomes concentration
independent at low temperatures, and for Cu Cr, fgr which measurements

wete made on two alloys down to 0.05°K, AC/T is constant below about 0.8°K
at 1.8 mj/mole °%®. At higher temperatures, the curves for different
concentrations diverge, and those of higher concentration exhibit 2 meximum,
The meximum for Au 0.18%r occurs at about 2,3°K, or 1¥XK/%r. The con= |
centrations of the Cu 0.56% Cr and Cu 0,3% Or are purely nominal, as they
are so far in excess of the room temperature golubility limit of Cr in

Cu. This probably accounts for the rather low spin values found for these
alloys. (Sce Table 3),

The available date for the Au Fe system is shown Fig. 8. Measure-
memts to very low temperatures on a series of Au Fe alloys of varying
concentration do not exist, so that it is not possible to decide whether
the behaviour of Au Fe is similar to that of the Mn alloys, with AC/T
becoming concentration independent as T approaches zero, Du Chatenier has
measured a Au 0,092% Fe alloy down %o 0.15°K, and claims that AC/T is
effectively constant at 2.26 mj/mole °K® below 0.5°K., The measurements of

Dreyfisc et al on Au containing 0,2, 0,5, 1.0% Fe, and those of the author
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on a Au’ 0.6% Fe alloy, have rcazched a value vhich is almost independent of
concentration, :boat 3.2 wjfmole °K, at 1,3, and it is not impossible
that these curves will sprroach that of the Lu 0,092 ie at lower temper-
atures, Du Chatenier finds a spin value of Fe of 0.65 from his measuwrements
on the Au 0.092%Fe alloy, whnilst 2 value of 0.5 is found for the Au 0,6%
Fe alloy in the present investigation,

Fig, 9 shows the measurements of Franck Manchester and Martin on
Cu Fe alloys contzining 0,05, 0,12, 0,24 % Fe in the temperature range 0.k
to 30°K, measurements by du Chatenier on a Cu 0,086% Fe down to 0./°K,
and those on a Cu 0,6% Fe alloy between 1.3°K and 20°K described in the
present work, Nope of the alloys reaches a concentration independent region
in the temperature range of measurement, though one may speculate from the
trends of all of the curves at low temperatures thatthey may approach a
concentration independent value of around 2.4 mj/mole °K’at a temperature
below 0,1°K. The entropy associated with the alloys of Cu conteining 0.05,
0.12, 0.24 and O,&% Fe is congistant with a spin on the iron atom of 0,5.

Figwres 11 and 12 show the nwasurements of Crane and Zimmerman on
Cu Co alloys, and of Crane on Au Co alloys. These two systems have specific
heat anomalies that are very similar to onc another, with the anomaly rather
larger in Au Co than Cu Co.,

In the limited temperature range covered (1.5 - 5°K) they show

little resemblance to the systems that have been described so far. For:
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Co concentrations below 1%, there appears to be a small and almost tempera~
ture independent increase in AC/T which decreases rapidly with Co concentration.
For higher concentrations AC/T increases as the temperaturc is reduced,
suggesting that a large amount of ordering takes place below 1.5°K, Although
for large eoneentrationsAC/T reaches values higher than those observed for
any of the other systems so fer discussed, the entropy increase in the tempera-
range 1.5 to 5°K is only around 5% of the entropy associated with the
disordering of isolated spins with S = %.

Other systems that have been shown tc exhibit specifiic heat anomalies
are Mg Mn (Martin), Zn Mn (du Chabenier) anl Zn Cr (du Chatenier), leasure-
ments below 1.5°K are needed to show whether the specific heat anomaly in
Zn ¥n is similar to those of Cu, Ag, and Au containing Mn, but results
above 1.5°K suggest that this may be the case., Du Chatenier finds a spin
velue of 1,5 for Mn in Zn and 0,3 for Cr in Zn,

Other systems that have been investigated, Au V, Zn Fe, Cu Ni,

21 Cr, Al Fe, Mg Fe and Al Mn show no signs of a specific heat anomaly,
consistant with the @bsence of anomalies in their other properties.

Plots of AC against T for Cu, Ag and Au containg Mn are shown in
Fig. 6, and for Cu Fe alloys in Fig 10, Because the large uncertainties
in the values at higher temperatures (above L°K), have a greater influence
on the temperature of the maximum and the rate of decrease above the maximum,
in AC than in AC/T, it is unwise to draw definite conclusions from the high

temperature, beheviouwr of these curves, It would appear, however, that
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the rate of decreese in AC above the maximum is greater in the ¥n-'allpya .than the

Fe alloys, and decreases only a little less repidly than 1/T for the M¥n

alloys at high temperatures.

Table 3 shows the spin values on the solute atom, found from specific

heat mensurements, and compares them with the values found from high tempera—

ture susceptibility measurements. The value of AC/T at T = 0 is also included,

When this quantity hos been guessed from measurcmemts cbove 1,5°K, in systems

for which a concentration independemnt region has not definitely been reached,

the value is followed by a gquestion mark,

Zsble 3
Alloy Author Concentration Spin from Spin from é% at T=0
Specific Heat Susceptitility mifwle®x?
Cu Mn du Chatenier 0415, 0.35, Q.45 25 2.0 2432
Ag Mn du Chatenier 0,093, 0,285, 0.41,1.01 2.5 2.5 L6
Au Mn du Chatenier 0.083, 0.16 2.4 2.5 7.8
9‘2 Cr du Ch&téniér' 00073 038 - l.8
0.30 0.3
0.56 0.2
Ag Cr du Chatenier 0,099 L., - 3.27
0.28 0.7
Au Cr du Chatenier 0.11, 0.18 1.3 1.5 2.47
Cu Fe Franck Manehester0.05, 0.12, 0.24 0.5 2.4°
and ¥-rtin
This work 0.6 0.5
Au Fe Du Chatenier 0.092 0.67 1.3 2.26
This work 0.6 0.5 <3.1
Zn Mn du Chatenier  0.071 1.5 o(34)
Zn Cr du Chatenier 0,21 0,3 -
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GHAPTER 5

THEORY OF DIIUTE AIIOYS, A - TMPURITY STATES 1IN METAIS

3.1 Introduction

When an impurity atom is introduced into a metal, the properties of
the system depend lergely on the interaction of the impurity with neighboure
ing solvent atoms, and with other impurity atoms, This in turn depends on
the rearrangement of the electron wave functions around the impurity atom.
The valence electrons of the impurity atom will be in states of positive
kinetic energy throughout the volume of the metal, and will therefore entex
the solvent conduction band. This leaves the impurity core with an excess
positive charge + Ze, if its valency exceeds that of the solvent by Z.
Classically, no long range electric fields can exist in a conductor, and it
may therefore be expected that the conduction electrons will rearrange them-
selves around the impurity in such a way that the excess charge will be screened

viithin a distance which is of the order of atomic dimensions,

3.2 Thomas-Fermi Screening

A semi classical model; due to Thomas and Fermi (see Friedelsl)

gives the density p(r) of the screening electrons as a function of &iétance
r from the impurity centre, assuming thet the potential varies élowly in a
distance of the arder of the wavelength of the electrons. The result of

this calculation is
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where ¢° = in n(Ef) and n(Ef) is the density of states at the Fermi surface.
The influence of the impurity will only be felt up to a distance of a few
timesl/q, which is of the arder of the interatomic distance for most metals.
As this distance varies inversely as the density of states at the Fermi
encrgy, it will be very small for alloys of transition metals in transition
metals, for which n(“F) is large, and 2 typical value for 1/q is 0.3 .
The excess charge will then be screened out within the atomic volume of the
impurity, and there will be neg”igable interaction even with nearest neigh-
bour solvent atoms. This expleins the large solubility, low heat of solution,
and absence of short range order in these alloys. Friedel also explains,
on this basis, the linear variation of magnstic moment as a function of oon-
centration in- the alloys pf the first row trensition elements, and his conclusion
that the mgretic moment on a nsarest neighbour solvent atom is unaffected
by the impurity is confirmed by the neutron diffraction experiments (IOW)BZ.

For normal-metal alloys, the density of stetes is lower, and the
screening range is larger than for transition metals, and there is a small
overlap of the screening charge at the rnearest neighbour solvent atoms.
The extensive solubility observed in many nurmal metal alloys, is due largely
to this ranid screening out of the excess charge, though other factors
must also be favowrable, e.g. the sizes of the solute and solvent atoms

must be comparable to prevent undue distortion of the lattice; the symmetry
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of the impurity wave functions at the surface of the atomic cell must match
suitably with those of the solvent atoms., This latter consideration
probably accounts for the very low solubility of transition metals in noble
metals, and possibly for the almost complete insolubility of Ag amd Cu

where the levels of the d-band differ greatly.

3.3 Friedel Screening

A more exact calculation of the screening of an impurity, in which
the restriction of a2 slowly varying potential is removed, reveals several
new and significant features. The increase in electron density p(r) -

Po (r) at o distance r from the centre of a square potential well of depth

Vo and radius ‘a', is given by

dbp = p(r) - po(r) = =4 U kf,4 Z,r Cos 2kr - Sin 2k .32

. (2kfr)‘

in atomic writs e=zh =m = 1

3

where U =£5g a Vo ’ and kf is the Fermi wave rumber,
In this calculation it is assvied that V2 v a’ and k.o are

<< 7, and that the potential is screened by free electrons from zero energy

R
up to a Fermi energy Ep = & o« This formula may also be written
2

Ap:—?ZM‘?U F(Zkfr).o:ooo000.0000.0000;05
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where 2n is the mean electron density in the metal, and

F(:r)::rCosr-Sim: -.-cwoccaocccv-oo-u}.h—

x4

The function F(x) is shown in fig. 13

Fig 13
—F(x)

f\_}/ X
4-4-9

For z < L.49, the electron density decrsases rapidly with increasing
distance, and the excess charge is effectively screened out within this
range. For Cu, k, = 0.72 atomic units, and thc first zero in Ap occurs at

a distance m = Lok x 0,53 3 = 1,7 i, which may be compared with

2x0.72
the nearest neighbour distance in Cu of 2.55 K.

At distances greater then the first zero, the electron density

osciliates in sign, with an amplitude which falls off at large distances as

Cos 2kfr

—

Desgpite their very repid decrease in amplitude, these oscillat-~

1‘3

ions in the conduction electron gas may be considered to be of long range,

compared with the exponentially decreasing amnlitude of the atomic wave-
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functions at large distances, and they may lead to interactions at much
greater range than is possible by direct exchange of electrons in bound
orbitals.

Zvidence for the existance of such long range oscillations in the
charge density comes from the strong attemuation and absence of Knight
Shift of the nuclear magnetic resonance line of Cu or Al atoms in Cu or Al
base alloys conteining impurities (Kohn and Vo sko®o )+ The electric field
gradients, of random sign and direction, éssocia‘ted with the ogeillating
charge density, interact with the electric guadrupole moment of the nueclei,
and broaden the resonrnce., The magnitude of the effect in very low concentration
al“oys shows that the resonance of the first 80-100 neighbours of an impurity
atom is effected., The immartence of these long range oscillations in under-
standing the interactions between magnetic impurities, will be discussed in
the second part of this chapter.

Friedel&" has derived an expression ror the scrcening charge density
due to astwonyg potential by & partial wave analysis, in which the scaticring
potential appears implicitely in the phase shifts My of' the scattered waves
of angular momentum l. He finds that the total number of screening charges

N(x) within a large. sphere of radius R, per unit k, is

R
N(k)=[ EJ% [4 = £ Ap(r)jd;r.-_-g z (21 + 1) [%2_3,;

o x 1

- lSimlcOS(ZkR"l'ﬂi-h)]0000-0000305
k
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in which the degeneracy 2(21 + 1) of each state has been included.

For larpe r this gives

k
f
hp = _ 1 Z(Zl+1)f Simlsin(zlm+n1—m)2rak..3.6
2 P °

Mq is in general a function of k, If the integration is performed,
Ap is found to exhibit long range oscillations of the same general form as
those in equation 3.2.

From 3.5 the total number of screcning charges N is

k

. £
N=2 (21+1)[lf1.l-;_31m100s(2k3+n —Jx)]dk
3 Ldk k 1

(21 <+ 1) 'rll (kf') + oscillating tern s o & ¢ & & ®» s ® 3‘7
-

1

=2
s

The second, oscillating term inthe integration contributes a negligable
amount to No my (kf) is the phase shift of electrons at the Fermi level.
For the screening to te complete within the radius R, the nuaber of

screening charges N must equal the excess charge Z of the impurity, and therefore

Z:g Z<21+l)n1(kf) ....o..ooa-o,-ooosos
x
1
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This expression is known as the Friedel Sum Rule, and it imposes .
conditions thet muat be satisfied by any self consistant impurity potential,

The residual resistance Ap of & dilute non-magnetic alloy can be
calculated in terms of the phase shifts v (kf) Pfrom the scattering cross

section o,

0‘:&&52(-&'}'1)55.1’?(7]‘6"113*1) © e o 2 o e s a » o s o Je9
kg

and

.’ﬂ.ﬁ (‘e+1)Sina(’n,6"n‘e+1)0--.‘3010

Pk,

8p = c kg
P y)

where ¢ is the impurity concentration, p is the number of electrons per
atom of the matrix, and the phase shif'ts are taken at the Fermi level,
Ap is expressed in atomic units, where 1 a,u, = 21.8 i c.m,
Calculations by Casteljau.85 et al, and others, for Cu containing
polyvalent non-magnetic impurities, in which the potential is chosen to

satisfy the sum rule, have given results in good agreement with experimental

values,

3,k Energy distribution of the screening electrons (Friedel)

In the last sections, the spacial distribution of the screening
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charge was discussed, and was found to be localised in a small region around
the impurity. The energy distribution of the screening electrons will now
be considered.

If the impurity has a valgncy which is positive with respect to the
solvent metal, and the potential is sufficiently strong, a bound state may
exist below the bottom of the conduction band., This will then be filled
by an electron from the conduction band, and the excess charge of the impurity
will be decreased by one unit., This situation has been deelt with in detail
by Slater aml Kosteras, who find that the wavefunction of such 2 bound
electron is of the form.g:if .

If the stfength of tge potential is progressively reduced, the
energy level rises, and crosses the bottom of the conduction band., It will
then be in a state which has a positive kinetic energy throughout the whole
lattice, and is therefore no longer a truely bound state. The state, which
had a discrete energy value when it lay below the conduction band, now
resonates with the conduction electron states, and broadens out into a region
of finite energy width, centred on the energy that it would have had in the
absence of the band states. The behaviour can be seen more clearly from

an analysis due to Mott and Massey87

of the similar problem of the resonant
scattering of free electrons by frees atoms in a gas.

Writing the electron wave function as

¥ (r, 8g) = R(x)u(ogp )
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the radiel part of the wave equation assocleted with an angular momentum

25 in a potential V(r) may be written,

-n* By o+ (V(r) +2(e+1) ) x = E
2 ;r'} &r”

where ¥ = Rgr}

r

The quantity ¢ (£ + 1) mey be though of as an extra positive
nr

potential, and the quantity V(r) + €(£ + 1) may be of the form shown in

enr
Fig, 14, for £ >o
Fig, 1k . . -
E
v+ 1{e+1)
2me*

()

Far E ~ve, only bound states separated by large energies are allowed,

to satisfy the boundary conditions that x = 0 at r =a, For E + ve, &
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continuum of states exist which extend through the whole lattice, The
amplitude of the wavefunctions in the region r < a is determined by the
normal conditions of contimuity of the wave function and its derivative

at the barrier, and a large amplitude for y.will generally only be possible
if there are glmost an integral number of helf wavelengths in the region
r < a, that is for energies centred aromnd a value at which a bound state
would have existed if the barrier had been very wide., .When this condition
is not satisfied the amplitude of % for r < a will be very small, The
narrow region of states which have a large amplitude in the neighbourhood
of the impurity is called a Virtual Bound State ([riede 184) . The symetry
of the virtual state resembles that of the bound state from which it was
derived, and the total amplitude summed over all the extended states ‘equals
that of the bound state', The energy width of the \(ir'bual state decreases
rapidly as £ increases, and is only significantly narrower than the band
far € » 2. In future therefare, only virtual states with € = 2 will be
considered.

Because of their large amplitude at the impurity, electrons within
the energy range of the virtual state will suffer strong resonant scatiering.
The phase shif't of an electron whose energy is Jjust greater then the energy
of a bound state is = (Schif‘fas) and it decreases slowly as the energy
increases., The phasc shift of an electron whose energy lies at the bottom
of the conduction band is 0, and as the energy increases through the virtual

state, the phase shif't increases rapidly, reacining & value of almost m at



102z,

high energies, This behaviour has been analysed in detail by Blandin and
Friede189, and their plot of phase shift against energy for different strengths
of the impurity potential is shown in Fig. 15. They assume a square potential
well of depth V ard radius 1.&.1, and consider only the phase shifts for
e = 2.

The potential V = 19.6 e.v. is just sufficient to capture a bound

state,

figl5

(V|

From Eq., 3.8 the density of states between E and E + dE may be

written

B

n(E):QZ_=£Z(28+1)m e o B o o s e s s s e v e s e ¢ 3.11
® aE

Thus the density of states is proportional to the slope of the n - B curve,
anl this will therefare have a maximum value at the energy for which the curve

has a point of inflection, It is convenient to take this energy Yo as the
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centre of the virtual state. The width of the state may be defined as the
difference between the energies for which the phase shift ism = 3/2m (Eo)
ard M =  M(Bo). The above authors find that the width is approximately

1

5 of the mean energy Eo of the virtual state, for £ = 2, and also that Eo

decreases with increasing impurity potential.

3¢5 Magnetic and Non-magnctic Virtual States

Screening by means of the virtual state is of particular importance
in dilute solutions of transition metals in normal metals. A self consistant
impurity potential will be of such a strength that the position of the virtual
state with respect to the Fermi level will ensure that approximately that
part of ths excess charge which in the free atom is screened by electrons
of d~symmetry is screened by the € = 2 virtual state,

90

Friedel”™ explains the observed behaviour of the residual resistance

of alloys of transition metels in A¢ (A€ T alloys), shown in Fig. 164,

apl pacmpy, BT . cr e 9
8| - 18
6F [ 16
a4l 14
2 - 12

“Ti V €t Mn Fe Co Ni{ G Zn Ga Ti V Cr fn fe Co Ni Ce

He assumes that as the atomic number increases, from Sc to M., the
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virtual state is pulled down through the Fermi level, giving a strong
maxirum in the resonant scattering when the phase shift at the Fermi energy
passes through ®/2. If only one phase shift is assumed to be large,

Eg. 3,10 can be written

Bp = dmo Z(z& + 1) Sirf® g (kF)

and the maximum value of Ap, assuming p = 3, € = 2
and K, = 1 a.u., is 4e6 pQ om / %

The room temperature thermopower is relsted to the quantity 1_4_ (Ap),
Ap 4B

] ' and therefore to cotmn gn. A veriation consistant with this
4B

relation is obgerved experimentally, with the thermopower changing sign
at Al Cr, anl passing through & maximum at Al Fe,

Direct comparison with theory of the extra density of states at the
Fermi energy by measwrements of the electronic specific heat of these systems
has not so far been possible because of the very low solubility of transition
metels in Al, The large increase iny (0.7 / e.v. %) for Cu Ni alloys found
by Guthrie is, however, consistant with a screening of the d-electrons of
Ni by & virtual state of width érourﬂ 2.5 e.v.89.

The residuval resistamce of dilute Cu T elloys is shown in Fig. 16B,

Two peaks are visible, with & strong minimum at Mn. Friedel expleins these
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results by assuming that the virtual d state of Cu is split by exchange
interactions into two broad, partially overlapping virtual states, one con-
taining spin up electrons, and the other, spin down electrons. These two
displaced states are now drawn down through the Fermi levei, as the atomic
number increescs, giving the two maxima observed. The polarisation of the
virtual bound state gives rise to a magnetised impurity, and the resigbtive
behaviour is thercfore consistent with the observation of magnetised impurity
states in gu T alloys, but not in Al T alloys. Using the observed magnetic
moments in Cu T a2lloys to estimate the degree of polarisation, and the position
of the virtual state with respect to the Fermi level, and assuming the Friedel

91 has calculated values of the resistivity from Eg. 3.9.

sur rule, Daniel
which are in good agreement with the experimental values shown in Fig. 16B.
Assuming thet the decoupling of the spins is due entirely to exchange,
and that crystal field splitting and coulomb correlation effects are
negligoble, Blandin and Friede189 give the conditions necessary for total,
pertial or zero splitting of the virtual state., Their detailed calculetions

give results that are similar +to an carlier condition due to Friede190,

that for total splitting,
PAE > W » L] [ ] L L] L » * . e [ L d L} * [ » o ¢ & [ ] [ ] L] e 9 L ] [ 3‘12

where p is the rumber of electrons or holes in

the 4 virtual state, AE is tho exchange coupling between two spins of cqual
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sign, and W is the width of the virtual state, and is approximately :3,- EF'
This relation simply expresses the requirement that the exchange energy
gained by splitting should be greater than the width of each virtual state,
If this condition is not satisfied, the state will be ummagnetised, or be
magnetised with a very small moment., Using this relation, assuming that
AE = 048 ¢vy.and that each impurity gives one electron to the g or p con-
duction band, they have constructed a ‘teble showing the distribution of

magretised states among the normal metal - transition metal alloys., This

is shown in Fig. 17. A magnetised state is only to be expected within the
area bounded by the thick line, The symbols show whether or not an anomaly

is in fact observed,
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Maa o -4 o AOVAO A O (A o
Fela o Ad'A@ Ao & o
ColA © A O ;
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A  An gnomaly has been observed in the specific heat
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The agreement between the predicted and actual distribution of
magnetised states can be seen to be surprisingly good, considering the
approximatiors thet are involved in its derivation. lMagnetised states are
most likely when Cu, Ag or Au are solvents, because of their low Fermi
energies, and correspondingly small values of W, (the density of states at
the Permi surface is presumably the significant quantity in determining
the width, but Friedel assumes a free electron model throughout). They *
are not found in Al because of its large Pemi energy. Megnetised stetes
occur most readily when Mn is the solute, as p tekes its maximum value of
5

92 93
3.6 Wolff and Clogzston

Wolff‘92 has discussed the farmation of a virtual state, and the
conditions recessary for its magnetisation, using en apnroach which is
essentially a refinement of that of Friedel. The impurity potential V is
assuned to scatter electrons from and to status of a single band, and it
is shown that under certain circumstances the amplitude of the scattered
waves mey be large in 2 narrow energy range within the band, and thus form o
virtual state.

Expanding the wave function in terms of Wannier functions derived
from a single band, and assuming that the potential V is of such short range
that it does not appreciably overlap Wannier functions centred on neigh-

bouring atoms, and also does not mix states from differcnt bands, Wolff
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finds that the amplitude of the Wannier funetion centred on the impurity

ig given by

ik.Ro
U (RO) = e

1"’V1R(E) +in V n(E) 00000001000003.13
4

where Vi is the matrix element of V between states within
the band, and n(E) is the density of states of the band. The function
F(E) depends on n(E), and is shown in Fig 18A for a typical density of

states curve.
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The amplitude U(Ro) will be a meximum when 1-V F(E) is zero, that
i

is, when the line 1/V1 intersects F(E) at the points A and B. Wolff
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shows that the energy Eo of the point A may be considered to be the centre
of the virtual state formed by the states of large amplitude of energies
close to Eo, As V increases, the point A moves to lower energies., When it
lies below the bottom of the band, n(E) is zero, U(Ro) is infinite, :and the
state is bound.

Using a similar approach, Clogston derived an expression for the
phase shift as a function of energy,

-1

'ﬂ(E)=tan ’Rn‘Ez ooooc.o.o.-ocjoh‘

F(E) - 1_
Vi

Thig+is shown far different values of V1 » in fig 18 B, and it can be
seen that m(E) passes through the value n/2 when F(E) = 1/71 that is,
when U(Ro) is a meximum, Clogston concludes that the virtual state hes
been created in thc region of Eo, and to conserve the numbers of states,

has been removed from the vicinity of E1 .

The restriction of & single band limits the application of the
model to cases for vhich the impurity and band states have the same symmetry,
and is therefore not well suited to the problem of trensition metal impurities
in normal metel s, though is possibly suited to. the problem of th magnetlo
state of Fe dissolved in the s econd row transition metals, for which it

was devised, Clogston also shows that for such a shart range potential,

only the €=0 phase shift is significant, and not more than one state can
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be displaced below the Fermi level. The model is therefore better suited
to the treatment of normal metal impurities than transition metal impurites.

Both authors then consider the conditions for the magmstisation of
the virtual state, by mocthods which are basically equivalent. In Wolff's
treatment, 2 small spin dependent potential AV 4+ or AV - is added to V, to
deseribe . the scattcring of clectrons of spin up (+) and spin down (—).
Equation 3,13 shows that the emplitude of the spin up and spin down states
will now be different. These new wave functiions are used to calculated the
new Hartree-Fock field of the impurity., Here it is shown that theexchange
interaction is just cancellsd by the coulomb integral for states of parallel
spin, and the energy of the spin state is entirely due to the coulomb
repulsion of states of opposite spine Thus the resulting change in the energy
of the spin up ©lectrons depends on the amplitude of the spin down electrons,
which in turn depends on the original cnange in energy of the spin down electron
AV. ., The equations are made self consistant by putting the resulting
change of energy of the spin up elecfrons cqual to AV+,

An expression for AV+ is therefore obtained in terms of AV, and a
similar expression for AV_ in terms of AV+, These equations are solved
graphically, assuming that AV/V is small, and two sets of solutions may
be fourd. i) a stable one with AV+ = AV_ corresponds to an unmagnetised
state, ii) two stable solutions AV+ # AV_, amd munstable solution
AV+ = AV_. This situation corresponds to a magnetised state. Taking

as the griterion far magnetisation that dg AV+) > 1 it is shown that
a(av_)
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this is eguivalent to

2 - 3
J ‘ >A +(EF EO) QQO...!.3.15

-

=V n(E) ¥ A®

where J is the coulomb integral between opposite
spins, ¥ is d F(E) , A is the width of the virtual state, defined by
A = ﬂ?rig@,), andd-go is the energy of the centre of the virtual state. The
conditions that are most favourable for the formation of a magnetised
state. are 1) that o should be close to E_,, 2) n(E) should be low, and

hence the state will be narrow.

37 Anc'ter_'s,cm94

Andersongl" considers the situation in which the symmetry of the

impurity state is different from that of the band states, and assumes,
therefore, that the impurity state retains its atomic charactor (assumed
to be of d-symmetry). This state is then broadened by interaction with
bard states, and mey be split by exchange self energy. The conditions
necessary for magnetisation are established.

The theory starts with an electron of spinT in a singly degencrate
atomic d-state, with energy E, assumed to be below the Fermi level of the
co‘nduction band, For reasons vwhich were outlined in the previous secti,qn,
only the coulomb repulsion U between electrons of opposite spin is effective,
and this quantity may be particular’'y large (up to 10 e.v.) in the present

case af a localised atomic statc—; as screening by the conduction electrons
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will be small., Thus the energy of a d-electron with spin \L will be E + U,
If this energy lies above the Fermi level, it will not Le occupied, and

the impurity will be magnetised, This situation is shown in Fig. 19.
Fig 19
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The effect of s-d interaction between band states and the localised
state is to broaden the impurity state. This will reduce the number of
electrons in the spin T'state, and increase the number in the spin‘L state,
thus reducing the magnetic moment, Because of the interaction between
eleotrons in opposite spin states, this will eff'ect the energies of the
spin states, raising the spin’T state from E to E+ U &n, and lowering the
spinl state from E + U t0o E + U - USn, &n is the number of electrons
transferred from the | to the ¢ state, ard it increases with the
density of states of the free electrons, and with the s-d interaction.

It also increasas as the energy difference between‘? and*L stafes

decreases, and therefore if either of the other parameters leads to an
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increase in Sn, the energy difference decreases cooperatively, and the
state ceases to be magnetised.

As in the previous theory, a self consistant calculation of the
Hartree Fock field leads to two equations, which contain the dependence
of the number df up spins nT on the number of down spins nw, and vice

versa., These must be solved simultaneously by graphical mesthods.

%:_1_ Co‘b-.l E-—EF'FUH‘L onoocll‘000003'16
19
A
- -1 g
n\L—q-lt.COt EEF.’-Udr .OO.’...."O.B.I?

A

Where A, the width of the level,-is given by
A==7\Z<Vg>n(E)....o....o...........e.B.lB

and <P > is the matnix
element associated with the s-d interaction between the localised and band
states. The width therefore increases with the density of states of the
conduction electrons, and the strengih of the s-d interaction. The

I
density of states in the broadened d-state of spin i is given by
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P,}(E)':_J; A ooo-o-.'ooooao3-19
Y
(E-Eo)® + A°

where Eo is the centre of the extended spin 4 state, given by
Eo = E + n‘l, U

The conditions for the magretisation of the impurity state are

found by solving equations 3.16 and 3.17. Vriting x = EF -E and

y = A , a magnetised state is found to be possible within the shaded
U
area of Fig 20.

Fig 20
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Conditions are most favoursble when x = 0,5, that is, when E and

E + U are symmetrically placed about the Fermi level., They are most
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unfavourable when z = 0 or 1, that is when either E or E+U lies at
the Fermilevel (the virtual state will then be completely above or completely
below the Fermi level) A magnetised state cannot occur if ASU/m . (This
condition is similar to that of Friedel, pagelos ).
U may be of the order of 10 e.v., and n(E) around 0.3/e.v. atom,

If V is taken to be 1 e,v. A is then approximately 1 e.v. Thus
¥y = gﬁ ~ 3,3, and magnetisation is possible.

v The conditions will be most favourable for Mn, as the virtual
state will lie symmetrically placed about the Femi level in arder +o
provide a screening charge of five electrons. Thus almost complete. polar-
isation of the virtual state may be expected far Mn., For atoms like Co,
or Ni, the state will lie almost entirely below the Fermi level to provide
sufficient screening, anl the conditions for polarisation are very poor.

A non-magnetised state is therefore to be expected, though a ciritical

intermediate state may exist for Co.

B, INTERACTIONS BETIWEEN MAGNZETIC STATES

3,8 Introduction

The experimerntal properties discussed in Chapters 1 and 2 suggest
that interactions exist between the magnctised impurities in many of the

systems, The mgnitude of the interaction is too large to be accounted
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for by magnetic dipole -~ dipole coupling, and is observed in systems which
ere toodilute for direct or super-exchange between impurites tobesignificant
as entropy measurements. suggest that &l &f {he ilmpunities are obderef'at
very ‘low teuperatures, It is also found that the temperature

of the region of magnetic ordering increases approximately linearly with
concentration to very low concentrations. Any interaction with a finite
range, would lead to a finite cut off concentration below which ordering
of all of the impurities is impossible., A long range interaction is
required to explain this ocomplete ordering. As these large interactions
are not observed in non-conducting crystals containing magnetic impurities,

the conduction electrons of the metal are certainly involved in the inber- .

EHebion' tiechanism,

3.9 Yosida'

Zener'g6 proposed that the ferromagnetic coupling between atomic
udments in pure ferromagnetic metals may be due to a uniform polarisation
of the conduction electron spins, induced by exchange interactions with
the impurity. The uniiorm polarisation resulted froma first order .
perturbation calculation of the energy of the system assuming an exchange
interaction between the conduction electrons anmd a localised atomic
d=-orbital,

Yosida95 showed that if the first order perturbation of the con-

duction electron wavefunction is also included, the conduction electron



polarisation is no longer uniform, but that the charge density for each
spin direction oscillates with ranidly decreasing amplitude at large
distances from the impurity. As the sign of the exchange interaction
depends on the relative directions of conduction electron spin and impurity
spin, the oscillating spin densities for the two spin directions are out
of phase, and a total spin donsity is produced which oscillates in sign
end magnitude with increasing distance from the ifgpurity., The sign and
magnitule of the interaction with a second impurity is then calculated
from the mgnitule of the spin density at the second impurity, and the s-d
exchange energy.

Yosida finds an expression for the spin density of up and down spins

at a distance r from an impurity with spin up.

pt (r) = _3[1:1& ¢ fii F(?.kFr)] s e s s s s s s s 3420
F
Where 2n is the total number of conduction electrons, V is the
total volume, N is the total number of lattice points, Thus n_ and n
are the number of conduction electrons of one spin direction peX unit s
volume, and per atom, respectively. F(x) = z Cosx ~qSinr . and is
shown in Fig 13. J is an s-d exchange integral, ang S1 is the 2z component

of the impurity spine. Thc form of this equation is indentical to eg 3.3
due to Iriedel, apart from a numerical f actor of 4 which arises from the

different definitions of J and U,
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The function F(z) goes to infinity as x -> 0, and therefore gives
an infinite spin density at the origine, This is in disagreement with
Knight shift measurements on Mn ruclei in Cu. (Owen et al). This
behaviour at low zarises because the exchange integral J(q) has been put
equal to the constent J for all q. (g is the change in wavenurber of the
scattered electron). J(q) is expected to decrease as g increases, and if

J(q) is arbitrarily cut off at q = 2k, by assuming that the quantity

J(q) £(q) = 27 for ¢ < 2k

=0 for q > ZkF
where f(q) = 1+ LQ<F2 -d log | 2k, + g
bkpa %, - q

equation 3.20 becomes

p t (r) =_3 [1;: 36(%) 38 {szr F(ZkFr)E . o s e o » 3.21

Ep

This is now finite at r=0, but decrease: as 1/r* at large distances,
in contrast to the 1/r® dependence in eq. . 3,20, Thus it appears that

the range of the spin polarisation depends eritically on the g dependence
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of J(q), Abrikosov and (}or-kov97 have criticised Yosidas analysis, asserting
that if the conditions for a uniform polarisation are required, only the
values of q close to zero negd be considered, This is effectively Zener's
approximation, and leads directly to a uniform polarisation.

The interaction with a second spin S;3 at a disctance Rfrom the
first can now be found, assuming a spin polarisation of the form 3.20.

~

This gives
- 22
L-—lsﬂ(N) Je Si.-SQF(Zl%“ R)I.'!i..l.....’ij.zz

This result is identical to an carlier relation due to Rudermann
am Ki‘b‘bel98, who calculate the spin polarisation due to the hyperfine
interaction between conduction electrons end nuclear spins, and the con-
sequent interaction between nuclear spins. The result will therefore be
referred to as the Rudermann-Kittel-Yosida (RKY) interaction.

o
If R is taken to be the nearest reighbour distance, 2,554, in Cu,

0.72 a.u, = 1.4 xp°® cm—l, F(ZkF R) = 2,2 x 1072, Teking n/N = &,

kp

EF = Je.ve and S:. = S2 = 2, and assuming J 0,le.v., BEq. 3.22 gives

3

E=0.2x%10° e.v. (~PK)

k

for the interaction between two nearest neighbour Mn atoms.



3.10 Blandin and Friedels9

Instead of considering the polarisation in the conduction electrons
induced by exchange with a bound impurity state, as was considered by
Yosida, Blandin and '&io*le189 assume that the strength of the self consistant
impurity potential is such that the impurity is screened by the conduction
electrons themselves, concentrated into a virtual bound state. TheYshow
that the spin density assoclated with this state oscillates in sizn at
large distances, and provides the long range coupling mechanisn,

Eq. 3.6 shows the charge density & the conduction electrons at a
large distance r from the centre of an :mpurity in terms of the phase shifts,
Mg o The selficonsistant.potential, and therefane the phase shifts, depend
or tvhe sign of the electron spin. If the state is completely decoupled,
with electrons of spin ¢ lying coampletely above the Fermi level, as for MNn,
it may be assumed far all k < kF’ the phase shif'ts 'anf the spin df electrons
are zero, It is also assumed that only the € = 2 phase shif%s for the spin

A
| electrons are greater than zero.

They can then write Ap‘& = 0, and from eq. 3.6

Aph = 5 f Sinm  Sin (2% + na) 2rdk
7 S 0
712 is a function which increases rapidly from O to % on passing
through the virtual state., Assuming a variation of “ﬂz with k of sae form

shown in fig 21
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Fig 21
T
]
R
2

and takinag ko as the centre of the state, and k:L as the width, then if kF
lies above the top of the state of spin A and below the bottom of the state

of spin | ,

APT= é_ Sink1r0052kor ..ea.oq.o-ooo.a3923
3

LR7

k r 4+ T
i

Ap1\ calculated from this expression is very much larger up to several
times the interatomic distance, than the spin density calculated by Yosida,
hereason for this is that the very short range potential considered by Yosida
will give a rather small £ = O phase shift ("no ~ 0,1), and all other phase
shifts will be zero. It is therefore quite incapable of holding the fiwe
clargzes needed to soreen the Mn atom. The much extended, self consistant,
potential associated withthe virtual state, which does satisfy the sum rule,
will produce a covreaspondingly larger polarisat. on of the conduction electrons,
Ap’l\ calculated from 3.23 does, however, decrease as '1"4 at lafge distances,
and therefore falls to zero more repidly than the R.:It\;..Y. polarisation.

The coupling between two spins at a distance R on the Blandin-Friedel
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model is given by

E:AP(R)VF .o'-c.ooooo.aooouoo-olsozlﬁ

A
where A is the atomic volume of the second spin S, F is the
s-d exchange energy, and may be obtained from the quantity J, as F ~ J(S+%).
23

Taking v, = 1.2 X 10" om®, the atomic volume of the Cu atom,

k, = 0,72 a.u, and k = 0.15 a.u. (equivalent to a width of 2 e.v.), ard the
s .
same values for the constantsd, S, R, that were used in the previous section,

3.24 gives for the energy of two nearest neighbour Mn spins a value of

E=8x10° ewv. (~ 10°K) .
k

3,11 Overhauser’”

0ver‘hause1:‘99 aas proposed a mechanism that can lead to antiferromagnetic
ordering, vhich is quite different from the mechanisus deseribed above. He
suggests that a single static spin density wave exists as an excitation of
the conduction electron gas. Exchange interactions tend to orient each impurity
spin parallel to the local direction of the spin density wave, and the inter
action energy gained compensates for the energy required to create the wave,
Because the spin density wave is a property of the electron gas and not the
lattice, the weve length of the wave is incommensurate with the lattice para-
meters, and impurities therefore have a probability of experiencing effective
fields of elther sign, and of any magnitude between zero and sc;me maximum
value, depending on the amplitude of the spin density wave a the impurity.
Overhauser shows that the amplitude of the spin density wave at the point
R is given by

S(R) =bNE  C0S QoR « o o « ¢ o 2 s 0 6 o s 0 o o o ¢ o 3.25
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. . -
where N is the number of atoms per unit volume, bN is the maximum amplitude

of the wave, and q is the wave number of the wave. This is shown to be made

up of 7o waves of opposite spin, having equal amplitude but opposite phase,

'thus leaving the charge density unifarm.

Cverhauser then examines the conditions necessary for the stalbility

of such a wave, and finds that this is possible for a well defined value of g

if the electron-electron exchange is sufficlently strong. He also shows that

in the Hartree Fock approximation, the kinetic energy of the wave is just
balanced by the exchange energy gained, and the energy of the state is there-

fore zero., I correlation energy is included, thc energy of the state is

positive, so that it is no longer the ground state of the electron gas of

a pure metal. He shows that the energy density of the wave is

-
® & B e $ @ & & ® & 6 ¥ & s & B 4 & O @& ® & € O B 3.20

W(b) = 8n (ﬁf_
9 &

where C’is the

corrclation energy per electron, n is the number of clectrons per unit volume,

Z is a constant cf the order of 1 and m is the number of conduction electrons

per atom,
Writing the .Beailtonion for the exchange interaction between the spin

density wave of anpititude ﬁia‘b r, and the impurity spin Sj at Rj as

H = -G 2 . . O8(r, - R
Fig bt (e = By)

where G is
the s-d interaction, the effective field may be written

H = Gbe Cosgq .R.
= d+ %5 e e e s 3027

J

® & © o & o o ¢ ¢ U e D & O a
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Fields will therefore be distributed over lattice points with a proba-

bility given by

P (H) = ,J; __r___],;_,m * o .« o » L] . a * & & & 9+ & @ L) 3»28
Ty - @)t -
for all H between + Gb and - Gb, and P (H) = O for |H| > Gb,

P (H) against H is shown in Fig 22. The specific heat of the impuritics,

calculated on this model, will be discussed in section 4,17,

fig22
“P(H)

i
TGb

-Gb s H
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THEQRETICAIL MODELS FOR VARIOUS DPHYSICAIL PROPERTIES

4,1 General Introduction

The experimental survey in chapters 1 and 2 showed that in those dilute
alloys in which the solute atom is magnetised, the low temperature transport
properties have an anomalous temperature dependence, there is a negative com~
ponent in the magnetoresistance, and a large excess specific heat., In systems
in which the solute atoms are not magnetised, these effects ars not observed..‘
It is not surprising, therefore, that all the theoretical models that folow
account for the anomalous behaviour in terms of the interaction between the
solute spin and the conduction electrons. It has been shown in the previous
section how this interaction leads first to the existance of magre tised
impurity states, and then to the interaction between them. The calculation of
the properties of the system presents many formidable problems, of which - .the
wey to include the random distribution of the solute atoms and therefore the
random strcngth of interaction between them is certainly the most severe, and

is the major distinguishing feature between the models,

A - MAGNETIC SUSCEPTIBILITY

L2 Introduction

The experimental results to be accounted for are as follows,.

1) The Curie Weiss behaviour at high temperatures,

2) An effective moment which in some cases vories with the concentrotionin
the intermediate temperature range, but which becomes concentration independent

at very high temperatures,
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3) A paramegnetic Curie temperature Tc which may be of either sign,
but which generally increases with concentration.

L) A broad low temperature maximum in the susceptibility of more con-
centrated o llgym At A temperature Tn, which increases with concentration.

Any model which treats thc magnetic states as distinguishable and
thercfore uses Maxwell Boltzman stetistics, predicts that 1/ is linear in
T at tempecratures large compared with the interaction enerszy between impurities,
and has e slope which is proportionzl %o 1/°, where M is the magnetic moment
of the impurity, The high tcomperature Curie constant and the low temperaturc
susceptibllity depends criticelly, however, on the assumptions made in the
model concerxning the sign and range of the interactions, wnd

distribution of the particles.

23
L3 Owen, Browme, Arp end Xip

The simplest way of .inecluding the interaction between the impurities
is to assume the existence of a molecular field acting on each impwrity,
proportional to the magnetisation of the system, (for low concentrations
this is equivalent to assuming an interaction of very long range) Owen,
Browne, Arp and Kip suggest that the observed susceptibility tehaviour of
Cu Mn can be accounted for by assuming the existance of two types of magnetic
sites, labelled A and B, such that A-A interactions arc short range ferro-
magnetic, and A-B interactions are short range antiferromagnetic. They
also included a small uniform polarisation of the conduction cleetrons, giving
a smll ferromagnetic interaction.

They had originally expected this lavver contribution to be the
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dominant one, bui the absence of a Enight shift in the lin resonance line
indicated that such a uniform polarisation was at most very small. They
were not aware of the possibility of a long range oscillating interection
of the R.K.,¥, type .., From a simple molecular field calculation they were
able to show that & positive high temperature Curie temperature wes consistant
with a low temperature antiferromagnstic transition, if the ferromagnetic
coupling was very large compared with the antiferromagnetic coupling. In
this case the restriction of the sublattices isno longer essentizl, and the
system may be replaced by the more physically acceptable one of domains
relatively rich in Mn atoms, in which the Mn atoms arc coupled by short range
ferromagnetic interactions, with a weelt antiferromagnetic coupling between
the domeins. At high temperatures the system is completely disordered, and
the most importent interactions are the short range ferromagnetic ones, giving
the positive Tc‘ At a tomperature close to Tc’ spontansous alignment of sping
within a domain cccurs, and antiferromagnetic ordering of the domain results
at a temperature Th close to Tc'

Such a cooperative aligmment of sublattices would naturally lead to a
shaxp Neel temperature. The much brozder transition which occurs is attributed
to the random nature of the allcy end consequent distribution of molecular
fieclds. Although it is not suggested by Oiien et al, the strong short range
ferromagretic tinteraction and weak antifenromagnetic interaction could be of
the RJK.Y. type, the sign of which varics rapidly with distance .
brols Delzer™

Dekker has attempted to calculnte the susceptibility of a system in
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which the sign and magnitude of the interaction depends on the distance between
impurities, He assumes that neares: neighbour (n.n.) solute atoms are coupled
antiferromagnetically with strength GA and that more distant neighbours
are coupled ferromegnetically with a strength GF which decreasces rapidly with
distance. He then calculates the number of nearest neighbour pairs; next
nearest neighbour (n.n.n.) peirs and isolated solutd atoms (those with no
n.n, or n.n.n. impurites) as a function of conccntration, assuming a fe.c.cs
lattice.

At high temperatures the system is completely disordered and only ne.ne
antiferromagnetic coupling and ne.n.n. ferrcmagnetic coupling nced be considered,
A positive Curie temperature TC is then only possible if BF > ZBAa TC is
proportional to concentration at very low concentrations, but significant
departures are expected at concentrations greater than ~ 1%, Tc increasing
less rapidly than c,

As the temperature is reduced, the non. and n.n.n, pairs are aligned,
and isolated atoms become aligned by the ferromagnetic interaction with distant
neighbours. These then form ferromagnetic domains, coupled antiferromegnetically
by n.n. pairs, A very simplified model (linear chein) shows that such a system
will exhibit a2 broad maximum in the susceptibility. Dekker shows that in
ordg; that the susceptibility maximum should not be lost in he  dnlnaing aTiem
magnetic contribution of the isolated spins as T is reduccd, the stmngth of

ths interaction must be a few per cent of QA or 6. up to at lecast the

F
seventh rearcest neighbours, that is, at approximately three times the n.n.
distance., The origim of the broad susceptibility maximum on this model is

that the antiferroma metic interactions between domzins cre independent of
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one another, and do not increase cooperatively as on the molecular field

model,

4.5 Blandin and FriedelS?

Blandin and Triedel have assumed a 1long range oscillating interaction
between impurities of the type described in section 3.10 (due to long range
oscillations in the spin density of a magnetised virtual state). The field
at any point in the lattice may therefore be in any direction,

ond. of any magnitude between zero and some maximum value, At low
temperatures, the spins will be frozen into a kind of random antiferomsinetic

structure, with each spin oriented along its local magnet ¢ £ield,
101

At high temperatures, using the statistical method of the Opechovski™ ~,

they find a series expansion for 1/4 in terms of T, (% is the susceptibility

per atom).

R

]/x - ék [T'.Z-J; -I-xs(%ls{gtg%li‘:a-i- 0(%)]000&—.1
by S(s+1)

Where y = 4/3 3{S + 1)
J = % Jon
il r-% J OBz and 'TOB is the exchange integral between the

central impurity 2t O and another impurity at B, such that the exchange
energy is —JOB S0 ’ S‘E’ The second texm in the brackets is the Curie
temperature Tc, and as J is shown to be positive (it is domimated by the
interaction between Mn atoms which are nearest meighbours, which is positive),
Tc is positive and proportional to the concentration, and of a magnitude which

- 1is inr easonable agreement withe xperiment,
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The third term in the brackets arises from the fluctuations in the
internal field, aend is always positive, ond therefore reduces the susceptibility
by an amount which increases as T decreases.

Becouse of the strong positive interaction between impurities which
are meorest neighbours, all nearest neighbour pairs of spins S can be considered
to be rigidly aligned with totcl spin 28 ot low temperctures. The low temper-
ature mognetisation is calculated by a molecular field theory assuming the
existance of Nec (1~cZ) impurities of spin S, and Ne? 3 nearest neighbour
pairs of spin 23, where & is the number of nearest nefghbours ( twelve in
the f.c.c. lattice), This yiel@g a sharp Neel temperature Tn given by

KT = 4 Ne npb? S(S+1) (1+ 8__ cZ)

3 S+1
where n is o molecular field coefficient,

The secomd term in the brackets is due to the pairs of spins, and is
of the order of 0,20 for ¢ = 0,05. The Neel temperature is therefore propo-
rtional to ¢ ot low concentrations.

An effective number of neighbours required to give a volue n appropriate
to the experimental values of Tn can be calculated assuming an interaction
of the form given by equations 3,23 and 3,24. This shows that approximately
the seven nearest impurity atoms cre responsible for the mc.ccular field
on an impurity for ¢ < 10%. As in all molecular field theories, the Neel

témperature is shorp, and the observed broad peck is attributed to o spread

in internal fields.

o6 Sato Arrott and Kikuchill?

Sata et al discuss the various stetistical methods that have been
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applied to the determination of the magretic properties of random magnetic
alloys, and consider their relevance to dilute magnetic alloys with only
short range forces. They conclude that a molecular field approach based on
short range interactions between sublattices, is not applicable to very dilute
systems, as this gives equal wéight to the interactions between allpairs
on neighbouring sublattices, independent of their separation. Thus long
range cooperative ordering is imPossible in .ery dilute systems assuming
interactions between nearest neighbours only,

In Bethe's method, only nearest neighbour interactions are considered,
and the possible fluctuations in the field at a central spin is calculated,
as a result of all possible orientations of the mearest neighbour spins.
Extending this method to the present problem, Sato et al assume that the co=-
ordination number of each impurity is cZ, where ¢ is the concentration,
and Z is the lattice coordination number. Thus they do not consider random
fluctuations in the density of impurities. Applying Bethe's results they
Pind that the temperature at which 1/y = 0 is only greater than zero il cZ
> 2, that is long range ordering can only occur if each impurity has at
least two nearest neighbour impurities. If ¢Z < 2, 1/x = O only at T = O,
The Curie temperature in the limit of very high temperatures is, however, the
same as on theCiwioc Welss model., In low concentration alloys pronounced curva-
ture of the 1/% against T curve is necessary at low temperatures to satisfy
both of these conditions, even though there is no long range ordering. In
this way, Sato et al account for the apparent variation of moment with con-
centration found in the Cu Fe and Au Fe systems,

The dramatic change in the magnetic behaviour of Au Fe at concentrations

above 11% Fe is consistentwith the above model, In this high concentration
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region, long range oarder exists because of short range ferromagnetic inter-
actions between iron atoms, The condition oZ > 2 gives o>17% for the f.c.Ce
lattice, which is in reasonable agrecment with the critical concentration
found, Similar long range fervomagnetism at high concentrations is a2lso
observed in the Au ¥Mn system.

At concentrations below 11%, the magnotic behaviour suggests long range
antiferome gnotie ordering, with ordering apparently occuring for arbitrarily
small concentrations, Evidently a long range interaction is required to
explain this. The smoll remenant magnetisction observed in the low concentra-
tion region, is possibly due to coopcrative ferromegnetic ordering of small

clusters of < TFe atoms under the action of these short range forces,

B - RESISTANCE AND MAGNETORESISTANCE

4.7 Introduction

The cerly theories of the low temperature resistance anomalies (Korringa

103

and Gerritsen” 7, and Schmittloh) soughtto account for the resistance minimum

and maximum &s onc phenomencn, whereas in later theorics, these have been

2 . 5 10
considercd scparatuly. The thcorics of Schmitt and Jacobs 5; and Yoside 5;

yicld a resistanc. which decrcases as T decrcases, whilst those of Oveorhauser
and Brailsford?ﬂs, Dekknrlo7, and Kondo108 lecad to an increasing resistance
with decreasing temperature. Combinations of the later theories, and the
addition of normnl phononscattering, are therefore necded to provide the
resistonce minimum and maximum,

103

4.8 Korringa and Gerritsen

Xorringe and Gerritsen showed that a very encrgy dependent relexation
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time ¢ for conduction electrons with energices very close to the Fermi energy,
could lead to rcsistive anomalies at low temperatures. (The residual |
resistance of normel alloys is temperaturc independent bocause the scattering
cross section of the impurities is approximatcly independent of cnergy)., In
particuler, if itis assumed that ¢ is zero in a smell energy ronge containing
the Fermi level, and finite at all other encrgics, a resistance minimum
results, If 7 is assumed to be zero only within e small encrgy range A
centred around energies :".Eo, a resistance minimum and maximum results. By
a suiteble choice of A and Eo, the experimental results can be rerroducecd
very satisfactorily. The required values of A and E are very smoll, of the
order of a few times 10-1" €.ve The required energy dependence of T could be
explained by the presence of locclised impurity states with energics very
close “to the Fermi energy. These cannot bec one electron states cs they would
be broadened by resoncnce with the conduction states to widths of the order
of 1 e,v. Xorringa and Gerritsen therefore proposed that a cooperative inter-
action between the conduction electrons, stabilised by the impurity spins,
could lecad to a very morrow peak in the density of s totes close to the
Termi energye. No further theoreticel justification for this model has boen
advanced.

549 Schm:i.t*l:lm'~

Schmitt suggested that if the degencracy of the impurity levels is
split by a ferromagretic interaction between the impurities, and the elastic
scattering cross section of the impurity ground state is greater than that

of the excited states, then a resistance maximum ond nindmm would result,
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Becruse of the increasing number of impurit;ies in the gro:nd state,
elastic scattering will increasc s the temperature falls, giving an increasing
contribution to the resistance that will roughly follow the increasing magneti-
sation. As o cooperative increase in the mplecular field is assumed below
some transition tempercture Te, the shape of this contribution to the resistance
will be o Brillouin function.

Inelastic scattering moy occur, with reversal of the spin direction
of the conduction electron and impurity spins. To conserve totel spin, this
can only toke place when the two spins are anti-parallels A contribution
to the résistance which decreases rapidly with decréasing temperature, and
which falls to zero at T=0, results from this inelastic scattecring. This is
becouse at 0°K a scattering in which the electron loscs encrgy in exciting
the ifmpurity is forbidden by the abscnce of cmpty clectron states of lower
energy. A scatvering in which the electron geins energy firom an impurity in
an exci‘ted state is forbidden at 0°K as all the impurities are in their ground
states, As the temperature increaées, inelastic scattering increases, and is
effectively constant when the temperature is large compared with the energy
splitting of the impurity levels. The decrease (known as freezing out) of
inelastic scattering at low temperatures, which falls exponentially as T
approaches zeré, is the cause of the low temperature decrease. in the resistance
in. all of the theories to be described. The combined effect of the
competing processes assumed by Schmitt is a resistance that is constant above
Té;’ increases rapidly as T falls below Tc’ passes through a maximum, and decreases

rapidly to zero as T -»> O,
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4410 Schmitt and Ja.c',obs.25

Schmitt and Jacobs assume the model considered by Owen et a123, of
fervomagnetic domains coupled antiferomagnetically, and include both inéla;tic
scatteiring and spin dependent elastic scattering in caleculating the tempera-
ture dependence of the resistance, They meke the significant observation
that as the experimental results indicate that the negative magnetoresistance
Ap(H) is proportional to I, where I is the total magnetisation of the sample,
then in zero field, the average magnetisation in a region of the order of the
electron mean free path must be zero. If the mean free path were shorter
than the‘ domain size, Ap(H) would be proportional to M?, where M is the domain
magnetisation, and this would bear only an indirect relation to the total
magretisation of the sample., Such a condition may easily be satisfied for,
say 2 Cu 1% Mn alloy, as the mean free path is around 200 R, and the mean
distance between impurities is 108. |

With this assumption, Schmitt and Jacobs show that the temperature
variation of the resistance in zero field depends only on the inelastic
scatteding, and the resistance therefore decreases monotcnically with decreasing
temperature.

Because of the changes in the populations of the spin up and spin
down impurity states on the application of an external magnetic field, the
elastic scattering of spin up and spin down conduction electrons will be
effected, if' the cross section Dl for parallel spins is different from the

cross section D, for anti~parallel spins, This leads to a reduction in the

2

resistance by an amount Ap proportional to I°, where I is the relative

magnetisation of the sample.
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Ai = — po )2 Y 2 Ig Ll * ] . L ] - L ] o - - ] o - < L. 1“'.2
0 I
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Where p  and p, are the resistances in zero field at 0°K and K, and
Yy=D0 - D
D + B

Thus the d ependence of the magretoresistance on I* is accounted for
on this model, though the authors suggest that this dependence would be found
on any similar model which incInded spin dependent elastic scattering. The
temperature dependence of the coefficient of I® found for Cu Mn is not well

2
accounted far however, as (f_g) does not vary strongly with temperature,

PT
and Yz was assumed to be temperature iadependent.

4,11 Yosidal®?

Yosida has given a more detailed discussion of the low temperature
resistence on the lines of Schmitt and Jacobs, taking into account both
the spin independent and spin dependent elastic scattering and the inelastie
spin f1ip scattering, The spin independet potential V arises from the s creen-
ing charge on the impurity atom, whilst the spin dependent potential 2J3.s
is due to the exchange between the impurity spin S and conduction electron
spin s. This latter potemtial is of opposite sign for t he two conduction
electron spin directions, so that the effective potential seen by the up and

down sping is different, and may be written
V e 2JS.S L J L] . . » - L ] L ] * L] L] - * - L[] » * L] L] - L] - L] L ] L ] * * * l".3

The transition probability for elastic scettering from state k => ¥ in
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whiech the spin of conduction electron and impurity are unchenged is,
vk, n->¥* n«|V F omJ |?
Kk XK

where m is the magnetic quantum number of the impurity spin and V ) and

Xk
Jk.kl are matrix elements of V and J between states %k, k*, Thus the scattering

probability depends on the direction of the conduction electron spin relative

to the impurity spine. When this expression for the transition probability

is summed over all impurity spin directions, it can be writiten in the form,
W="Wo ¥ wl

where the negative sign is to be taken when the spinsare parallel, and the

positive sign when they are antiparallel. Vo depends on V° and J° s 2nd W

depernds on the cross term JV, I is the relative magnetisation. The resistance

is then given by

1
Roc[ L - + 1 ] « Wo - W i A
wl

Wo - wl Vo + ﬁg

Thus there is a regative magnetoresistance proportionalto I which
hes its origine in the spin dependence of the elastic scattering potential,

The transition probability for spin £1lip inelastic scattering can
also be obtained from euation 4,3, and is found to decrease monatonically
with decreasing T, ard provides the temperature dcpendence of the resistance
in gero ficld,

The detailed nature of the calcul tion mekes it possible to chepgk
experimental results with the estimstion of very few unknown parameters. It
is found that a valﬁe of the exchange energy J, which is approximately twice

as large as the value found in the free Mn atom, is required to explain the
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negnitude of the resistance decrease in gzero field at low temperatures. The
theory predicts a saturation value of the magnetoresistunce

= 0,68 in infinite ficld

Ao

Eﬂ

The sharp decrease of the resistance below the Neel point, suggested
by the theory, is a result of the use of molecular field model, Yosida
emphasise; that even though I, the total magnetisation, has gone to zcrc at
tempe ratures above the Neel point, local fluctuationsin the magnetic ficld
will sonbinue to provids a resistance which increases with temperature up
to temperatures considerably in excess of the Neel temperature. The
temperature dependence of the resistance is therefore much more susceptible
to short renge order then is the magnetic susceptibility.

108
L, 2 Overhauser and Brailsford °

Overhauser and Fraillsford have shown that the degeneracy of the energy
levels of & pelr of uearestmeighbour impurity atoms is split by the inter-~
action between them and that if this interaction is ferromagnctic in sign,

the scattering cross section of the groun& s%ate is larger than that of tho

. . . . . . . .. 104
excited states, This was the situation assumsd arbitrerily by Scumitt 7,

who showed that the resistance will increase as the tomperature folls because
of the increasing population of impurity pairs in the ground state.
In the presence of an interaction, -WS; S2 butween the pair of

spins S1 and 82, the energy states of the pair arve given iy

o= ¥ [28(84-1) -I(1+ 1“]

2

where I tekes all integral values hetwosn O and 28, ETankh "neal g (27 o) =
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fold degenerate, The scattering cross section of the pear increases as the
degeneracy of the state, and therefore I, increases, If the interaction W
is ferromagnetic, the ground state will havc the largest value of I, and as
the population of this state incrcuscs with decreasiny tenperature, the

“

resistance Increnses, giving o resistonce mindrun.

Competing with this increasing contribution, is the decreasing inelastic
Scattering. Inclusion of the effects of interflerence between the scattering
amplitudes from the two impurities, shows that under certain conditions the
elastically scattercd waves may interfere constructively, and the inelastically
scattered waves intexfere destructively. The resistence will then increese
with decreasing temperature,

One obvious result of the description of the resistance minimum in
terms of pairs of impurities is that its mognitude must depend on  ¢°.
This is in di sagrecment with experimental results which show a lincar or
less than linear devendence on ¢, Overhouser and Brailsford suggest that the
concentration dependence of their model may be improved by the inclusion of
inelestic scattering effects from pairs, and single impurities coupled by &
molecular field, It is, however, rather difficult to account for the denth
of the minimum by considering pairs only.

107

Dekker has also considered the scattering from neighbouring pairs

of impuritics end obtained results in general agreement with those of Overhauser
ard Brailsfard.

4,13 Kond0108

Kondo agues that as the scattering processes lcading to the resistance
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minimum are still temperature dependent at temperatures far in excess of the
resistance and susceptibility maxima in very dilute alloys, and that as the
depth of the minimum is proportional to conccntration, then the resistance
minimum phenomenon must result from tempereture dependent scattering from
single, isolateq lons, without the requiremc nt of an internal field.

Assuming a spin dependent scatitering potén’cial J between the econduction
electrons and the impurity, and complete degencracy of the energy states of
the impurity spin system, the scattering cross section is calculated to second
Born approximation., First Born approximation gives a scattering probability
that is independent of energy, and is a suitable apnroximaifion for nonmagnetic
impuritics, giving a temperature independent resistances. Second Born approximation
considers the possibility of intermediate statcs in the scattering process,
and for magnetic impurities these can lead to a scattering cross section which
varics rapidly with encrgye.

Consider (for example) a scattering process in which the initial and
final states of the conduction electron have spin up and are labelled by k+
and X'+, and the initial and final spin of the impurity is M. ‘he electron
may first be scattered by the impurity into the empty spin down state ¢* -
with the impurity spin being increased from M ~> M + 1, The electron is then
agein scattered to a spin up state k* +, and the impurity spin is reduced
from ¥ + 1 ~> M,

An alternctive path between the initial and final states is also possible,
An electron of spin down from the Fermi sea, denoted by g-, may be scattered
by the impurity into a state k_1+, and the impurity spin is decreased from

M «> M -1, The conduction electron in the state k+ is then scattered into
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the empty state g-, and the impurity spin increases from M - 1 > M,

The metrix elements for thesec two paths are found to be different,
and because of the dependence of the paths on the occupation of the states
g- 2nd ¢*~, they clso contain a factar f(g), where f(g) is the Fermi
function, Matrix elements are found for all possible intermediate paths and
are summed over all values of M, and all velues of gq. This yields 2 trans-

ition probability between the states k and k*.

W(k+->1&)=[%—%2 S(S+1)c][l+la-Jg(Ek):| x & (Ek-Eki) v o be5

the function g(Ek) is given by

g(Ek)=‘%Z fgg! ooo-.;oo.--doo‘.c.li'ts

q -

N E Ek
q

A similar analysis for the case when the spin of the conduction electron
is reversed gives & scattering probability W(k + -> ¥ -) which is twice the
megnitude given by eqe L4e5’

At T=0, f(q) = 1if q < kps and O if q > ky, vwhere k; is the fermi

wave number, and g( Ek) is readily shown to be

k log

g(Ek)-_-Z ( l""_____ kF-k ) at T = 0 poo-coh-n?
g 2k, o ax

where Z is the number of conduction electrons / atom, The singularity in
the scattering probability at k = kF is a result of the sharpness of the Fermi

surface at T = O,

At higher temperatures, the resistance is calculated by summing W(k)

over all k, which involves mainly those electrons which liec within a range



of the order of kT of the Fermi energy. The logarithmic temperature
dependence of the resistance is evident from equation 4.7 as the average
velue of (k - kI«‘) far thermally excited electrons, is proportional to T.
It is also evident from equations 4.5 and 4.7 thet the resistance will
increase with decreasing temperature only if J is negative.

Ac areful analysis shows that the resistivity can be written

I dsT] oLk

_ 1+
Piotar = P1, 7 OPA %Py [ B

where Py, is the resistivity of the pure metal p N is the resistance due to
spin indepent coulomb scattering, Z is the number of conduction electrons

peratom, ¢ is the concentration and quantity o (14327 log T) is tho
L 3’ q Pm " A=A g ‘

contributionf rom spin dependent scatitering desceibed above, The logarithmic
temperature dependence and the linear concentration dependence are in good
agreement with the results for very dilute Au Fe in the limited temperature
range below the resistance minimum and well above the resistance maximun,

It does not describe satisfactorily the temperature dependence of the Cu Fe

15

results on the resistance of

13

resistance below the minimum, From Knock!s
Cu Fe, Kondo deduces a value for J of -0.15 e.v., and from Macdonald's
results on Au Fe he finds a value of J = -0,25 e.v.

Possible objections to Kondo's approach are his use of perturbation
theory to a system on which the interaction is strong and of short range and
also the requircuent of a megative value for J, J is generally assumed to |
be positive, but Kondo has shavn that it can take negotive values when

strong mixing of conduction electrons and orbital d- electrons occurs,
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Another difficulty is that the magretic and specific heat results suggest
that the degeneracy of the spin system is certainly removed up to tempera-
tures at least as high as the resistance minimum even in rather dilute alloys,
and Kondo suggests that when this degencracy is removed, the resistance

becomes constant, (This prevents the rcsistancebecoming infinite at T = O).

C ~ THERMORTECTRIC POWER

L4o,14 Introduciion

It may be shown (Mott and Jones 1936) that the thermopower due to

elastic scattering can be written

S =-—2§i}-§i——’;£ ;a-— ln G‘ (E) e 0 4 0 & ¢ ¢ 9 * @ ¢ & & & o L 4 4'9

f o(E) varies only slowly with energy. o(E) is the -electrical conductivity
that the metal would have, at absolute zero, if the Fermi level came at the
energy E,

These conditions are mgt in electron phonon scattering in pure metals
at high temperatures, In this case S~ kT x k. As k/e ~ 86 uv/ K.
S will be of the order of 102 T p.v/oK}l,-.‘IF This ies the arder of magnitude
observed for normal metals, In the case of inelastic scattering, or of a
relaxationtime that varies very repidly with energy, eq 4.9 no longer holds.
The rate of chenge of relaztion time at the Fermi energy is still the importent
quantity in determining the thermopower as can be seen from very gencral
physical arguments, Several authors have sought to explain the anomalous

thermopowers on the basis of the mpidly varying relaxation time of conduction

electrons at the Fermi energy which is inherent in all of the theories of



the low temperature resistance anomalics.

4415 De Vroomnan and Potter5109

De Vrooman and Potters have analysed in detall the thermo power
anomaly to be expected from the model considered by ?osidalo5 in his
discussion of the low temperature decrease in resistance. They assume that
the degeneracy of the magrnetic impurity state is removed by an internal field,
and that the conduction electrons interact with the impurities via a spin |
independent elastic scattering, and also inelastic spin £1lip scattering.

Elastic scattering can be shown to vary only slowly with the energy
of the conduction electron but because of the dependence of .inelastic scattering
on the occupation of the conduction electron and ion states, the relaxation
time for inelastic scattering depends strongly on the energy of the conduction
electron, (this led to the rapid fall in resistance with decreasing temperature
in Yosida's theory). For a conduction electron Wi‘th spin parallel to the
excited state spin direction of the impurity, this rela#ion time increases
rapidly as its -energy passes through the Fermi level, This is becausc to
conserve spin, it can only scatter inehstically from an ion in the ground
state, and thus lose energy, and this requires a vacant encrgy level at
lower energies, The opposite is the case for a conduction electron whose
spin is in the opposite direction. Thus the final reld xmtiontime, although
varying raopidly with energy, is symmetrical about the Fermi energy, end gives
a z8ro thermopower., In the case of 2 molecular field with a unique direction,
the elastic scattering for conduction electron spins of one direction will
be different from that of spins of the other direction, befause of the cross

terms between the spindependent and spln independent scattering potential
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discussed in Yosida's theory of the magnetoresistance, The inclusion of
these terms will tend to meke the total relaxation time asymmetrical about
the Fermi energy and a thermopower approaching the maximum possible value
k/e = 86 uv / °K is possible under favourable circumstances, However, if
an antiferromagnetic molecular field couples the spins and thus the impurity
spin directions are random, the elastic scattering, averaged over many scatterdngs,
becomes the same for both spin directions and the thermopower is zero, Inter-
mediate cases are possible if the number of up impurity spinsdffers from the
number of down spins.

The He rmopower is found on such a2 model to decrease to zero expon=-
entially as T -> 0, because of the freezing out of the inelastic scattering,
and falls as 1/T° at very high -temperatures, The temperature dependence is
therefare similor to that of the specific heat of the ions themselves, on
the moleculsr field model,

The gererel features necessary for o large thermopower, which emerge -
from this treatment, and which appear to be common to all the current theories, -
are an inelestic scattering of electrons of mainly one spin direction, this
asymmetry of the elcctron spin scattering being due (possibly) to spin
dependent olastic scattering., Thus it is possible to generate large thermo-

powers using models of the Yoside type, though it is not easy to see how
they can be reconciled with Schmitt and Jacob'325 criterion of a magnctisation
which is zero over z distance of the order of an electron mean free path,

Other models, such as that of Overhauser and Brailsfordloe, give
a relexgion time which varies only slowly with energy, and will not therefore

yield lerge thermopowers, Kondo has suggested that his mechanism could produce
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large thermopowers, but this is still in doubt,

D - SPECIFIC HEAT

4,16 Introduction

The significant features of the specific heat anomalies which cument
theories seek to explain are the concentration and +temperature independence
of C/T as T~ => 0, and the concentration end temperature dependence at
high temperatures,

The broad peak in the density of states near the Fermi level associated

with the virtual bound state can only give an extra contribution to & of the

order of
5 ~ o2 ~ 37
e / D P
EF

where ¢ is the concentration, Z is the valency differcnce of solute
ard solvent, p is the number of electrons per solvent atom, and W is the
width of the virtual state, which is of the order of ¥ E, (Friedel Section 3,4).
Thus for CuNi, Z2=1, p=1, &% 8y ~ 3%/ 9Ni, This probably accounts
for the rapid increasc in y with Ni concentration in Cu Ni allog , where the
magnetic susceptibility suggests that the solute atomsare not magnetised,
but cannot account for the very large anomalies observed in the dilute magnetic
alloys, These are gererally attributed entirely to the ordering of the
impurity spins in the local field in which they find themselves. The origine

and distribution of the fields distinguishes the various theories.
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417 Overhauser99
The static spin density wave theory of Overhauser has been discussed
in section 3.11. It was shown that an effective field H acts on each impurity

with a probability given by eq. 3.28, and shown in fig. 22,

P(H) = i 1
" (p® - 1)

The total energy of the system includes both the positive energy
W(b) required to produce the wave of amplitude b, and the negative interaction
energy of the solute spins with the spin density wave. Minimising the total

energy with respect to b shows that b decreases with temperature as

%

T
b(T) = b(o) 1-(35)9] for T < Tc
=0 T > Te s o« o a a e o s s s o 4ol0
Whereb(0)= S Ge o;-oncoooao-oooﬁﬁnonli-o]-:]-

Id
8rC

and kT0=3gT]S(S+1)G?C .l....ﬁ'.'.....'...h.lz‘
32 ¢

There is a finite value of P(o), and therefore‘ ¢ is proportional to

T as T -> 0, and is given by

a 4
g:BZTC NCka = YO as T -> 0 o o s o o o s bl
T 7gm(s+1) @

% is therefare finite, and independent of concentration at T = 0. Taking
3 .
C=lewey,n=E=1, 5 =5/2and ¢/T = 2.3 mj/mole °k* as found by Du Chatenier
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for Cu Mn, Eq. 3.32 gives G = 0.8 e,v., which may be compared with the spectro-
scopic value of O.4 e,v. found for the free Mn atom.

At higher temperatwes, detailed calculations show that C/T increases
slightly above its value at T = 0, to a maximum value of ;‘3_9_ gg ++123 . 1) Yo
just below Te, and drops discontinuously to zero at T = Te.

From 4.12 and 4,13,

T=%, S(S + 1) cMc ~ 13c
9

o 28

+1+
-

If vy is in mj/mole °K?, and S = 5/2, this gives Tc =
55°K / at % for Cu Mn,

Evidently the high temperature behaviour of t he specific heat is not
well described on this model, a broad maximum in C/ T oceuring at much lower
temperatures than this (~ 10°K / at %.for Cu Mn) followed by a gradual dedrease
at higher temperatures, Overhauser attributes the residual tail of the specific
heat curve at temperatures zbove the cooperative decrease in the amplitude of
the spin density wave to short range forces of the R.K.Y. type between nearest
neighbour impurities. He considers this interaction to be of too short a
range to produce the long range order at lower temperatures.

Marshallllo has objected to the theory on the grounds that the pertur-
bation theory has only been teken to first order, yielding a spin polarisation,
ard thus a coupling, of infinite range. Higher order perturbation theory
would then reduce the range of the polarisation in the same way that the
second order theory of Yosida modified the infinite range of t he Zener inter-

action.
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418 Marshal 1110

Marshall assumes that as a result of the R.X.Y. interaction between
impurities, the impurity spins freeze into an antiferromagnetically ordered
state at very low temperatures. Because of the alternating sign of the inter-
action with distance, there is an effeetive field H acting on an
impurity, which may be of any sign, and of any magnitude up to some maximum
value, He assumes, however, that this field has a unique axis, and as an
impurity spin of ";1?' is assumed, the spin can only be parallel or antiparallel
to this axis. Arguments are presented which suggest that the shape of the
P(H) curve is similar to that shown in Fig. 3., the curve being symmetrical
about H = 0, and P(0) is finite., AC/T therefore tends to.aconstant value for
the reasons outlined in section 2.5.

Assuming a Hamiltonion of the form

H-‘-‘-Z f(R )S.S co..oo.o..o.oo..o.‘.l{—r]j{-
n<m m ° n n

where S, S, are the spins of the and mth impurities, R __ is their

separation, anl £(R) is the R.K.Y. interaction discussed in section 3.9.

Putting n/N = 15 in eq. 3.22,
f(R) = W F(ZkF R)
2EF'
and F(z) =z Cosz - Sinx
e

The energy of the spin S may be written

E:—gl.l.b Snn,H
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and the effective field defined by this €C uation is

H:ZZJE lg‘_ F(an)s ooooouoa-n-oonocll—ol5
n 4 8%EF

The mean field h(T) is *hen given by
(-]

h(T):[ an |H| p(H,T) P J 1

-0

as the P(H) curve will in general be a function of T.
As the amplitude of the interaction decreases rapidly with distance,

H will be dominated: by the few spins closestto Sn’ and h can therefors be

written
h = ?\,. H(RO) =2\‘.‘ i‘(R‘O) SQ = & f(RO) © o ® ©® 6 ® & 8 ® & & o 8 1—[—-917
e Bu
gk, S

if 8 = —15 e A is a number of the order of unity, representing the effective
spin coordination number, and Ro is the mean distance between impurity atoms.
If the HH) curve is similar to that shown in Fig. 3. ‘%(0) may be
. R
'W'I'l'tben,P(O)-—Ma.h Oen'tt-aaoeae-oOcoooool-l—018
where A is a number of the order of unity,

If P(H) varies only slowly with T for T small, the specific heat as

T -> 0 can be written for § =%

C=n o P(0)
B
= eNK*T 1
A f(Ro)

For low concentrations, £(Ro) can be written
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f(Ro) = EZEJQ . et = 27;:32 ——
) ) o 3
(21<:.F Ro) (22k)

where 'a! is the mearest neighbour distance in the metal., For a f.c.c, mono-

valemt metal (2eacF)a =24 V2 «°

and- G = 16 {ZJ’Fa MC kTEF as T ~> O » - [ ] -« L ] - [ ] L ] L ] - -* * - [ ] )-*-119
I 2

Thus C is proportional to T and independent of concentration ¢, as
T ~> 0, The origine of the concentration independance is, of course, the
dependence of the interaction on- 1/R® at large distances.

The result is readily generaliséd for eny spin S, (see apvendix 1)

to give

C=32‘\/-27ta Nk I{TEF aST">O 00000000.4¢20
oAt 28 + 1 e

For Cu Mn, C/T tends to the value 2.3 mj/mole °K® as T => 0, and §
found from entropy measuremeénts, is 5/2. Taking Ep = 7 esve, and ) = 7\."" =1,
ege 4420 gives J = 7.6 e.v. This rather excessive value for J can be reduced -
somewhat if the effective spin coordination number A is taken to be seven, |
the number of spins at the distance Ro needed to accoun't.for the magnitude
of Tn (Blandin and Fried.e189, section Le5) J is then 2.9 e.v., which is still
rather large. It is apparent, therefore, that very large values of the exchange
integral are required if the R.K.Y, interaction is to explain the high
ordering temperatures observed in dilute magnetic alloys. The mechanism

proposed by Blandin and l-h'iede189, section 4.5, is therefore to be preferred

as it provides an interaction an order of magnitude larger than the R.K.Y.
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interaction for the same value of the exchange integral.

Some o-f» the more importent assumptions made by Marshall should be
considered further, The essential features of the theory are that P(0)
should be finite and inversely:proportimensl k. Gi, There is a close analogy
between the present problem, and that of computing the NW.l.R. line shape in
non conducting crystals, where the nuclei are coupled only by magnetic
dipole interactions. Andersonlll, and others, have shovm that in this case

the line shape is a cut off Lorentzian of the form P(H) = % ﬁy_%zz' for lH] <o

=0 for |H| >«
A is shown to be proportional to ¢, and « is independent of c¢ for low concen-
trations. Mershall considers that at high temperatures, when spin correlations
are negligable, this line shape will obtain for the present problem. At
lower temperatures, spin correlations will have the effect of increasing
the probability of higher fields, in order to lower the total energy, and
P(0) will therefore decrease to give the P(H) curve the shape shown in fig. 3.
The required nroperties of P(0), that ik shall = finite and proportional to
1/c, will be retained however.

A more drastic assumption has been the use of the Ising approximation,
through the assumption of a unique direction for the magnetic field. The
effects on the predictions of the model of relaxing this condition, are
catastrophic, The probability function P(H) dH now describes the probability
of an impurity being in a vector field in8 between H and H + dH. The
probability that the impurity should lie in a scalar field H -5 H + a4 is
then il P(H) aH if the field distribution is isotropic. C/T will then be

proportionzl to T as T =5 0 (see Appendix 1) and the model will no longer
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predict the observed results.

As Mossbauver experiments suggest that the anti-ferromagnetic ordering
is approximately isotropic, this otherwiss attractive theory would appear
to be doomed, unless P(ﬁ) varies as ZI./H2 as H ~> 0, which seems extremely
unlikely, or unless it can be showm *that the distribution of very low fislds
is extremely anisotronic.

419 Klein™”

Klein has adopted the ideas of Marshallllo, developed in the last
section, and has attempted to account for the concentration and temperature
dependence of the specific heat anomalies of different systems over an extended
temperature range on the basis of computed P(H) curves. The energy of the
system is treated in the Ising approximation, and is therefore subject to
the oriticisms considered in the last section.

Starting from an R.JK.Y. interaction, writiea in the famn

3 3 A .
E=2 J§ (ZI:F) z Cosz -~ Sin x by B

i<
dJ :1:4

J

T = Zk,F ri,j’ and J8? is approximately the interaction energy at unit
separation.

Klein constructs the partition function for the system of impurities,
and determines from it the two particle correlation function < K, Hj >, where
o is the central spin index, It is found that only spins close to the origine
are strongly correlated with Hos and that outside some correlation radius
Rc, the correlation is zero,being effectively screened by the oscillating

~1/3

interactions of the intermediate spins, At T =0 Re(0) ~ 0.51 ¢ where
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Rec is in units of the lattice constant, The correlated velume decreases
with the concentration in such a way that it always contains gn average of
3.3 spins, one at the origine, and 2,3 others, The P(H) curve can then be
constructed by considering the fields at the origine from the two independent
regions - inside, aml outside, the correlated volume. . In his earlier
paper (Klein and Brout), Klein consideredthet the inside, correlated, spins
were responsible for the high fields, and the outside spins dominated the
shape of the P(H) curve at H = O, In his latest paper, the correlated spins
give the major contribution to the whole P(H) curve, whilst the main effect
of the outside spins is to mcke the discrete spectrum due to the inside
spins continuous at low fields.

The final form of the P(H) function mey be written

L - 2
z (.}}. bi)

P(H) = 1 > 8 o o
3(27()* i=1’2,3 S— e o 5 * o ¢ » & 4.21
o

Where ag and bi are functions of H, but are independent of concentration,

temperature, and the strength of the interaction. The widtho is given by
O'(T=0)"'7.80Jsac .~.-oo.--¢co-0-0‘oo-4022

and is therefore proportional to the interaction energy and the conentration,

In general, P(0) is finite, and is given by

P(O)"'_Q_._; =;.Ml ..'olo¢¢|000000000h‘l23
o 7833%¢

The behaviour of the P(H) curve with concentration can be seen from

Pig 23
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Fig 23

Low ¢ or T

High c orT

In fig. 234, tihe correlated volume ris divided into three regic;ns.
The region closest to the central spin gives the highest fields, and there-
fore provides the wings of the p(H) curve (fig 23 B). The region near the
edge of the correlated volume provide the central portion of the P(H) curve v
Increasing the concentration reduces the correlated radius Re(fig 23 C) ‘
and therefore reduces the probebility of low fields, The P(H) curve is
normalised, therefore the probability of highf ields increases, and the
P(H) curve spreags out, fig 23 D, The P(H) curve generaily exhibits a
maximum at a field Hl’ different from zero, and which is approximately given
by Hl = %&‘Sg 3 and comes mainly from the rather large probability of finding

c

8 spin near the edge of the correlated ve lume., Thus H, ~ 8¢ Js? ~ 10

1 —z—yp 5
The effect of increasing the temperature is to randomise the weskly
coupled spins at the edge of the correlated volume, and thus to reduce the

correlationr adius Re,
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RO(T)=R°(O)[(§:‘?_C_)2 “‘2_‘1_‘9' log_T_C_] fm‘T>TC.-..1+'2)+
T T

o=

This has a similar effect on the P(H) curve to that of increasing the concen-
tration , and the probability of high fields increases.

The specifiic heat curve will generally be concentration independent at
low temperatureé; proportional to concentration at intermediate temperatures,
when the spins in the middle region of the HH) curve are disordering; and to
c® in the high temperature region corresponding to the wings of the distribution
curve, P(H) being proportional to ¢ in this region, It should be noted, however,
that at temperatures high compared with ﬂéﬁ , the specific heat per impurity
is proportional to B, (see appendix 1) anlé therefare (probably) to ¢®, and
thus the total specific heat varies as ¢° in this region,

The differing behaviour of the specif'ic heat curves observed for
different systems is accounted for simnly by assuming that different parts of
the anomaly are falling within the temperature range of the measurerment., Thus

73

the Cu ¥n measurements between 1.5 and 5°K of Zimmerman and Hoare fall in the

concentration independent region; the Cu Fe results of Franck Manchester and

.k

Mart between 0,k amd 1°K correspond to the intermediate region proportional

to c¢; and the Cu Co results of Crans anl zimmernaf’ between 2K and 5°K fall in

2
the ¢ region,

The value of 35° found from the intercept of y = G/T as T -> 0, P(0)
(o]
is proportional to 1/J5%), can be used to check this theory., y found for
[¢)
T

Cu Fe'™ is 1.6 times smaller than that found for Cu Mn by Zimmerman and
Hoare73. This would indicate that the anomaly for Cu Fe should extend to
higher temperaturesthan that of Cu Mn, which is not consistant with the

concentration dependernce observed, It would also suggest that the value of
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J for Cu Fe is 40 times larger than that for Cu Mn (assuming a spin of

1/2 and 5/2 for the Fe and iin aton) - a most unlikely result. The source

of this ambiguity is that Klein calculates the specific heat assuming a spin
of ¥ , whilst assuming any value of S in the energy JS°, and the entrovy
associated with the anomaly is always cN log 2. If thesgecifié heat is
calculated assuming a general spin, as in Appendix 1, Yo is proportional to

1

G oo a——

J(28 + 1), and the width ¢ is proportionel to JS.

o .
Thus JFa ~ 5 and Fe ~ 1 which is rather more reasonable.

IMn “Mn

The general features of the specific heat anomalies predicted by
Klein's theory are not in any significant way different from those predicted
by Marshall, as the concentration dependence of different parts of the P(H)
curve can be arrived at by very general arguments, nrovided the Ising
aporoximation enlh potential varying as 1/4° are assumed., The original contri-
bution of Klein's work Jips in his varticular statistical calculation of the
P(H) curve. Comparison of his results with experiment is difficult, but
the shapes of the snecific heat curves in alloys containing Fe, and those in
alloys contdning Mn, suggest that the internal field distributions are
rather different in the two systems, whereas Klein's calculatiors predict
an almost universal P(H) curve. The particular feature that can be compared
is the maximum in the XH) curve, which should be reflected in the c/T
curve, This is indeed observed in all of the alloys containing Mn, and in
those containing rather high concentrations of Cr or Fe, The magritude of
the hump in the Mn alloys ia certainly too large to be accounted for by the

P(H) curves described by Klein, though these may be sufficient to explain

i
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those in ‘the other alloys.

‘"It does not appear that the P(H) curves ccleulated by Klei.n are any
closer to the true curves than those constructed in an arbitrary way by
Marshall, The most disheartening features of the theory, is, of course,
the use of the Ising approximation, Xlein suggests that this may be justified
because of the very small number of spins in the correlated volume, It
isc ertainly not justified in calculating the field from the uncorrelated

region, but this only contributes in an unimportant way to the P(H) curve.
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CHAPTER 5
DESIGN OF APPARATUS AND EXPERTMENTAL TECHNIQUE

5.1 Introduction

113

The adiabatic calorimeter was originally used by Nernst and Eucken
in 1910 for the measurement of low temperature specific heats, and has since
been developed to yield results of considerzble accuracy over a wide range of
temperatures, The principle of the measurement is simple, The specimen is
suspended in a container from wnich it is thermally isolated. ZElectrical
power is dissipated for a limited time, in a heater attached to the specimen,
and a thermometer, also attached to the specimen, measures the change in
temperature. From a knowledg;e of the power W, the time t, and the temperature
change AT, the heat capacity Q of the specimen and heater-thermometer assembly
can be calculated from Q = Wt »

As it is not possibléT’co obtain completely adiabatic conditions, it is
recessary to apply a correction for the amount of heat transferred to the
specimen from the surroundings. during the heating period. In order that this
correction should be as small as possible, the temperature of the enclosure
must be maintained close to that of the specimen, the difference being not
more than one or two degrees.

Heat can be transferred to the specimen by gas conduction, conduction
down the suspension and electrical leads, and by radiation. Thes-e are
reduced to a nminimum by suspending the specimen with nylon threads in 2 high
vacuum, using electrical leads of low thermal conductivity, and having highly
polished surfaces fort he specimen and container to reduce radiation, which
predominates at high temperatures, Heat can be generated in the region of

the specimen by joule heating in the electrical leads, joule heating in the



160,

thermometer (which effectively limits its maximum sensitivity), and by vibration
heating. Vibration of the specimen due to pump or building vibrations are
damped by frictional processes in the suspension and electrical leads, and a
proportion of this heat, of the order of 0.1 to 1 erg/sec, will reach the
specimen, The specific heat of metzls in the liquid helium renge is extremely
small, (the specific heat of copper at 1°K is 30,000 times’smaller than the
value at room temperature) and a typical heating rate in a measurement at
1°K, on one mole of Copper, is 20 ergs/sec. It is therefore essential to
keep extraneous heat inputs to the specimen below 1 erg/sec in this temperature
region,

For measurements within the range 1.8° to 4.2°K the container can be
immersed in a dewer containing ligquid Helium under reduced pressure, To
reach lower temperatures an arrangement similar to that shown in Fig., 24 can

be used,

Fig, 24
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The specimen is suspended in a can attached to a reservoir which
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contains a small quantity of liquid Helium, This is thermally isolated from

the outer can, which is immersed in liquid Helium boiling at atmospheric
pressure (i.e. at 4,2°K)., Pumping on the nelium in the reservoir will reduce
its temperature to around 1.2°K, the lowest temperature being limited by the
heat leak to the reservoir and the efficicncy of the pumping system. Adiabatic
conditions can be achieved above 4.2°K by heating the reservoir to a temperature
close to that of the specimen. This type of apparatus can be used successfully
between 1°K and 7FPK. Examples of this type of calorimeter are described

. and Maﬁtin115.

by Rayne
Above 77K, radistion between the reservoir and the outer can increases
rapidly, and leads to temperature variations over the reservoir shield giving
considerable temoperature drifts to the specimen. For accurate specific leat
measurenents above 77°K, therefore, a further shield surrounding the specimens,
isolated from the reséfvoir, becomes necessary.- This is called the adiabatic
shield. Such an apparatus capable of mecasuring specific heats to within O.Z%
has been described by Dauphinee, Macdonald and Preston Thoma5116.
A fundemental problem in the use of the adisbatic calorimeter, is to
cool the specimen initially to the lowest temperatures reached by the reservoir,
This was originally echieved by introducing helium exchange gas into the
space around the specimen, «nd when cooling was completed, pumping the gas
away until adisbatic conditions were regazined., This was unsatisfactory for
several reasons, It usually toock several hours to pump the gas to a sufficiently
low pressure, by which time the specimen would have already started to warm

up by vibration heating. MNore seriously, & film of Helium a few hundred

atoms thick is@lsorbed on to the surface of the specimen at low temperatures,
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which is not removed by pumping away the exchange gas. On warming the specimen,
this helium is boiled off, and heat is required to provide the heat of desor-
ption, leading to the anomalously high specific heat values found in meny of
the early measurements using this technigue,

117

To avoid this problem, Ramanathan and Srivensan originated the
mechanical heat switch, The specimen is: mechanically comnected to the surround-
ing shield during the cooling period, after whichtle connection is broken,

so that the specimen is agein thermelly isolated from its surroundings, and
neasurenents may begin inmedictely.

An essential part of the apparatus is the specimen thermometer, and
several possibilities are available, depending on the temperature range in
which sensitivity is required, At temperatures sbove 15°K, platinum or copper
resistance thermometers can be used, yielding values of the temperature with
an accuracy of around 0.03°K asbove 25°K. These tend to be rather bulky, and
dissipate an appreciable amount of heat if high sensitivity is required, but

have the advantage of 2 high degree of reproducibility and oniy have to be
calibrated at two or three known temperatures.,

A thermocouple of, far instance, Au 2.,1%Co against Ag 0,2%Au may be
used to measure the temperature of the specimen relative to the helium bath,
This type of thermometer has the advantage of a very low heat capacity and
therefare a very rarid response, It has a sensitivity incresing from
1pv/K at PK to 10uv/K at 15°K #b 40uv/ K at high temperatures, but because
of the insolubility of this quantity of Co in An below 600°C, it is not very
reproducible, and has to be calibraoted against a standard thermometer during

each series of measurements. Undetermined theormal voltages in the leads
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limit the accuracy o the temperature measurement with a thermocouple to
around 0,05°K, A Au 0,03% Fe against Chromel thermocouple has & sensitivity
of around 15pv/ °K over the range 1° to 30)°K, end is very much more repro-
ducible than the Au 2,1% Co thermocouple, but because of the large thermal
conductivity of the Au 0.03% Fe alloy, it can constitute a grave heat leak
to the specimen,

Finally there is the carbon resistance thermometer, which is the most
popular thermometer in the temperature range 0,3° to ZOQK. Several commercial
resistors have a large temperature coefficlent of resistivity in this temperature
ronge, and have the advantages of a low thermnl capacity, and high sensitivity
vith low heat dissipation. Their main disadventage is poor reproducibility,
naking it essential to recalibrate the thermometer against Helium vepour
pressure below AOK, aml against a helium gas thermometer above APK, efter
every series of measurements. It seems likely that the commercial carbon
thermometer will be supcrscded in calorimetric work by the germanium thermo%
meter, which combines all of the advantages of the carbon thermometer with
excellent reproducibility and the possibility of chOosing a thermometer with
large sensitivity in any desirced temperature range. This thermometer is,

unfortunately, very expensive.

5.2 Design of Cryostat

It vas decided to build a cryostat capable of measuring specific heats
in the tempersture range 1% to BOOQK. The cryostat has, therefore, to
include an outer can, & rcservoir and a reservoir shield, and an adiabatic

shicld. As a carbon thermometer is to be used in the low tempercture range
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a gas thermometer is required for calibration purposes. A diagram of the .
cryostat with its associated Helium and Nitrogen dewar, is shown in Fig, 254

The cryostat is suspended by its pumping tubes from a top brass plate,
waich is bolted to & rigid framework fixed to the wall., The double walled
helium dewar, which is 3 7/8" inside dicmeter and 29" inside length, has a
short singlc walled sect.on at the top, which is turned over in the form of
a lip. This is clamped to a flanged brass cylinder, cnd & gas ©tight secl is
obtained by compressing an annular ring of neopreme between the two. T he
brass cylinder is bolted to the underside of the brass plate, and is sealed
vith an "O" ring. The dewer is demounted by unbolting at this point, and
dropping down past the cryostat. The helium dewar is surrounded by a double
walled Nitrogen dewer, of conventional design, the inside walls of the inter-~
space being silvered, and the space diffusion pumped and sealed permenantly.
The inside walls of the interspace between the double walls of the helium
dewar are silvered, to reduce the radiation from the Fg bath. This inter-
space cannot be pumped and sealed permenantly as Helium gas will diffuse
slowly through the glass walls at room temperature and spoil the vacﬁum.
A port is therefare provided to ellow this spece to be pumped with a rotary
pump before eech run, efter having been flushed with air., T he space is
then shut off with a tap. The remaining gas in the interspace allows the
cryostat to cool to 77°K when the outer dewar is filled with liguid Nitrogen
(this takes about 8 hours) and the gas freezes out to provide a high vacuum
when liquid heliun is transferred to the inner dewar,

The pumping tubes used to evacuate the vacuum interspaces between the

cans are mde from 3/8" die 0.006" wall thickness stainless steel tibe, stain-
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less steel being chosen for its very low thermal conductivity and large physical
strength, and the diemeter being chosen to provide an adequate pumping speed.
All joints in the cryostat are brazed unless othervise stated.

Liquid helium may be introduced into the helium dewar from a helium
storage vessel, by means of a double walled transfer syphon, which ean be
lowered through a hole in the top brass plate. Below the top plate the
trensfer syphon slides into & %" dis. steinless steel tube which projects
about 6" into the dewar. The dicmeter of this tube then decreases to 3" dia.,
and continues down to the botitom of the dewer. This is to ensure that the liquid
holium is taken to the lowest point of the cryostat when the transfer starté,
so thet the cold vapour produced when it boils, efficiently cools the outer
can and the glass duwar walls bcfore leaving the dewer. A geas tight seal
between the trensfer tube and the dewar is made by tightening an "O" ring
coupling above the ton nlate. This point is capped off when the transfer tubé
is removed.

To reduce the heat conducted down the stainless steel tubes ond dewar
walls a 10" long cylinder of polystyrcne foam is packed batween the tubes,
from a level just above the highest level of the liquid helium to a few
inches below the top brass plate. A gap of sbout + inch is left around J
each tube, aond betwcen the foam and the glass dewer walls, so that &ll of
the cold gas boiling off from the liquid helium is forced to flow close to
the tubes or to thc glass wall, ¢nd provides efficient cooling, The boil
off rate of liguid helium was found to have been reduced from 200 co/hour
without the focm to 100 cc/hour with the foanm,

To prevent any radiation that may be funneled down the pumping tubes,
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from reaching the reservoir, ges thermometer or specimen, it must all be .
absorbed at points thermally connected to the liquid helium in the dewar,
In the present apparatus it is not convenient to use the usual method of absorbing
the radiation by putting right angled bends intothe pumping tubes, as severzl
of* the tubes have tubes of small diameter passing through them. 7The me‘bhod..
cmployed was to place discs, of larger diameter than the diamcter of the tube,
in regions vhere the diameter of the tube has been temporarily increased,
such that there is no 'straight through' peth between room temperature and the
parts of the cryostat which zre cooled to below 4°K, The detailed construetion
of such a region is shown in Fig. 26. A copper cylinder, with its axis
horizontal, is set into the stezinless steel tube at o point just above the
top brass cap of th. outer can., The radiction baffle, a helf inch diameter
copprer disc, is brezed to the smaller diameter tube passing down the niddle
of the 3/8" dia. pumping tube, there being sufficient clearance between the
disc end the cylinder that <he pumping speed of the tube is not significantly
reduced. The disc 1s also thermelly connected by copper wire to the walls of
the cylinder, so that the heat conducted down the small diemeter tube, as well
as the absarbed radiation, is conducted away to the helium bath. One end cap
of the gylinder is demountablc, =nd its shape is shown in Fig., 26. The
large number .of small diemcter copper wires that pass down the inside of the
stainless steel tube may be wound several times round the part of the cap
that projects into the cylinder, and are connected to it with GE 7031 varnish,
a strip of ,001" thick condenser paper having been previously cemented o the

cap to prevent possible shorting of thc wires.
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The end cap nmay then be soldered with low melting point solder, into
the copper cylinder, The wires arc effectively thermally anchored to the
helium bath, and none of the heat conducted down the wires from the room

temperature region can reach those parts of the cryostat that are cooled

below LK.

5.3 Outer Can

The outer can of the cryostat is 3.4" dia. brass tube with a wall
thickness of 0,020" and & length of 10,5", closed at the bottom with a
1/16" thick brass disc., This can is soldered with low melting point solder
to the rim of a 0.080" thick top brass cap through which pass the pumping tubes
©0 the inner vacuum spaces and the reservoir, The can and the top cap form
an enclosure, at the temperature of the helium bath, vhich can be evacuzsted
through one of the pumping tubes. Rediation from this pumping tube is absorbed
by a 1" dia. copper disc placed directly under the opening of the pumping

tube, and soldered to the underside of the top cap.
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As the outer can, reservoir shield and adiabatic shield have 4o be
removed and replaced whenever a specimen is changed, they are soldered
to the top brass cap, reservoir, and ges thermomcter, reswectively, with a
low melting point sclder of composition 70% In, 15%Sn, 9.6%Pb, 5.4% Cd
(Indiua Corporation of America) which has a melting point of 125°C. The
soldering is performed with a gas-air torch, after vhich a hot soldering iron
is run round the top of each joint to ensure that there are no lesks., Fach
joint is then tcsted with a helium leck detector, (C..:.C. 1124), though no

lecks were ever found in these demountcoble Jjoints,

5.4 Reservoir =nd Reservoir Shield

The reservoir is e cylindrical copper vessel, 3" dia. with & well
thicknass of ,020" and whose base and top are 1/16" thick. The volumc of the
reservoir is 150 c.c,.

Soldered to the underside of the reservoir is the reservoir shield,
of high conductivity copper, and double walled (each wall being 020" thick)
to reduce thermel gradiants on the inn er wall. Smell holes drilled through
the inrer wall allow the interspace to be pumpcd when the shield is evacuated.
The inside diameter of the shield is 2 3/4", and the length is 4 3",

Iiquid helium is let into the reserveir by opening a needle valve in
the helium bath, detail of vhich is shown in Fig. 27 |

The necdle valve consists of a steinless stecl needle, with a 10°
taper, moving into a 0,020%™ dia, brass seat. It is actuated by a screw
nechanism above the top plate, to which it is connected by & 0,090" dia.

stainless stecl tube sliding in a 1/8" dia. stzinless steel sleeve, It is
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connected to the reservoir by a 1/8 " dia. steinless stesl tube, ot the bottom
end of wnaich is a 0,020" dis constriction to reduce superfluid film flow,
Below the N point (2.1401() ligquid helium becomes a superfluid, and has the
properi:y of covering any surface in contact vith the liquid or ygpour with a

5

superfluid layer 10..6 to 10 ° om thick, at & constant temperature equal to
that of the bulk liguid. The film will flow to any warmer point in the apparatus,
where it moy boil., If this is in a pumping tube, the resulting volume of
vapour to be removed may be considerably in excess of that leaving the mein
liguid surface, and if it is not being removed by pumping, it may recondense
in the bulk liquid, giving a substantial heat influx.

The £ilm will rcach & point in the tube where the heat influx is just
sufficient to evaperate the helium creeping up in the film. This is usually

18
1 Yo The film flow

a few millimeters below the 4 K point (Ambler and Kurti
is limited by the minimum perimeter traversed by the film, and at loK, the flow
rate is approximately 7 x 10-'5 P cc/sec., where p cm is the minimum perimeter.

It is thercfare desimb le to introduce constrictions in each of the tubes

from the reservoir vhich go to higher temperatures, though any roughness of
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the arifice due to, for instance, condensed oir, may increase the effective
perimeter considerably.

To obtain very low temperatures, a pumping line with e high pumping
specd is essential, and this msy be limited 5y the presence of the constriction,
& suitecble balance must thercfore be achieved between the conflicting conditions
of minimum film flow, and maximum pumping speed. In the present apparatus,
an orifice of & mm dia, and lm long was used (although these may not be the
optimum dimensions). In the désign of the pumping line, the pumping spged
of the line, calculated by the formula due to Garfunkle and Wéxlerll9, was
maximised subgect to the condition of & tolerable heat leak down the pumping
tube between room temperature =nd the helium bath, and between the Lath and
the reservoir. In the final design, the tube is 5/16" dia., between the reservoir
and the outer can, 5/8" dia. through the helium bath, inecrcasing to 1" dia.
five inches below t:ie top plate and continuing as 1" B.S.P. pipe ouiside.

For accurste measurenents of the vapour pressurc of the liguid in the reservoir,
the pressure should be measured at the surface of the ligquid, rather than at
some point along the pumping line. This is accomplished with & separate

sensing tube, 2mn bore, connected between the reservoir and the menometers.

5.5 Gcs Thermometer and Adicbatic Shield

The gas thermometer bulb is & cylindricel copper vessel vhich has a
volume of 45.0 cc at 23°C. The cdiabetic shield, is a 0.030" wall thickness,
2 3/8" dia. copper cylinder, closed ot onc end with e 1/16" copper disc, and
mey be soldered, with low melting point solder, to the underside of the gas~

thermomcter, forming an isothermal enclosure for the specimen. This space may
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be evacuated via a 3/8" dia. stainless steel pumping tube which passes through
the centre of the gas thermometer, As the temperature range of the measurements
to be desceribed in Chapter 6 is 1.30 to 250K, the adiabatic shicld is not
used, The gas thermomcter is thermally connected to the reservoir by a cylinder
of high conductivity copper, 5/8" long and 5/8" dia., soldered bectween the
top of the gas thermometer and ohe underside of the reservoir., The isothermal
enclosure is then formed by the reservoir rnd the reservoir shield,

In order that the dead space correcction to the gas thermometer pressure
should be small (that is, the correction due to the finite mass of gas in
tubes at temperatures different from that of the gas thermometer bulb), the
pressure sensing tube from the gas thermometer should have as small a diameter
as possible, the minimum size being limited by (2) the time required to
initielly pump the bulb, (b) the response time to pressure changes in the
bulb (c) thermomolecculer pressure corrections,

With the Imm bore germen silver tube selected, the bulb can be pumped
at room temperature from atmospheric pressure to lmm Hg in about five minutes,
amd the %ime increases to gbout 30 mins when the bulb is at l;-oK because of
the increased mass of gas in the bulb. By repeatedly flushing with Helium,
and repunping, it is assumed that gases other than helium have been reduced
to insignificent proportions. Smzll guantitics of other gases (apart from
Hydrogen) will not make a significant contribution tothe gas thermometer pressure
below 30°K as they will heve solidirfied with a negligable vapour pressure.

For the £illing pressures used, 4 to 8 cm Hg at l;-.ZOK, ard for tempera-
tures above 301{, thermomolecular pressure corrcctions are negligeble, being
~ 10~40K at 301{, aml decreasing &t higher tempecratures, The response time of

the gos thermometer was not more than a few seconds at the lowest pressures,
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and less than this at higher pressures.

The dead space correction increases to about 1% at ZOOK, and as the
temperature distribution along the sensing tube as it passes through the cryo-
stat is not known with any confidence, this correction can only be estimated
to ebout i_3Q% of its magnitude. In view of the above considerations, a
sensing tube of 0,5 mm bore would have been quite acceptable, with a consider-

able reduction in the dead space correction.

5.6 Specimcn Holder

As described in the introduction, a heater and & thermometer have to
be attached to the specimen. These mey boe cemented directly on to the specimen
and their heat capceity mey be estimated and allowed far, or ignorced completely.
Considerable improvement in the accuracy of measurcement of the specific heat
of the sneeimen, and reduction in the time required to change the specimen,
may be effected by mountving the heater ' and thermometer permenantly on to a
specinen holder into ihich the specimen may be clamped. The hcat capmcity
of the holder, thermomcter and heater, knowvn collectively as the addenda,
can be measured in & separate experiment and subtracted from the total heat
copacity of sample plus addende in subsequent experimunts. The addenda
should have a low heat capacity, and should mcke very geod thermal contact
with the specimen, Failure to achieve this leadstoieaddenda being at a
higher temperature than the specimen during the heating period, which mey in
severe cases moke Qifficult the estimection of the teumperature change during.
this period.

The addenda which was finally adopted, and found to give satisfactory
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results, is shovn in TFig 28,
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To kecp the heat capacity of the clamp as low as possible, it was mede
in the form of"a bend cut from 0,0036" thick copper sheet, the band being
3/8" yide and slightly less than 3" dia, The ends of the band can be clemped.
together with three 8 B.A. screws, betwecn two pieces of sgquarc section copper
brazed to thec band. The specimen is turned in the form of a cylinder 2"
dis, and approximately 1" long, and is siipped into the holder, which is then
clemped down hard on to the spceimen by tightening the three 8 B.A. screws.

To ensure good thermal contact with thc specimen, great care was taken
during the construction of the holder to maintain a smooth surface inside the
band, this surface finolly being highly polished, As a final precaution, a
small quentity (lessthan 0.01 gms) of silicone grease was smearcd on to the
inside of the clamp. This guantity of grease was included on the addenda

before meesuring its heat capacity. No trovble due to bad thermel conbact



175.

was ever cxperienced with this clamp with correctly prepared specimens.

The holder is suspended from the underside of the gas thermometer by
three 0,005" thick nylon threads attached to hooks soldered to the top of
the clomp. A loop of 20 s,w.g. copper wire is soldered to opposite sices
of the top of the holder, for usc with the mechanical heat switch in initially
cooling the specimen,

The carbon resistence thermometer, which is a nominally 47 ohm Allen
Bradley resistor, was prepared by grinding off its outer casing and coating
it with a protective cocting of G.E. vernish, It is then cememnted in with

G,E. vernish to ensure good therml contect with the copper sleeve. The

sleeve wes split so that thore should be no stresses introduced into the resistor
on cooling duc to the differences in the thermal contraction of the copper and
resistor,

The heeter consists of two moters of 0,001" dia. nichromc wire, having
a total resistance of approximately 4000 ohms, It is advisable, ecsm cially
with & clamp as thin as the onc deascribed above, to distribute the hecet
dissipatcd in the heater as evenly es possible over the surface of the clamp.
It is not possible to wind a hecater round the whole clemp as it docs not form
a complete ring, and thercfore the following proccedurc hed to be adopted,
A piceec of condcnser poper is wrepped round a 1E" dia. bar, and the wirc
wound on to this in a singlc layer approximetely 1/8" wide. Aftor cementing
the wire to the papoer vith wvarnish, the paper is slipped off of' the bar, =nd
folded flat in the form of a tape roughly 2" in lcngth, and 1/8" vide. This
is then cemcntedantothe clemp, covering most of its surface,

A heater of highrcesistance was chosen to reduce the current required

to give the desired power dissipation., Thisis ®that the current leads to the
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specimen can be of a small dlemeter, with consequent reduction in the heat
conducted to the specimen, without excessive dissipation in the leads themselves
half of which will reach the specimen, cnd half the adisbatic shield.
Nichrome was chosen because of its high resistivity, and small temperature
coofficicnt — the resistance changes by only 3% in the temperature range 1°
to BOOOK, and is approxirately a linear function of temperature in that
range.

As the resistences of the heeter and carbon thermometer are measurcd
notentiometrically, two potenticl and two current leads are required in
both cases. The thermel (and therefore electricel) resistance of these
lcads should be high to recduce the heat conducted to the specimen, but not
s0 high, in the case of the potenticl leads, that the Sensitivity of the
voltage measuring system is reduced, or thaot an excessive amount of heat is
dissipeted in the current leads. The wires finally chosen v.*ere.24.7 SeWeLe
constantin for the resistance thermometer potential and current lcads, end
the heater potential leads, each having a resistonce of around 13 ohms, and
42 s.w.g. constantin for the heater airrent leads, having a resistance of around
3 ohns ecach. All the wircs were approximately 10 cm in length, anmd were
estimated to have a total heat conductivity of approximately 1 x T AT ergs/secc,
where AT is the differenc: in temperature between the specimen end the gas
thermometer, This may bc compared with the measured value of 1.6 AT ergs/sec
below BOK, which must also include & contribution from gas conduction, This
is estimeted to be of the order of 3 p AT ergs/sec, where p is the pressure
around the specimen in units of 10-'6 mn Hge Radiation makes a cquite

negligeble contribution to t he hecat reaching the specimen below ZOOK.
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To keep the total resistance of the leads low, and to reduce the mogni-
tude of the thermal voltages induced in the regions of large temperatu®e
gradient, 4 s.w.8e cOpper leads were chosen to connect the externcl measur. ing
apparatus with the oconstantin leads betwcen the ges thermometer and the
specinen., The copper wircs, having passed down the central pumping tube, and
having been thermelly anchored at AQK in the manner described above, were
wound several times around the bottom of the éas thermometer, and varnished
to 1t, to bec sure that they were at the temperature of the gas thermometer,
so that no heat conducted dovn the wires from the high temperature regions
could reach the specimen. Aftcer being soldered to the appropriate constantin
wire, the first threc centimcters of constantin wire were varnished 4o tho
ges thermomciter. Solder joints on pairs of voltage leads werce placed close
to one another to reduce temperature differences betwecn the copper constantin
connections and the gencration of thermal e.,m.f's. For similer reasons,
the last three ccentineters of the lcads beforce soldering to the hcaber or
thermometer were vernished to the speeimen holder.

One further lead was soldered to the specimen holder itself, The
measurerent of the electricsl resistonce between this wire and the cryostat
nede 1t possible to decide when contact of the specimen with the mechaniocal

switeh had been broken,

5«7 Mechanical Heat Switch

Po thermally conmnect the specimen to the gas thermometer, & mechanical
heat switeh was constructed which is bascd on a design due to Montgomery:
(unpublished). By suitebly positioning the fixing points of the nylon

threads, the copper loop soldered to the speeimen holder is made to pass



178.
between the bottom of the gas thermometer and a horizontal piece of %" thick
brass strip, without touching either. (Sce fig. 25). In this position, the
specimen is freely suspended by its nylon threads end is thermally isolated
from its surroundings. Byr aising the brass strip, the specimen holder will
be 1ifted up by the copper loop, which is squeezed ageinst the bottom of the
gas thermometer, giving the required thermal contact to cool the specimens
The brass striﬁ is rigidly fixed to the: botton of a 0,09" dia., x 0,01" weall
thickness stainless steel tubc vhich passes up through the 3/8" dia, central
pumping tube. It is reised and lowered by o serew mechanism on the top plate
(fig. 25) fixed to the top of the thin stainless steel tube,

The heat transfer across pressed 7 ontacts is found to be proportional

only to thc force applied, and not to the area of contact (Bermanlzo)

« Hcat
transf'er moy be improved by meking one of the surfaces a very ductile métal,
and for this reason the upper surface of the brass . strip; and part of the under
surface, of the gaos thermometer, are coated with indium, ‘
It is possible to cool a 1 mols specinen from 77OK to 4°K in approx~
imetely fifty minutes, and from 4° to 1.3°K in 2 further fifteen minutes.
One d&ifficulty in the use of a mechanical heat switch is the heat gencrated
by vibraotion ard friction when the switch is broken, which because of the
extrenely smell heat copacities being measured, can lead to a significant
temperature rise. With the switeh described cbove, the heat generated is of
the order of 200 ergs, leading to o temperoture rise of the order of 20 ndeg
in 1 mole of Cu at 1.3°K.
As it is essenticl thaot the brass plete of the switch is at the same

temperature os the gas thermometer, & hcat shunt must be con nected between

the two, This haos to be flexible to 2llov for the novements of the mechonical
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switoh (approximetely 3" in a verticel direction), A similar flexiblc heat
shunt nust be provided between the radiation baffle fixed to the mechanical
switch, and the coPper cylinder set into the 3/8" pumping line (A in fig. 25).
Several methods werce tried, Thin copper strip or copper braiding were found
to be unsatisfactory as they quickly work hardened and broke on repeated
application of the switch. A satisfectary shunt was prepared as follows.
Approximately 10 metres of 48 s.w.g. copper wire (insulated vith solderzble
enarel) was doubled up on itself nine times, giving a bundle of 512 sirands,
aporoximately 2 em in length, :» By a»nplying & hot soldering iron and solder
to the ends of the bundle, the enamel melts, end solder flows into thc ends,
The bundle can then be soldered between the switch and the gas thernometer
or copper cylinder, No problems of work hardening were experienced, although

the heat shunt has a large area to length ratio,

5.8 Temperature Control of the Reservoir

During the specifiic heat measurements, it is necessary to kcep the
tenperature of the reservoir stable, and within onc or two degrees of the
temperature of the s pecimen, so thet tempercsture drifts are small compered
with the temparature change of the specimen during the heating period.

- By dissipating elcctrical power in a heater wound on to the reservoir,
its temperature can be raised to a new equilibrium value. Finding the correct
heat input to give the required constant temperature becomes rapidly more -
difficult with increasing temperature, as the time taken to reach thermal
equilibrium within the shield and with the surroundings is proportional to the

heat capacity Q of the shield, which is increasing rapidly with increasing
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temperature,

If it is desired to raise the temperature of the shield by a small
~amount AT, the heat dissipated must be increased by an esmount kO AT, vhere k,
is the effective conductivity between the shield and its surroundings, in order
to balance to extra heat conducted away., The temperature will approach the new
equilibrium value with a time constant of’%: . This time will always be longzg
compared with the time to reach equilibrium in the shield itself because of the
much higher effective conductivity of the shield. As kb is deliberately
made as small as possible to reduce helium boil off, Q/kb may be of the order
of several minutes above 10°K,

To reduce the time required to stabilise the temperature, a feedback system
is used, in vhich an electrical signal proportional to the difference in tempera-
ture AT of & temperature sensing element on the shield and the desired temperature,

is emplified, and fed back as electricel power Jdissipated in the heater wound on

the reservoir. If the gain of the system is such that k; AT watts are fed back,

k
the time constant is reduced by & factor of Ea to a value of %u. If the heat
[¢] 1

input from the surroundings changes by an amount W, the temperature of the reservoir

will chenge by an amount E?' without the feedbaclk gystem, and by W/ki with it,
o
The temperature control systenm therefore reduces random temperature drifts due
k
to changes in heat input, by a factar of Eé .
o

The temperature sensing element used was a nominally 39 ohm Allen Bradley \
carbon resistor, which forms oﬁe erm of a Wheatstone Bridge. The two equal
arms are 1000 ohm high stability resistors, and the variable arm is a five decade
resistance box giving a resistance from 0,1 ohm to 9999 ohms in steps of 0,1 ohm,

To increase the temperature, the resistance of the variable arm is reduced
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below its previous equilibrium value, and the outbalance signal from the bridge
is amplified by a D.C. amplifier, with a voltage grin of approximately 1500.

The output, in series with a variable resistor to control the gain, is fed back
to a L00 ohm constantin heater wound round the reservoir. The clrcult diagram

of the bridge and amplifier 1s given in fig. 30C.

With this system, temperature stability of better than one millidegree
and a time constant less than one second is obtained below 10°K. At higher
temperatures, when the sensitivity of the carbon thermometer is decreasing rapidly,
a stebility of several millidegrees and a time constant incressingto tens of seconds‘
at 20°K is found, With the heater and thermometer both on the reservoir, the
feedback system was found to be free from oscillation at all temneratures,

The four L) s.W.g. copper wires connecting the temperature controlk r with
the heater and carbon thermometer are brousglh up through the pumping tube of the
interspace between the reservoir shield and the outer can, and brought out through
a hole in a rubber bung at the top of this pumping tube, a vacuum seal heing made
with blakk wax., They are thermally anchored at AQK, and are spiralled between

the outer can and the reservoir, to reduce the heat leak to the reservolr,

5,9 Vacuun System

The following pumping facilities are required in the running of the cryostat.

1) The gas pressure must be reduced to less than 10"7 mm Hg in the space
around the specimen and the space between the reservoir and the outer can, to
maintain effective thermal isolation between them,

2) Efficient pumping of the liquid helium in the reservoir is required

to reach as low a temperature as possikle,

b
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3) Provision must be made for initially punping the gas thermometer with
e diffusion pump, before filling with helium gas.

4) The helium dewar rust be evacuated and filled with helium exchange
gas before cooling the cryostat, to prevent water vapour or alr from solidifying
on the needle valve, or in any of the constrictions in the tubes leading to the
reservoir,

5) The interspace between the double walls of the helium dewar must be
evacuated with a rotary pump before each run.

6) The pressure in the vacuum side of the manometers must be less than
0,01 mm Hg.

| The first four facilities are provided by a 1SC 150 Edwards rotary pump,

and a 2FL Edwards Diffusion pump, and the last two by a 15C 50 Edwards rotary
pump. A schematic diagram of the arrangement of the pumps, t aps and pumping tubes
is shown in Fig. 29.

The pumping ines from each of the vacuum interspaces in the cryostat
pass through the top plete and into " Edwards taps. The three lines then connect
into a common menifold, and go via a 1" flexible coupling to 1" B.5.P. copper pipe,
By opening or closing the relcvant taps, this point can be connected either to
the diffusion pump or the backing pump. The gs thermometer can be evacuated via
a tap which s2lso connects into the manifold. The tap has a very smell volume to
reduce the dead space correction for ths gas thermometer, and provides a comnecting
point far the 1 mm bore german silver tube coming from the gas thermometer, and
2 mn bore stainless steel tube connecting it to the constant volume m8nometer,

The reservoir puiping line passes through the top plate, into a 1" valve,

via a 1" flexible coupling, to cither the diffusion pump or the backing pump.
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However, as it was never possible to reduce the pressure of the liguid helium
in the reservoir below 0,3 mm Hg, the facility for pumping the liquid with the
diffusion pump was not used, To provide a fine control on the pumping speed,
when pumping the reserv-ir, & %" bore needle valve is connected across the main
1" tap connecting the reservoir pumping line to the backing pump,

A further connection, through a 1" tap and a 1" flexible coupling, is rede
to the heliun dewer. This c&nnection is made into the side of the brass cylinder
connecting the glass dewar and the top brass plate,

It is of'ten necessary to pump on the vacuum interspaces with the diffusion
pump, and at the same time pump on the reservoir with the backing pump. As this
would -normally lead to too high a backing pressure for the diffusion pump, the
backing side of the diffusion pump can be isolated from the backing pump, and be
connected into a five litre reservoir., It is found to be possible, under normal
conditions, to leave the diffusion pump connected to this reservoir for at least
an hour before the pressure rises above 0,1 mm, which is the maximum allowed
backing pressure for the 2F4 diffusion pump.

The backing pressure is .. measured with a Pirani M6A gauge head, and
control unit, type 2A, , and the high vacuum is measured with an Edwards Jonisation
geuge head type IG2, and a Iion Electronics type 1075D control unit. The gauge
heed is situated in the 1" pumping line betﬁeen the diffusion punp and the mani-
fold, and for several reasons, can be relied on to zive only a vough indication
of the pressure in the interspaces, The main contribution to the ionisation gauge
reading comes from the volatile vapour given off by the walls of the pumping
tube. These condense with a negligable vapour pressure in the low temperature

region of the cryostet, and do not contribute to the heat leak from t:c specimen
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to the reservoir shield a between the reservoir shield and outer can, this
being determined only by the pressure of helium present. The helium pressure
inereases between the diffusion pump and the manifold, but in the situation
when the mean free path of the molecules is large compared with the diameter
of the pumping tube, the pressure is lower in the loy temperature interspace
than at the top of the pumping tube by & factor of ,\['iff’ where Tr is the room
temperature, and T is the temperature of the interspace. These considerations
make it very difficult to estimate the pressure in the interspaces, but fortus
nately such a knowledge is not essential for accurate specific heat measure-~
ments, From the measured drif't rates of the specimen temperature it may be

7

presuned that the pressure round the specimen is less than 10" mm Hg when

the ‘emperature is below 1°K,

5,10 Yenometers

The vapour pressure of the liquid in the reservoir is measured with
two monometers, a mercury manometer for the pressure range 7 cm Hg to 100 enm
Hg, amd an oil manometer containing butyl pthalate for the range 0 - 7 cm
Heg (equals 0 to 90 em butyl pthalate).

The mercury manometer is in the form of a U-tube, 100 em long and
prepared from 0,8 cm bore glass tubing, The oil manometer is the same length,
ard is rade from 0,5 cn bore glass tubing, One arm of each ménometer is connecte
through a %" tap (connected to the gless rmuoiiter by " bore polythene tubing)
to the awdilliary vacuun system, and is pumped to approximately 10-'2 mm Hg.

The other arm is conrected to the system whose pressure is to be measured,
also through a " tap. The pressure in the two arms of the rmanometer can be

equalised by means of a further I* taps, A similar pair of manometers were
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provided to measure the pressure of the helium in the helium dewar.

The constant volume rgnometer, used with the gas thermometer, is
shown in fig, 30A. It consists of a long arm (100 cm in length, 1 cm bore)
which is connected to the auxilliary vacuum system, arnd a short arm, also
1 cm dia,, and sbout 4 cm in length which is connected via a vertical length
of glags tubing 105 cm long, 0.6 mm bore, along 73 cm of 2 mm bore stainless
steel tubing, into 90 cm of 1 mm bore german silver tubing, and into the gas
thermometer., The short arm is set into the top of a bulb whose volume is
about 80 cc, and the long arm is set into the side of the bulb, at the bottom.
For any given pressure in the thermometer bulb, mercury can be brougltto a
fixed level in the short tube, (thus defining the constant volume of the system)
by displacing it from a mercury reservoir with a piston operated by a screw.
The pressure in the gs thermometer is then given by the difference in levelg
of the mercury in the two arms, The mercury reservoir is a stainless steel
cylinder with a stainless steel piston sealed with two rubber "O0" rings and
is conmected to the glass system with 3" dia, polythene tubing, The maxirum
valupe of the reservoir is 170 cec, such that it can hold all of the mercury
required to fill the glass bulb anil the long arm of the manometer,

A metal pointer sealed in the short arm defines the fixed level, the
mercury level being raised until it Jjust makes electrical contact with the
netal pointer, the resistance between the pointer and the mercury being detected
with a Model 8 Avo on the high resistence renge. With vacuum in Doth arms
of the manometer, the level of the mercury in the long arm is measured when
the mercury in the short arm just touches the pointer. As this level hag
been found to be reprodicable to # 0.05 mm Hg in meny pressure measurements,

the value is subtracted from the height of mercury in the long arm when some



187.
other pressure is being measured, and the level of mercury in the shart arm

does not have to be measured,

The glass bulb ' removes the possibility of the level of mercury on the
side of the shart arm being depressed below the bottom of the long arm, with
the risk of losing gas from the gas thermometer, The glass bulb therefare has
to contain enough mercury to £ill the long arm to a level of at least 76 cm,
The length of 0,6 rm bore glass tubing set into the top of +the short srm is
to prevent nercury from being forced into the capillary tubing and from

there into the gas thermometer bulb if the pressure on the vacuum side of the
nanome ter should inadvertantly rise to atmospheric pressure when the gas
thernometer pressure is very lowe

The five manometers are all mounted on the same wooden panel, and with
them their associated %" taps. The liquid levels in the manometers were all
neasured with one single steel rule, mounted vertically in the centre of the
panel, using a horizontal slide, the slide being set to the level of the
menispus, amd the heigh being read off on the rule to the nearest O.1 mm using
a vernier attached to the slide., The arrangement is shown in Fig 30B. The
perspex slide is rigidly attached to two roller vearings, one above the other,
and spaced 8" apart. These slide on a 3/8" dia. ground steel rod, (rod 4),
which is mounted vertically between V-blocks rigidly fixed to the top and
bottom of one side face of a seasoned wooden block 40" in length and 2
scuare cross section, which is itself mounted vertically on the panel. The
wopden block has its two side faces mil’ed flat and parallel and the steel
rule is mounted vertica’ly on the front face. On the opposite side of the

wooden block to the first steel rod, and para’lel to it, is fixed a second
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3/8 " dia ground steel rod (rod B), rigidly screwed to the side of the wooden
block, A brass block, 3" in length with a vertical 3/8" dia hole drilled
through it, and cut away sothab only about two thirds of the hole remeins, can
slide on rod B, The block is also split in a vertical plane so that the ’cwd
halves cen be clamped on to the steel rod by tightening akurl ended brass
screw, The brass block is bolted on to the perspex slide, and together
with the roller bearings on rod A forms 2 rigid three point fixing for the
slide. Rod A, carrying the roller bearings, can bend, but is prevented from
doing so by the presence of the bress clamp on rod 3, The clamp itself has
only a short bearing length on rod A, but this is increased considerably by
the presence of the two roller bearings on rod B, and angular rocking
movenents in a vert;cal plane are not detecteble., Thus the accuracy of the
neasuring systen is aetermined by the straightness and rigidity of rod B,
The straightness of the rod was tested after being fixed to the wood by laying
it on the table of a wmilling machine, and measuring the gap with feeler gauges,
At no point was it nore than 0,010 inches, and this was not found to have
increased on recheck.ing some months later,

The slide consists of two shaped perspex sheets, one passing behind,
andl one in front of the raiometers, and bolted together at several points
along their length, The top edge of the front one is ground to a knife edge,
and is then polished smooth and flat, (the flatness was tested with feeler
gauges and found to be better than 0.002" over the entire length). To enable
the liquid level to be seen most clearly, a black background was found to
be most satisfactory for both the oil and rercury manometers, with illumination

from above, This is achieved in the following vay. A pilece of specklly
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prepared plastic sheet, which consists of a black plastic covering over

a white plaster of paris base, is cut to a rectangle 1%“ high by 2" long,
A sharp horizontal white line, 1 mm wide, is obteined by milling through
the plastic cover 6" below the top edge. The strip is then connected on
to the back perspex strip, with the horizoniel whiteline at the same level
as the top edge of the front perspex sheet. The top of the white line, and
the top of the front perspex sheet form the two fiducial lines necessary
to determine the level of the liguid 1 - without errors due to parallax.
One such black strip is fized behind each raaometer, and the illuminztion
is provided by a piece of vhite card fixed to the back of the slide, pro-
Jecting three inches above the top of the black strips.

The front edge is adjusted to be horizontal with a spirit level,
and the fixing screws are tightened., The black strips are then ccmented
in place, the top edge of the white line being lined up by eye with the top
edge of the front perspex sheet. The accurec y of alignment can be checked
by measuring the liquid levels in both arms of each monometer, when the t2p
which equalises the pressure in the two sides is opened, and checking that
they are the same., Repeated measurements on these levels showed that they
are the same, withim:0;1 mua,

The great advantage of the measuring system described cbove is the
speed with which measurements can be made, because of the clarity with
which the liquid level can be seen, and the ease with which the rule and
vernier can be read - this is a considersble advantage when a large number

of calibration points have to be taken.
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The main disadventage is the inherent inaccuracies of such a mechanical
system duc to slack in the bearing surfaces, and lack of straighiness in the
guide rod B, ZErrors due to the slide not being horizontal or the back and front
fiducial lines being not guite parallel, are unimportant, as they will not
alter with the position of the slide, and can therefore be measured when the
pressures in the two arms are equal, and allowed for in other pressuwre differenc
As mentioned above, these errors have been measured, and were not greater than
0.1 rm,

The amount of play in the roller bearingsam the ¥ ground steel rod,
as claimed by the manufacturers, is 0,0003", and no vertical rocking movement
of the ends of the slide could be deteoted, and were certainly less than 0, lrm.
Non straightness of the guide rod is 2 more serious source of error as it is
difficult to detect., If the slide mekes an angle ?_ . with the horizon'tarl
when measuring the liquid level in cne arm, and 92 vhen measuring the level
in the other arm, the error in the neasurenent will be (61 - 62 )2 where £ is
the mean distance of the nanometer from the scale. As the measured maxinun
bend in the rod was 0,01", and the bearing length is 8", 6 can never be greater
than ‘Q'ég']"* » and as € is 5" for the reservoir mercury menometer, 23" far the
reservoir oil menometer, and 2" for the constant volume manometer, the error
could not exceed O,1 mms As 6 will only vary slowly with height, the error
introduced when measuring small differences in pressure, when the effect
would be most severe, is quite negligable,

The sensitivity of the mercury manometer is 0.8 mm/mdeg when the
vepour pressurc is,80 om Hg, and epoit 016 nm/mdeg. when. the prossure i
7 o Hge A% this.point,” the 0il nondmeter. can be used, end its density. .

(12,94 times smaller then that of mercury) can be checked by making
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simultaneous measurerents of the oil manometer and mercury manoneter readings
far several pressures., The sensitivity of the oil manometer at a pressure of
7 cm Hg is thus 2 mm/hdeg, and it has failen to 0,1 mm/mdeg when the pressure
is 1,2 mm Hg, and the temperature is I.BOK. Thus using the two manometers,
the temperature may be estimated to within 1 mdeg., over the entire temperature
range 1.30 to A.ZOK, if the level difference can be reliably cstimated to 041
mi, Repeated measurements off the same pressure lead to values which have a
scatter of Iless than + 0.1 mn, and systematic errors should not exceed this
value, especially when the level difference is small,

The mercury level in the long arm of the constant volume manoneter can
be read to + 0.1 nm, and the fixed level is assumed to reuain constant, its
value being known to #+ 0.05 mm. If a £illing pressure of 8 cm Hg at APK
is used, the sensitivity of the thermometer is approxinmately constant at
2cn Hg/gK. The temperaturc can therefore be estimated to # Smdeg. Then
caelibrating the gas thermometer against the vapour pressure of the ligquid
in the reservoir betveen 3°K and LQK, the difference in the calculated tempera-]
turesare found to be consistant with the estirnted gas thermometer corrections,

and have a scatter of between 5 to 10 ndeg,

511 Neasurement of the Resistance of the Specimen Resistance Thernometer

The change intemperature of the specimen as a function of time is
calculated fron the observed changes in potential across the carbon resistance
thermoneter when a known current is passing through it. The change

in temperature during the heating period is
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about ¥ of the mean temperature, corresponiding to a change in vol?ags of about
10% at 1°K and 1% at 20°K, As it is desired to measure the change in tempera-
ture with an accuracy of 0,1%, the reasuring circuit must be capable of
measuring changes of the order of 10_5 times the total voltage.

The current through the carbon resistor is limited by the joule heat
generated in the resistor, which, because of the poor.thermal conductivity
of the carbon granules, leads {0 a rise in temperature of +the resistor core,
and a conseguent lowering of its resistance. A4s the resistance increases
very rapidly, and the thermal conductivity decreases, as the temperature is
reduced, the effect is more acute at the lowest temperatures, but using an
empirical formula due to Berman121, vhich relates the temperature rise to
the power dissipated, it can be shown that the rise in temperature is always
less than 0,3 mdeg 4if the voltage across the resistor is less than 10 nv,
The voltage across the resistor does not exceed 10 mv in practise., The
voltage discrimination of the deteciing circult therefore hasgs to be of the
order of 1 pv at 1°K, and 0.1 pv at 20°K.

The redistsnce is measured potentiometrically, requiring two current
and tvo polential leads to the carbon resistor. The potential is backed
off with a Tinsley 4025 potentiometer on its most sensitive range (0-10 mv
in 1 pv steps), and the small difference voltage is amplified by a Keithley
type 149 D,C, amplifier, and the output is displayed on a Honeywell Brown
10 v potentiometric chart recorder. TFullscale deflection of 10" on the
chart recorder may bz chosen to be 10 pv, 30 pv, 100 pv, 300 v or 1 mv Dy
an aporopriate setting<i‘asensitivity switeh on the Keithley anmplifier,

The most sensitive range could not always be used for two reasons. At the
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lowest tempesatures, where the sensitivity of the thermometer is greatest,
typical drift rates of 0,1 mdeg /sec meke it impracticable to use a more
sensitive range than the 100 uv range (fu&l scale -deflection on this renge
at 1.3°K is sbout 4 mdeg).

The second factor liniting the maeximum usable sensitivity is the

clogtrical noise superinposed upon the output signal., The Keithly amplifier
incorporates a riechenical chopper operated at 100 ¢/s, and has a 10 ¢/s
bandwidth. The second hermonic of all mains frequency pick up does not
average to zero as do all other frequencies above 10 ¢/s, but appears as
noise at the ovtput. Pick up at this freguency may be considerable,; and
strenmucus efforts have to be made to reduce It as far as possible by using
screencd leads, end certhing the screening, votentiometer case, and the
chassis of the unit supplying the current to the thermometer, to a cormon
point on the top plate of the cryostat, Nomof the leads to the resistance
thermometer is earthed as to do so is found to increase the pick up consider-
ably, OScreening is provided in the cryostat by the stainless steel punping
tube through which the wires pass., These measurcs provide good elcctrostatic
screening, but afford little protection ageinst varying magnetic fields,
The effects of these fields are minimised by twisting the wires together
where possible to reduce the loop area. Other sousces of noise, such as
Johnson noise and nolse generated in tha amplifier are nuch smaller than
the electrostatic and magnetic pick up.

It was found that the ncise level was roughly proportional to the
registance of the carbon resistar, and could not be:reduced below 0,5 R pv,

where R is in k ohms, that is, about 5 pv at l.BOK and 0,1 pv at ngK.
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As the resistance of the thermometer decreases very rapidly with
increasing temperature, the thermometer current has to be increased to meintain
sensitivity. Thus, whenever the voltage ecross the resistor falls below about
3 nmv, the current is increased to bring the voltage up to 10 mv. The thernmo-
meter currents used are approximately 0,3 pi between 1.1° and 1,39K, 0.9 pA
between 1.30 and 1.99K, 3 pA bvetween 1=9O end 2090K, 8 A between 2.90 and
4.9K, 22 pA between 4.9°K and 9.2°%, and 45 pA sbove 9.2°K.

These currents are provided by switching appropriete resistors in
series with & 1,34 volt Mallory mercury cell, and the resistance thermoneter,
The circuit is shown in Fig, 31A, This cell was c hosen beceause of its large
capacity, around 1 amp zowr, and its long termn voltage stebility. The
current through the resistor is found by measuring the voltage across & 14,510
ohn wire wound resistor which is also in series with the thermometer. The
voltage is taken to the second pair of input terminzls on the potentiomcter,
and can be measured to five significant figures with the aid of the Keithley
an-lifier,

Thermal wvoltages in the voltage leads are eliminated by switching off
the thermoneter current and backing off any residual voltage with a backing
off control incorparated into the D.C. amplifier, Uncorrected but constant
thermal voltages of up to 1 puv are unimportant, as they would lead to an
error in the dbsolute temperature of less then 1 mdege. If the thermal voltage
should vary by nmore than 0,1 pv during the heating period of the specific
heat measuremcnt (typically of the order of 25 secs) it would introduce a
significant error into the measurement of AT, but under normal conditions it

was seldoaz found to vary by more than one tenth of this amount,
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The gain and linearity of the amplifier-recorder system for different
amplifier sensitivity ranges has %o be measured at regular intervals,
usually before and after the series of specific heat measurements, by changing
the potentiometer setting by known amounts, and measuring the change in
reading of the pen recorder, The pen recorder automatically readjusts its
gain every ten minutes, and this varies by up to 1%, The gain of the system
is also non~linear by up to 1%, but using the method of measurement to be
described below, the errors introduced into AT by errors in the amplifier~
recorder system never exceed 0.1%, and aré generally far less than this

value,.

5.12 Specimen Heater Current Supply

With a specimen heater resistance of 4250 ohm:, heater currents of
between 20 A and 2 mA.s are required to provide a heating rate of between
1 mdg/sec and 10 mdeg/sec in a specimen of one mole, in the temperature
range 1o to 2001{. The current must also be constant to within 1 in 10°
during the heating period of between 20 and 30 secs. The circuit providing
this current is shown in fig, 31B, Six Mallory cells, connected in series,
proviée a wltage of approximately 8 volts, The current is controlled by
two variable resistors in series with the cells, giving course and fine
controls, The current can be switched from a dummy lead %o the heater
resistor with one pair of contacts of a two pole two way togyle switch.

The second pair of contacts are uged to switch the Leybold electric clock
which measures the time for which the current is flowing.

The electric clock is driven by a mains operated synchronous motor,
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and is started and stopped by a clutch operated by a relay energised by
current flowing in the switching circuit. The clock is graduated in 10
msec, intervals, and when calibrated against a crystal controlled electronic
timer, was found to be in error by up to 20 msecs, for time intervals
less than 10 secs, increasing to 50 msecs for time inbervals bf about 100
msecs. These variations are made up of switching delays and variations
in mains frequency. As these would not introduce errors of more than about
+ 0.1% in a typical heating time (20 - 30 secs), the clock was considered
to be adequate., Differences betwsen the times when the two pairs of
contacts of *he toggle switch close was also checked with the crystal
controlled timer, and were found to be of the order of 5 to 10 msecs.

The potential across the heater resistor is measured with a second
Tinsley 4025 potentiometer, the outbalance being detected with a Tinsley
type 4500 galvonometer (5Q 34mm/wA). The voltage across a standard 100 ohm
resistor (accuracy 0.1%) in series with the heater current is measured
with the same potentiometer, and determines the magnitude of the heater
current,

As the potentials across the heater resistor and 100 ohm standard
are never less than 100 mv and 2.5 nv respectively, it was considered
unnecessary to include a reversing switeh in the current and potential
leads to illiminate thermal voltages, as these are unlikely to exceed
ipv, The heater current and voltage are therefore measured to four

significant figures, with an error of + 1 in the last figure,

5.13 Measuring Proceedure

The following is a brief account of the proceedure adopted during the
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measureme nt of the specific heat of 2 speecimen in the temperature range ZI..,3o
to 20°K,

The specimen, which has been turned to size, polished, and carefully
weighed, is inserted into the specimen holder, and the clamping screws are
tightened, and then retig:itened after a f‘eiv hours, The reservoir shield is
soldered to the reservoir, and the outer can to its top cap using low melting
point solder, and the system is checked for leaks with a helium leak detector,
The helium and nitrogen dewars are mounted, anl the vacuum interspace of the
heliun dewar is evacuated with the auxilliary pump, and is then shut off,

The helium dewar is pumped out and filled with helium exchange gas atv atmo~

spheric pressure., The space between the reservoir and outer can, (the outer
space), is pumped, a small pressure (about lmm Hg) of helium exchange gas is
let in and the space isshut off. The space afound the specimen (the inner
space) is then pumped with the diffusion pump backed by the helium leak
detector, and the mechaiical heat switeh is closed. Iiquid Nitrogen is poured
into +the Nitrogen dewar, and the cryostat is allowed to cool over night -
the Jouter can and reservoir being cooled by conduction through the exchange
gas, and the specimen by conduction through the mechanical switch, Any leak
appearing in the inner space at low temperatures will let in helium, which
will be detected by the leak detector.

Vhen the entire system is at liquid nitrogen temperatures, the helium
exchange gas in the outer vacuum space can be pumped away, (having first shut
off the inner space pumping line) and the two vacuum spaces are then pumped
to a high vacuum with the diffusion pump, At no time befcre the specific

heat measurements are completed is any helium gas allowed into the space
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round the specimen because of the difficulty in removing it at low temperatures.
The sensitivity of the amplifier-recorder system is measured at this stage,

The helium transfer syphon, one arm of which is dipped into the
liquid helium storage vessel, is lowered into the helium dewar and the "O"
ring seal is tightened %o provide a gas tight seal on to the transfer tube,
The reservoir is pumped with a backing pump, and the needle valve is opened,
The helium dewar is closed off, and as the pressure in the dewar falls, (the
gas is being punmped away through the needle valve) liquid helium is drawn
through the transfer syphon. On leaving the transfer tube at the bottom of
the dewar, the liquid evaporates and the cold gas cools the outer can and the
dewar walls as it rises, The cold gas is then pumped through the reservoin,
which is also cooled, and leaves by the reservoir pumping line, This method
of transfer removes the need far helium exchange gas in the outer vacuum space,
with a consequent reduction in the time required to reach the lowest tempera-
tures and commence measurements, As the reservoir cools, the gas thermometer
is cooled through the thermal short to the reservoir, and the specimen is
cooled through the mechanical heat switch,

After transferring for about fifty minutes, liquid helium is observed
in the bottom of the dewar, and if the speed of transfer has been carefully
conirolled the reservoir and specimen quickly reach A.ZQK. The needle valve
is closed, and the dewar is opened to the helium gas balloon. Iore liquid
helium is now transferred by closing off the boil off line of the storage
vessel and pumping with the rubber bladder sealed into its necke. This is

continued until the outer can of the cryostat is covered with liquid to a
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depth of about 15 cm, when it contains about 1,5 litres of liguid helium;

The transfer syphon can now be removed, and the op of the transfer tube sealed
off, Approximately 3 to 3,5 litres of helium are used in the transfer, so
that aporoximately 1.8 litres of liquid are required to cool the cryostat
from 77K to 4°K,

The needle valve is agein opened, and helium is allowed into the reservair ”
to a depth of sbout 3 cm, the amount being estimated from the fall in level
in the dewar. The needle valve is shut, and the reservoir pumped with the
maximum pumping speed available, The temperature of the reservoir falls to
about I.ZOK, and af'ter about 15 mins,, the specimen is at its lowest tempera-
ture, and the mechanical switch is opened., This must be done very carefully,
as excessive vibration may raise the temperature of the specimen very consider-
ably, The temperature rise is usually found to be between 10 and 20 mdegs,

The specimen is now at its lowest temperature, and thermally isolated, and
specific heat measurements may be commenced immediately,

The thermometer current is set at 0.3 pd, and the voltage across the
thermometer is backed off with the potentiometer until the difference voltage
is less than the full scale deflection of the pen recorder using the maximum
convenient amplifier sensitivity (usually the 100 uV range at this temperature),
The slow variation of the recorder trace with time corresponds to the tempera-
ture drift of the specimen, Under these initial conditions, the temperature
is rising at a rate of about 10_2 mdeg/sec, even though the shield surrounding
it is colder than the specimen, because of vibration heating of about 0.5 erg/sec.

It is this temperature drift, and the noise level on the signal that limit the
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maximum usable sensitivity of the amplifier.

The recorder trace of a fypical specific hcat measurement is shown
in Figs 32 A, and the corresponding variation of temperature is shown in
Fig 32 B (the temperature firifts befare and after the heat having been

greatly exaggerated for clarity).

Fig, 32

The temperature drift is recorded for two to three minutes (1) and
then the heater current is turned on (2). The voltage on the potentiometer
is reduced by a predetermined amount (3), (an amouni: orresponding to a change

in temperature AT of 3% of the mean temperature), T his voltage change will
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be between 10 ard 100 times full scale deflection on the pen recorder and
the dircction of the unbalanced voliage will be equivalent to a chart reading
well below the bottom of the chart., As the specimen temperature rises, the
unbalanced voltage rapldly decreases, and when this is again within the range
of the pen recorder, the heater current is switched off (4), and the tempera-
ture of the specimen again drifts slowly for a further three minutes, ready
for the next heat.

The megnitude of the hesater current is chosen to give the desired
temperabure change in 20 to 30 secs., this being the ninimun time in which
the heater current or voltage can be conveniently measured, and which also
allows the extrapolation of the temperature drifts before and after the
heat, which are rnecessary to estimate AT, to be made with confidence. The
heater current (or voltage), the time of duration of the heat, and the thermo-
neter potential reading Dbefore andl after the heat, are recorded.

This sprocedure is repeated until the thermometer potential falls
below 3 mv, when the current is increased to bring the potewntial back
to 10 mv. As the temperature rises, and the resistance falls, the noise
level glso fells, Also as the temperature increments traversed . during the
apvroximately constant heating period are increasing, the drift rate becomss
a smaller fraction of the hcating rate. These two factors enable the more
sensitive ranges of the ampiifier to be used, and compensate for the decreasing
sensitivity of the thermometer., As full scale deflection on the recorder
corresponds to between F5 aml 10% of the voltage change during the heat,
any errors in the calculated resistance change, due to inaccuracies in the

sensitivity of the amplifier-recorder systcem are reduced by the same factor,
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As the specific heat is increasing with temperature, and the temperature
increment is also increasing, the heater current has to be increased cvery
five or six heats to kecp the heating time within 20 to 30 secs. Only the
heater current or the heater voltage are measured in any one heat, first one
and then the othur being mcasured Tor scveral consecutive heats, so that the
hecater resistance, which only varies very slowly with temperaturc, cen be
checked,

When the temperature reaches about 2.20K, the heat conducted along
the leads and through the residusl gas to the reservoir shield just balances
the vibration heating, and the temperature drift rate falls to zero., At
about 3K, the drift rate has increased sufficiently to necessitate increasing
the temperature of the reservoir to about B.SQK. headjustment of the
reservoir temperature is nccessary every degree or so around AQK, and every
two or three degrecs between 10 and ZOOK.

After between 90 and 100 heats, the temperature of the specimen hes
reached ZOQK. The sensitivity of the amplifier-recorder system is again
checked, The first part of the experiment has now been completed, and it
reriains to calibrate the thermometer against the vapour pressure of the liquid
helium in the reservoir in the tempcrature range 1.3 to 4.20K, and against

the gas thermometer between AQK and ZSQK.

5.1 Thermometer Calibration (i) Below k42K

The temperature of the liquid in the reservoir can be found from a
measurement of its vapour pressure, Providing that the reservoir liquid and

the resistance thermometer are at the same temperature, the temperature
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corresponding to the particular value of the resistance of the thermometer
can be determined.

The reservoir is refilled with helium to a depth of about 2cm., Pure

helium gas that has boiled off from the liguid in the dewar is let into

the gas thermometer to & pressure of about 8cm Hg at l}.oK. The mechanical
heat switech is closed, and helium exchsnge.gas at approximately 0.05 mm Hg
pregssure is let into the inner space round the specimen., This is to ensure
that the temperatures of the specimen and reservoir are the same. That
this is the case 1s suggested by the very rapid response of the specimen thermo-
meter to changes in the reservoir temperature, though it would be hard to
detect small, constant, differerces in temperatm"e' be tween the two,

The reservoir is warmed to about l}..OoK’ and is very gently pumped.

This prevents the formation of a hot surface layer; and provides favourable
conditions for the mixing of the liguid by convection currents. By carefully
adjusting the pumping speed of the needle valve, amd watching the changes
in temperature of the specimen thermometer on the recorder, the temperature
can be brought to an almost constant value. When the temperature has
remained constant to within 0.5 mdeg for several minutes, the vapour pressure
is measured on the manometer, and the specimen thermometer voltage and
current are noted. The gas thermometer pressure is also determined for all
measuremznt s down to about 2.501{, to calibrate the gas thermometer. The
reservoir is then pumped down to = slightly lower temperature, and the
pumping speed is readjusted to stsbilise the temperature, apvroximately

fifteen minutes being required to obtain sufficiently stable conditions
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and to take the uecessary readings. Two complete sets of readings are taken
at each temperature. This is repeated about fifteen times in the temperature
range 4.20 to 1.3°K. The temperature stabiliser is not used below 40K when
calibrating the thermometer because of the danger of setiting up unknown
teperature gradients in the liquid and the reservoir walls,

When the pressure is down to about 7 cm Hg, the o0il manometer may .
be used, the level differcnce being about 90 cm at this pressure, For
three or four calibration points between 7 cm Hg and 4 cm Hg, both the oil
and the mercury ma8nometers are measured to check the density of the oil
with the valve found previously using a density bottly. It becomes extremely
difficult to obtain accurate calibration points below about l.h?K using
the vapour pressure of Helium L, as the pressure change with temperature

is falling repidly, and thermcmolecular pressure corrections rapidly increase

with further decrease in temperature,

(ii) Between 4 K and 25°K

Heving obtained the calibration points below hPK, the liquid helium
in the reservoir is pumped away, and the temperature controller is set
to stabilise the temperature of the reservoir at about 4.5°K, The reservoir
temperature stabilises very rapidly, but the specimen may take up to severai
minutes to come into equilibrium with the reservoir. When the thermometer
voltage is steble, the voltage and current are recorded and the gas thermo-
meter pressure is measured, This is repeated twice at each temperature,.
About fifteen such calibration points are taken in the temperature range

L°K to 25°%.
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5,15 Errors in the Celibration Points (i) Below L,2°K

Tor calibration points below ).1_.201{., the helium vapour pressure measured
in the manometer is compared with the "1958 Helium Vapour Pressure Scale"
to obtain the temperature T, To obtain more accurate values of the tempera-
ture, certain corrections must be applicd, The 1958 temperature scale
assumes & mercury column at ODC, and must therefore be corrected for the
lower density of mercury at the ambient temperature of the column, If
this temperature is ZI.I.OC, the correction decreases from & value of 4 mdeg

at 40K and is negligable below loK, the correction being subtracted from
Te This correction is shown in fig. 33A.

The second correction is that for the tuermomolecular pressure
differcnce between the high and low temperature ends of the pressure sensing
tube, and is important when the mean frec path of the molecules becomes
comparable with the diameter of the tube, In the extreme case when the

mean free path is long compared with the diameter, the ratio of the pressures

: . P
at each end is given by _hot = [Thot . For intermediate cases,
P NT
1,3 cold cold P
Roberts and Sydoriak have given numerical values of =22t iy terms of the

P cold

parameter %E » Where R is the radius of the tube. A graph of the correction

to be apnlied to the temperature calculated from P ot is shown in fig 33A

h
far a sensing tube of 2 mm bore.

A further source of error in the temperature comes from the increase
in temperature with depth below the liquid surface due to the increase in

hydrostatic pressure. Theestimation of this correction is difficult, as

its maximum value is reduced by the instability of such a temperature gradient,



208,

and turbulance in the liquid, amd also by the presence of the copper walls
of the reservoir., It is most severe just above the A point (2.20K), when

it can have a maximum value of about 2 mdeg/cm of liquid helium, Because

of the large surface area and small depth (around 1 cm) of the liquid in

the reservoir, and as the liquid is being continually pumped, it is conszidered
that the coniitions are most favourable for good mixing of the liquid, and
therefare this correction is ignored, Below the A point the liquid becomes
superfluid, and cannot support a temperature gradicnt, and therefore the
correction is zero. There is also a further sor ce of ercor to be considered
below the N point, Superfluid helium flows up the sensing tube, boils, and
refluxes back into the reservoir, setting up a pressure gradient in the
sensing tube. Roberts and Sydoriak have concluded that this correction

is negligeble.sgbove lOK.

Random errors of approximetely + 0,1 mm in the measurement of the
liquid levels in the manometers lead to érrors of approximately + 0.1 mdeg
at 4.501{, to + 0.6 mdeg at 2.L;.OK using the mercury ranometer, and from 0,05
mieg at 2,&.01{ to 1 mdeg at 1.30K to 7 mdeg at l.OOK with the oil ranometer.
Incomplete mixing of the liquid, especially serious near ]-*--ZOK, where the
pumping rate to maintain a constant temperature is very low, may lead to
temperature variations of one ortwo millidegrees., A final source of error
is the 1958 temperature scale itself, The resistarce o the thermometer is
measured to better than 1 part in 10)+, vhich gives an equivalent error in
temperature of less than 0,2 mdeg throughout the range.

One may therefore hope to measwre the temperature in a calibration
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measureme nt between l.4 and 4.201( to within a millidgree of two. That the

random errors do not exceed this value is supported by the scatter of the

calibration points from the calibration curve,

Fig 33
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(11) Above 427K

In this region the “temperature is calculated firom the gas thermometer
pressuwre, To a {irst approximotion the pressure p of the gas in a constant
volume gas haermometer, is proportional to its temperature, and the pressure
at one knomtemperature is sufficient +o establish the pressure-temperature
scale, In practise two corrections have to be applied to take account of the
non-lincarityy of the system -~ the imperfect gas correction and the dead space
correction,
Helium is not a perfect gas, and exhibits increasing departures from Charlesd
Law (p o T) a* low temperatures and high pressures. The gas thermometer
pressure p, is measuredat a knam temperature To (the temperature is measured
from the vapour pressure of the liquid in the reservoir at say, lI.OK') and
other temperatures T at higher pressures p are calculated assuming a linear
relation T=p§'§' o+ The method of evaluating the correction AT to be applied to
T because of tlo nonr-flali¥y of the helium is given in Appendix 3 , and it is
fourd to be proportional to the filling pressure for low presswres, TFor the
filling presswe used (pO =8 cm Hg at T = L,.OK, ie %‘% = 0.5) the correction
increases from zero at T = To = l;.oK to 0.l|.5°K at ZOOK, and is to be subtracted
from the calculated temperature, This correction is known with a confidence
of about 10%, and is shown for To = 0.5 in Fig. 33B.

The dead space correctioioarises from the finite mass of gas in the
pressure sensing tube and mwnometer, vhich is at a temperature differentd

from that of the bulb. This correction is calculated in Appendix 3, and is

shown in Fig. 33B, The calculation assumes a knowledge of the temperature
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distribution along the sensing tube, and as this is not known with any
real assurance within the cryostat, it is estim ted that this correction may
be in eror by + 15% of its magnitude. The magnitude of the correction varies
from zero at T=To ~ 4K, to about 0.17°K at 20%K, and has to be added to the
calculated temperature, Unlike the first correction, it is independent of
the filling pressure of the thermometer. A further .ccrrection is that for

the thérmomolecular pressure difference along the pressure sensing tube., If

To =
po
0.1 mdeg at BOK, and falls at higher temperatures, and is therefore igrorad.

0.5, and for a 1 mm bore sensing tube this correction is approximately

The random measuring error of +0,1 mm Hg'is:equﬂvalont to ra random
temperature error of + 5 mdeg if'%% = 0,5, However since the pressure P,
is used to calculate the sensitivity, any error in‘go will result in a
systematic error increased by a factox'%g at a higher temperature T, Thus
there is an uncertainty of + 25 mdeg at 20°K from this source, This error
is reduced by taking five or six gas thermometer-vapour pressure thermometer
calibration points betwesen 4.2OK and 2.59K, calculating § for each, plotting
against T for each point. From this plot the value of‘g at APK is taken to
be the value %% in calculating the higher temperature points. The variation
of T/p with T affords an opportunity to check the estimated correction curves
in this range. Satisfactory agreement is found within the experimental error,

The resistance of the thermometer is measured with an accuracy corre-
sponding to 0.2 mdeg at 4°K, and less than 5 mdeg at 20°K.

The rather large correction to be applied to the calculated temperature

OT
could be reduced by a factor of approximately five, ( Egﬁé ), if the gas
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thermometer could be calibrated against the vapour pressure of liquid
Hydrogen at ZOOK. Unfortumately such a facility is not available in this
cryostat thouzh it is hoped to add a hydérogen vapour pressure bulb at a later
stage., The non ideal gas correction has been chevked by ealibrating the carbon
resistor against the gas therworetr using a filling pressure of ZJT% = 0,5,
and repeating the calibration with a filling pressure of To = 1 (in the same
low temperature run). From the differences in calculatedpgempefatwe corre-
sponding to the same resistance, ( and therefore, presumably, the same true
temperature) the temperature correction due the non-ideality of the gas can
be estimated, It was found to be in satisfactory agreement with the calculated
curve, T he dead space correction can only be checked hg.calibrating against
a. known high temperature,

Thus the mgnitule of the corrections t be applied assuming a £illing
pressure of «g—g- = 0,5 at }.;.OK, vary between + 0.0}.;.o * 0.0loK at 3°K, zero at

1%, to 0.29° + 0.07°K at 20%K, with a random error of 0,005°K,

5,16 The Calibretion Curve

It has been demonstrated on many occasions that the temperature

dependence of an Allen Bradley resistor can be well described by a function

F&E =a +a logR
0 o 1

Such a function has been found to fit the calibration points of the

of thef arm

present resistor to better than 1% in the temperature range 1.30 to }+.2°K,

and also in the range 2.5 to 25°K, and to better than 2% over the entire range
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1.3 o 25K,
The systematic deviation from the above curve can be removed almost

entirely by including two more terms in the formula, giving

\/M—Iﬁ =a +a logR+a (logRP +a (logr)® + . « 561
T 0 1 P 3
The problem remains to find the most sstisfactory criteria for choosing
the coefficients ai‘, As the error in any particular calibretion point arises
almost entirely from tﬁe measurerent of T, R will be assumed to be known
exactly.
Choosing the coefficients to minimise the R.i.5. deviation of T from
the value predicted by eq.51, would not be very satisfactory in fitting a
curve over the entire range 1.3 to 2501{, for the following reasons, The
temperature measurement s in the range L,.o to 2501{ have a flar greater random
scatter than those below l..oK, and this criterion would lead to a calibration
curve which deviated from the low temperature points by an amount for larger
than their actual errarse The criterion would lead +to a f.oactional error
in Ty which increased as the tcmperature is reduced. It is thercfore preferable
to minimise the R,i1.S. fractional deviations Q%’ where 8T is the deviation
of a calibration point from the calibration curve. Although this would probably
be the most satisfactory criterion, considerable simplification in the compu-
tation of the coefficients can be effected if mean square devietions in the

. e

quanti‘ty\/-l%-g are minimised, These deviations are of the fonn\/-}-%%& ST
T

and are thercfore the fractional deviations weighted by a slowly decreasing
function of T which still further decreases the influence of errors in the

high temperature points,
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Thus wm‘c::.ng\}:z- as y and log R as x, the polynomial

Yy =a + a z+ a £ + a 2® is determined which is the best fit to the
points ;yi, xi subject tot he condition that %_3 (yi -y)? is a minimum. This
computation is performed on an Elliott 803 computer using the Elliott
Library Programme 803 Y2, In the discussion of the results of particular
runs, the R.l.5. deviation of the quan‘ti‘by\@m is quoted. This may be
cenvorted to a fractional deviation in T by multiplying this quantity by a
factor increasing from 1 at 1.30K to L at 2OOK. The fractional deviation in
tle temperature is of the arder of 0,1%

The calculation of AT in each specific heat measurement involves,
effectively, the multiplicetion of AR, the change in resistance during a
heat, by the gradient of the calibration curve __@g « Under certain circum-
stances the gradient of acwve which fits all othhe calibration points with
considerable accuracy mey deviate quite considerably from the gradient of the
true calilration curve. Tbis would be the case if the mnumber of terms in
the polynomial were comparable to the numbwar of calibration points, and this
situstion is therefore to be avoided, It may also be the case at the ends
of the temperature range, and errors of up to 1% in the estimation of AT,
anl therefore of the specific heat, are to be expected within about 10% of

the temperature of the extremal calibration points.

5.17 Calculation of the Specific Heat

The heat capacity Q(T) of the specimen + addenda is calculated from

either of the two equations,
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1t

e

]

(1) = 1 R(T)

AT RH(T) AT

.ni.oc“..502

where RH(T) is the resistance of the specimen heater, t is the heating time,
i is the leatar current erd V is the heater voltage.
If QA(T) is the heat capacity of the addenda at temperature T, the

specific heat C per mole of a specimen of N moles, is given by

¢ = Q1) - Q(T)

N

The quantities T and AT are computed from the resistanceof the thermometer
before and after the heat, using the calibration polynomial described zbove,
Because of the rapidly varying sensitivity of the thermometer, AT cannot be
found by simply multiplying the change in resistance by the gradient of the
R-T curve, The temperatures befare and after the heat have to be calculated
separately, and subtracted to find AT, To find AT to three significant figures,
the resistances must be measured, and the temperatures computed, to five signi-
ficant figures. To reduce the considerable labour involved in these and
subsequent calculations, a programme has been developed for use with an Elliott
803 computer which allows +the specific heat to be computed given the
recessary information obtzined in the run. An outline of the stages of this
calculation will now be given, ard the detailed programme is given in

Appendix 4. »

Fig. 32 B shows the variation of temperature with time during a heat,
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Befare and after the heat, the drift rate depends only on the heat leak to the
specimen from the s urrourdings., During the heating period, the heat reaching
the -pecimen is equal to the power dissipated in the heater plus the heat lekk
from the surroundings, which willvary over the duration of the heat because
of the increesing temperature of the specimen. It may be shown that if the
temperature drifts befare and after the heat are small, ard vary as a lirear
furction of the temperature of the specimen, and if the specific heat of the
specimen does not vary significantly over the temperature range T to THAT, |
then the effects of the heat leaking from the surroundings may be eliminated
by taking AT = Tz - T1 s the temperatuwres found by extrapolating the temperaturs
drifts before and after to a time half way through the heat, rather than taking
AT = Tai -Til, ‘the actual temperature increase during the heat,

The resistarce R1 at the point Pi(oorresponding to T ) is found from

the relation

where Vd. is the potentiometer reading (uv) before the heat, s is the
sensitivity in puV/inch of the amplifier-recorder system for the particular
range in use, and d1 is the recorder deflection in inches of the point P:.'

Vi is the voltage in millivolts across the standard resistor R &) - in the
i

thermometer current circuit, (thus NES is the thermometer current in pa), \g_

i
is a slowly varying function of V1 for any given range, varying by about

0.5% as A changos from-10 to-Jm:ASV_ is only measured a2t the beginning and
i
erd of the series of measurecments using the particuler thermometer current range,

its value at any particular value of V1 is found from
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V.=V (1-7vV )
* 10 e
+ v
[+

where V_ is the voltage of the cell providing the current (1e34v) ana Vs

is the value of Vl when V1= 0 (found by extrapolating the measured values
of Vi to V1=O). Thus for & given heat, only the valuwe V;, need be known,

and is common to 2ll hecats in the given owrent range.

R is calculated in a similar manner from
2

R =V - sd R,

where V2 is the potentiometer reading af"ter the heat, Using the calibration

formula, CF.‘1 and C[“"l » and thus the quantities T = El‘1 + CF.‘2 and AT = CF.‘2 --T:L may
2

be cealculated,

The resistence o the heater RH(T) increases approximately linearly with

temperature, and can be represented approximatcly by the function
RH (T) = R 4R T
1 2

over the entire range 1° to SOOOK, Ri teking values between 4122 and 4128 ohms
for different runs, and Rﬁ1 being approximtely 0.3 ohms/o K, Thus over
the range 10 to ZOOK, the resistance changes by less than 04Zh., With the
calculated value of T, RH(T) can be determined and with the values of i (or
V), t and AT, the heat capacity can be computed.
The heat capacity of the addenda is presented as a six constant

polynomial in T, of the form



218,

QA="~1 T+AQ '.T.a + eene +-&L6 16,

and its value is calculated at the temperature of the heat, and is subtracted
from the total heat capacity to give the heat capicit& of the specimen,
Dividing by N gives the specific heat per mole, C of the specimen, Since in
this study it is the excess specific heat AC due to the magnetic impurities whi
is of interest, the specific heat Co of the pure metal (also presented din the
form of a pc.;olynomial in T) is calculated at the Temperatuwre T, and is subtr._actea
from C to glve AC,.
Thus in the calculation of the specific heat, the following information
must be provided vhich is common to each heat,
1) Number of moles of specimen N,
2) Thermometer calibration eurve,
3) Ry and R,
4) Addenda polynomial
5) Pure mztal polynomial.
Far cach heat the following information is required,

S, ;» ¥, d, v;, d,V ori, t.

From these. ¢ quantitiss, the following information is printed out for
each hcat

T .T-" C C/T C-Co C-~Go
2 1 =T
5+18 Summary of Errors
Uncertainty in the temperature arises almost entirely from errors in

the calibration curve, as an error in tle rcasurement of the resistance of
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the +thermometer will not introduce an error greater then 0,01%. As scen
above, errors in the calilretion curve may arise from three sources, =

random errors in the manometer pressure measurements (less than + 1 mdeg
between 1.4  ard 4,2°K, + 5 mdeg above 4.2°K), uncertainties in the carrections
(less than + 1 mdeg between 1.4° and la..QOK, increasing to + 10 mdeg at 5%
anmd & 70 mdeg at 20°K). Thirdly there is the inability of o polynomial of the
form discussed ebove to represent the true calibrationcurve., The devietion
varies between 1 mdeg at 1.401{ and 50 mdeg at QOOK, though allowance  can

be mrde for this where recessery., Thus the accumulated errors in T incroase
from + 2 mdeg at 1.5°K, + 20 mdeg at 502{, to 1 100 mdeg at QOOK.

Randcm errors in AT may arise from the uncertainties in the resistance

befare and after the heats The values of the quantities d.i, 6.2 can be rcad

to 0,01 inches, with an associated error of less than 0,01%, but these mey
dif'fer from the true valwes of 4 by & significant amount. At the 16&-:;381:
temperaturéds the large noise level on the signal mekes extrapolation of the
drift difficult. This noise voltage may be as much of 0.5% of the voltage
change during thc heat, and AT mey therefarc be in error by up to 0.3%%, For
the higher temperature points the noise level is about 0.]%. of the voltage
clenge, and AT can be estimated to slightly better than this amount, The
sensitivity of the amplifier-recorder system varies by up to 1% over several
hours, and this may introduce a maximum error of 0e1% if 61 end dg

diffor by. a whole chart width, but as d:L and da are usually réther close together
the eror will be smaller than this value, As the potentiometer iS only changed
in units of 100uv, and these units are calibrated with an accuracy of

0,01%, the errors introduced by the potentiometer in AT can not be greater
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than 0,05%, Thus random errors of 0,3% at 1.5°K, decreasing to 0,1% at

2OQK are expected in AT,
As discussed @bove, a rather Ilarge systematic error can be introduced
because of thc differences betweenthe gradient of the polynomial amd the
true calibration curve. This error may be as great as 1%, near the ends of
the range,s It can be allowed for in the following way. The deviations between
the calibration points andi the calculated calibration curve are plotted egainst
temperature, A smooth curve is drawn through any systematic deviation of these
points, Such a curve will generally have as many zeros as the arder o the
polynomial , AT is then multiplied by & factor equal to one plus the gradient
of this curve, to give the cofrected value aof AT,
Errors in the quantities i and V, and therefare also RH(T), are less
than 0,01%, and the random error in T is of the order of 0.1%,
There is & further systematic error in thwe heat capacity calculated fom
edfn2, as Q(T) is infact an average value over the temperature range AT, This

differs from the truc heat capacity at the temperature T =T, + T, by an

amount 2

AQel &9 (arp
21, Tﬁ'*g

Far a metal whose specific heat varies as

Q:A’J.‘+:B'.T.."a

Ag = ger (am? (%f
Q 24.(4 + BTB) b

%_2[‘_ is approximately 1/30 for every heat, and the systematic error introduced
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is therefore less than 0.03%, and is themefore ignored,

Thus combining the various sourccs of error, and eliminatingAthe;
systematic error introduced by the calibration curve where necessany,‘random
errors of approximtely 0.4% at 1.4 K decreasing to 0.2% at 20K are
expected in tle heat capacity. The temperature may in the error by 0T

below AQK, increasing to 0,5% at ZOQK.



222,
CHAPTER 6

EXPIRIMENTAL, RESULTS

6.1 Introduction

The specific heats of several dilute magnetic alloys have been
measured in the temperature range 1.30 to 20°K. These fall into three
groups.

A, Cu, Cu 0.6% Fe, Cu, Au 0.6% Fe, Cu Au 0,6% Fe, Cu Aug 0.6% Fe,

3

Au 0.6% Fe, Cu 0.6% Fe 0,1% Mn
B. Rh, Rh 0,5% Fe
Co P4 0.19% Fe

The specific heat of the addenda was also measured.

A, It has been suggested by Ma::d::ln.lz2 that the anomalous specific heat of
systems exhibiting a resistance minimum only, such as Cu Fe, show a different
concentration and temperature dependence to those systems, such as Cu Mn and
Au Fe, which exhibit both a low temperature minimum and maximum, In
particular it was suggested that the temperature of the maximum inthe specific
heat is independent of concentration in the first group, and proportional
to wneentration in the second group, whilst at very low temperatures AS/T is
concentration dependent in the first group, and concentration independent
in the second gfoup. This conclusion was based on the specific heat

7

measurements of Franck Manchester and dartin’'™ on the Cu Fe system, and

73 76

those of Zimmermen and Hoare'~ and of du Chatenier'™ on Cu Mn alloys. It

was suspected that the magnetic ordering in the two systems differed in a
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significant way, and that this lead +to the differing resistive behaviour.
To test this hypothesis, it was decided that measurements should be made
of the specific heat and resistivity of a series of copper-~gold alloys
containing a fixed amount of iron, to determine whether the appearancge of
a resistance maximum with increasing gold concentration was accompanied by
a change in character of the specific heat anomaly, To this end specifie
heat measurements were made on the following alloys. Cu 0,6% Fe, CujAu 0.6% Fe,

Cu Au 0.6% Fe, Cu Au, 0.6% Fe and Au 0,6% Fe. The specific heat of pure

3
Cu was also measured to increasethe significane of the Cu 0.6% Fe results and as
a check on the accuracy of the measuring technique. The specific heat of a
Cu 0.6% Fe 0.1% Mn specimen was measured to investigate the effect of a

small amount of Mn (which itself gives rise to a resistance meximum in Cu)

on the ordering of the Fe atons,

B. Coles has observed remarkable behaviour in the resistivity of diluge
Rh Fe elloys at low temperatures (section 1.9), His results, shown in

Fig, 2(C), show that the excess resistance decreases monatonically below
about 50°K, tending to a value ot 0°K of about one third of its high tempera-—
ture value. The relative excess resistance ( that is AR(T) ) is independent
of concentration at all temperatures. The low temperafirg magnetoresistance
is positive, and this, together with the concentration independence of the
relative excess resistance, arc unusual in systems of localised magnetic
moments ordering in internal field;, The specific heat of Rh 0. 5% Fe

was therefore measured to throw light on this unusual system. As no reliable

measurements over an extended temperature range are available for pure Rh,
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tho specifiio heat of Rh was also measured,

C. The magnetic properties of Pd containing sﬁéil anounts of 1st row

123 124

trgnsition metals have been investigated by Gerstéﬁberg s Crangle™ ',

Clogstoﬁ45, and Bozorth25. They observe long range ferromagnetic ordering

in Pd ccntaining (apparently) any finite amount of Fe, even though Pd

itself 1s paramagetic, and observe a saturation moment per Fe atom of around

12 Hpe Such large moments have been accounted for by assuing that the
neighbouring Pd atcms are polarised by the Fe impurity, and that their moments
add to that of the Fe atoms It was ccnsidered that the excess entropy of

a dilute P4 Fe alloy at the Curie temperature might yield a value for the

spin of the Fe~Pd complex, and might give evidence for the possible dissociation
of the P4 and Fe atoms at the Curie temperature, IlMeasurements were therefore
made of the specific heat of a Pd 0.19% Fe alloy. During the course of

126

these measurements Veal and Rayne published the results of measurements

of the specific heat of a series of dilute Pd Fe alloys.

6, 2 Preparation of Specimens

The Cu 0.6% Fe, Cughu 0.6% Fe, Cu Au 0,6% Fe, Cu Au, 0.6% Fe,

3
Au 0,6% Fe and Cu 0.6% Fe 0,1% Mn specimens were prepared by Johnson

Matthey and Co, They were all cast, swaged, annealed at 850°C, and quenched
in water to prevent precipitation of the iron, and to ensure complete disorder
in the ternary alloys.

No metallographic examinations of the specimens were made to determine

the state of - ; solution of the Fe, and as the concentration of Fe in the
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Cu 0.6% Fe alloys is considerably in excess of the room temperature solubility
limit, the actual amount of Fe in solid solution is in sowme doubt, No great
difficulty is found in producing wire specimens with this quantity of Fe in
solution, but the rate of cooling during guenching is very much longer for
large specific heat specimens (3/4" dia x 1" long) than is possible for thin
wires, giving a greatly increased danger of precipitation. The large entropy
found for the Cu 0,6% Fe sample, (slightly larger than that round for the
Au 0.6% Fe sample) suggests that most, if not all, of the Fe is in sclution
in the Cufe alloy. The Au 0.6% Fe alloy. is well withinm the room temperature
solubility 1imit, so that precipitation of Fe in this alloy is unlikely., The
50lubility of Fe in binary Cu~Au alloys has not been measured, but again the
specific heat anomaly for these alloys suggests that most of the iron is in
s0lid solutilon.

The results of chemical analysis of the Fe content is given with the
description of individual runs, but this does not differentiate between
Fe in and out of solution, As samples for analysis are taken from one part
of the specimen only, variation in Fe concentration over the volume of the
alloy is not known, The exact proportions of Cu and Au in the ternary
copper-gold-iron alloys were not determined by chemical analysis., AsS a com~
parison of specifiic heat and resistance measurements are made on the same
specimen, this is not of importancenroviding the alloys are completely
disordered,

The purc¢ Rh specimen, and the Rh 0.5 Pe specimen were kindly loaned
by the International Nickel Co (liond) Ltd., The Rh 0.5/ Fe specimen was

nelted in a high frequency induction furnace, forged, and annealed at 1100°K.
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Quonching was not considered necessary because of the high selubility of
Fe in Rh,

The Pd 0,19% Fe specimen was prepared by melting existing Pd Fe arc
melted buttons with extra Pd in an induction furnace. The Fe concentration
was estimated from the known concentrations of Fe in the buttons, and fronm
the amount of Pd added., This specimen was not quenched or ammsaled, but
precipitation or inhomogeneity are not expected because of the high solubility
of Fe in Pd, and because of the use of an induction furnace to melt the
specimen (this technique provides good mixing of the components). I am
indepted to lMr. J. Tibble, " MHetallurgy Department, Imperial College, for
his assistance in preparing this specimen,

A1l specimens were turned, (or ground in the case of the Rh and Rh
0.5% Fe alloys) into cylinders0.75" dia., and aporoximately 1* in length,

They were then polished and cleaned.

6.3 Errors

Sources of random and systematic error have been discussed in detail
in section 5.8 Random errors in C arise mainly from errors in AT, and decrease
from about 0.4% at 1.5°K to 0.2% at 20°K, The rendom error in T is negligable.
Systematic errors in T increase from 0,1% for T = 4°K, to 0.5% at 20°K,
Systematic errors in C, due almost entirely to systematic errorsin AT of up
to 1% arising from errors in the slope of the calibration curve, have been

partially corrected. Other sources of error are negligables
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6.4 Addenda
A plot of Q/T against Tz, where @ is the heat capacity of the addenda,

is shown in Fig. 34A, This was one of the earliest runs, and some difficulty
was experienced with the calibration of the carbon thermometer. As the
calibration in later experiments was found to vary by only a few tenths of
one per cent from run to run, the calibration obtained in the GuBAu 0e6% Fe
run was used to calculate the addenda specific heat. This calibration was
used as it corresponded most closely to those addenda calibration points
in which conf'idence could be placed, The error introduced in this way is
not expected to be more than one or two per cent, and as the heat capacity
of the addenda is never more than 8% of the total for addenda plus specimen,
and is generally mucd less, this will not introduce an error into the specific
heat of the specimen of more than 0.2%.

The polynomial

9 = 2,400 x 1072 4 5,617 x 157 T2 ~ 8.656 x 107 T - 1.356 x 100 T
T .
+ b5k x 10° 17 ni/ k"

was found to fit the addenda specific heat results to within 2%, For the
reasons given above, this will introduce a maximum error of about 0.2%
into g specific heat measurement, though the error will usually be smaller

than this.

60 5 Pure Cu

The specific heat of 0,785 moles of copper was measured between

1.4°K and ZOOK. The copper contained as its main impurity 0.002% Fe,
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Bixteen calibration points were taken between 1.3°K and A@ZOK, and a

further sixteen between h.2°K and 23°K.

to the polynomial | log R

curve,

\/azog R
. T

The R.}Y.8,., deviationd meamred values of
curve was 0.5 x 10

at 1.5°K and 2.2 x 10"

T

)
3

3

a=0

at 23°K.

A least

log R from this calibration
T

squares it of the points

» corresponding to a fractional deviation §T of 0,7 x 10
T

b ay (1ogeR)l gave the following calibration

= «2,164 + 0.6561 log R - 0.02880 (log R)2 + 0,001491 (log 3)3

3

The experimental values for (/T against T2 in the temperature range

1.4° to 4.5°K are shown in Fig.

to a straight line give

¥y = 0.706 + ,006 mj/mole
The errors represent 95%

analysis, and include an estimated systematic error.

o)

354,

K

ezﬂlli—o}ilnl OK

A least squares fit of these points

confidence limits from the least squares

These values may be

compared with other recent measurements of the specific heat of Cu.

This work
Cdrak134(1955)
RaynsT22(1957)

Vea1136

(1962)
Franck74(l961)

Griffe1137(1957)

v nj/mole oK2

0. 706
0,688
0.687
0.692
0.697
0.691

Zimmerman73(1960) 0.690

du Chatenier! 2(1965) 0, 721

+

us
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i+

1+
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+ 009
+005

. 006

«010

8(0°K)
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343.8
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UL
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Bk

338.9

s

1.1
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+ 3

I+

-+

I+

0.8
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The velue of 8(0) is in good agreement with that found by other
workers, The dlightly higher value found for ¥ may be due to the small smount
of Fe present in the sample,

Assuning a value of vy = 0.706 m,j/moleoK2 a value of § can be conmputed
for each specific heat measurement. The variation of 9 with temperature
in the range 1.5 - 20°K is shown in Fig. 3B, The results are in close
agreement with those of Franck Manchester and Martin74 below lloK, but differ
by about 1% from their value at 20K,

In order to compute the excess specific heat in the Cu 0.6% Fe and
Cu 0.6%Fe 0¢1% Mn specimens, the specific heat results for pure Cu were

fitted to a polynomial in T.

C = 7.29% x 107 - 2,350 x 1072 7 4 5,451 x 1072 7% - 1,030 x 107 T°
T
+ 8,101 x 10_5 TL - 6,147 x 10_7 T5 nj/mole oK2

The deviation of the points from this polynomial is never greater
than 0,5%, and is less than 0,%% above 4°K (where the excess specific heat
in the dilute alloy is only a small fraction of the tot&l specific heat),
The deviations may be almost entirely attributed to random scatter of the
points, except at the lowest temperatures, and very little error is introduced

by the use ofmanalytic expression for the specific heat of pure copper.

6.6 Cu 0.6% Fe
The specific heat of 0,997 moles of Cu 0.6% Fe was measured between

1.30 and 20°K, Chemical analysis showed that a one gram sample taken from

the specimen contained 0,56% Fe.
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Calibration points below 3.6°K were considered to be unreliable as
satisfactory equilibrium conditions could not be obtained. This behaviour
was traced to the presence of the adiadbatic shield, which prevented the
specimen and reservoir reaching the same temperature, in spite of the
presence of helium exchange gas between the specimen and adiabatic shield,
and adiabatie shield and reservoir shield, The adiabatic shield was
removed after this run and the thermal short (see section 5.5) connected
between the gas thermometer and reservoir. Bquilibrium between the specimen
and reservolr liquid was rapidly established in subsequent runs.

Above 3.,6%K, the calibration points were reliable, and twelve

calibration points were obtained between 3.6°K and 26°K., The R.M.S.

deviation of /log R from the calculated calibration curve is 0.4 x 10~3'

-\.; T

Values of C/T against Tz, calculated using this calibration curve, are shown
in fig, 36A, together with a curve for pure Cu.

A plot of /U against T is shown in fig., 36B, and A against T in
fig 37. The values have been obtained by subtracting frgm the total
specific heat of the Cu 0.6% Fe alloy the specific heat of Cu calculated
at- the particular temperature from the polynomial discussed in section
6.5. The results at temperatures between 3.60K and ZOOK have been
calculated using the Cu 0.6% Fe calibration curve. Below 5°K the results
are calculated using the CuBAu 0.,6% Fe calibration curve, This curve lies
within 2 mdeg of the reliable Cu 0.6% Fe calibration points botween 3.6%K
and 5°K, and within 4 mdeg of all other calibration curves in this tempera-
ture region, ..This spread between calibration curves does not increase

down to 1.30K, and the specific heat curve is therefore expected to be in
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error by not more than one or two per cent due to the use of this calibration
curve, In the temperature region 3.6°K to 5°K, where calculations using the
two calibration curves overlap, the calculated values differ by less than
1%. The use of the Cu calibration curve lowers the points shown in
figs. 36B and 37 by aporoximately 1% below 2°K, and by less than 0. 5%
botween 3° and LK. Tt therefore seems unlikely thet an error of more than
2% has been introduced into AC or £C by the use of the CuEAu 0.6 % Fe
calibration curve below 3.6°K. !

The dotted curve at the bottom of figs 36B and 37 represent 1% of
the total C or C/T for the Gu 0.6% Fe sample This is a guide to the possible
errors in /C resulting from accunulated errors in the specific heats of
Cu 0.6% Fe and Cu,

6.7 Cu, Au 0.6% Fe

)

The specific heat of 0,879 moles of CujAu 0.6% Fe was measured between

1.301{ and 20°K. Chemical analysis showed that a one gram sample taken from-
the specimen contained 0,61% Fe.
Fifteen calibration points were taken between 1, 30K and 24..2°K,

and a further sixteen between 4, 2°K and 23°K, The R.M.S. deviation of the

neausred values of \;L_o_gl} f‘r;om the calibration curve was 0.6 x 10-'3.
T
Fig., 38A shows a plot of C against T2 for this alloy. To determine
T
the excess specific heat due to the iron, a knowledge of the specific heat

of the solvent is required over the entire temperature range 1° - 20°%,

Unfortunately this information is not available for any of the binary
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coprer-gold alloys, but as the purpose of this series of measurements i3z %o
compare the shapes of the specific heat anomalies in these alloys, some
attempts must be made to estimate the specific huat of the solvents.

The specific heat of CujAu has been measured in the tenperature

127 ana by Montgomery (unpublished), who were

range 1° o 4K by Rayne
examining the effect of atomic ordering on the values of y and §. Rayne
found a value of ¥ = 0.66 mj/mole °K2 and @ = 2780K, whilst Montgomery found
v = 0.67 nj/mole °K2 and § = 268,6°K for the disordered alloy. The small
difference in y will only have the effect of raising or lowering AC Dy a
small anount, and will not alter its shape.s A value of 0,67 mj/ﬁogeoKz

has therefore been assumed,

The value chosen for @ has a ruch nore profound effect on the shape
of %Q » especially at higher temperatures when the lattice specific heat is
a large fraction of the total specific heat, and it is tharefore unfortunate
tha’ Rgyne and Montgomery found different values for @ between 1° and hpK.
Calculations of %ﬁ have been made based on both values, and the results
are shown as curves X and X' in fig 39A.

The teuperature dependence of € at higher temperatures has been
estimated in the following way, making the plausible assumption that the
general shape of the anomaly at hightemperatures is similar to that in other
dilute alloys.

If the excess specific heat is assumed to be zero at all temperatures
above 129K, a value of & can be obtained from each of the measured specific

heat values above 12°K, These values are shown in figs 40B as curve X

Ify on the other hand, the excess specific heat above 129K is essuned to be
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the same as that in the Cu 0.6% Fe alloy, this excess may be subtracted from
the total specific heat, and new vaiues of 8 celoulated for all points above
12°K, * These values of 6 are shown ag curve x;f in figs 40 B, which is seen
to lie slightly above Xy 9 corresponding to a slightly lower value of the lattice
specific heat. Curves X and xl' thepefore represent probable limits on the
values of § above 12°K, These curves lie signifieantly below the values
found for @ below APK, though the high temperature § is increasing with
decreasing tenperature in such a way that the regions can be joined by smooth

curves such as x, and Xaf.

2

The general form of these §~T curves is typical of many crystal
lattices, and is due to a low f requency peak‘in the phonon frequency
spectrun, Calculation of the frequency spectrum is difficult for a
diatomic lattice, especially when the alloy is disordered, and has not been
attempted for the disordered binary copper-gold systems, A4 minimum occurs
in the 8-T curve for Cu at around BOOK, and the depth of the minimum is
about 10% of 6(0), The minimum in the curve x = X, = ¥y is approximately
15% of §(0), and that for the curve xt - x,' - x;! is approxinately 1%
of 9(0).

Values of £C against T, calculated from these possible 8-T curves,
are shown in fig. §9A. From the two curves X—Xz, and X' - X2', which are
derived from the £-T curves x - Xys and x! - x2', the effects onlég of
uncertainties in § can be seen, The effect of quite a large error in g
at low temperatures (below BOK) is rather small, (the effect is of course

zero at T=0), and the shape of the anomaly ip this temperature region is

therefore quite reliable, Errors in @ have an effect which increases rapidly
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with increasing temperature, and at high temperatures the shape of the
anomaly is in considerable doubt, Some confidence can beplaced in the
maximun value of 3,5 to 3.6 mj/mole 0K2 in &6 at a temperature close to

T
3°K, and in the shape of the anomaly below this temperature,

6.8 GCuAu 0.6% Fe

The specific heat of 0,843 moles of Cu Au 0,6% Fe was measured between
1.39K and 20°K. Chenical analysis showed that a one gram sample taken fron
the specimen contained 0,6% Fe,

Thirteen calibration pCints were taken between 1.3° and A.2°K, and a
further fourieen between 4,2° and 239K. The R.M, S, deviation of the measured

values of [logR from the calibration curve was 0.76 x 10~5.

T
A plot of C/T against 22 for this alloy is shown in fig 38 B. The

temperature variation of 8 above 12°K for the solvent has been Baloulated in
the manner described in section 6,7, yielding curves ¥y and yi' in fig. L40B.

v has been taken arbitrarily as 0.71 mj/moleoKZ, the mean of the values for

Cu and Au, This assumption has a negligable effect on the shape of the A
T

curve. An increase in § with decreasing temperature is evident from these -
curves, and it is assumed that this is a result of a minimum in the g-T curve
of similar magnitude to that for pure copper. As no kxperimental values
for 8 below 4K are available, two values of §(0) have been chosen, 226°K
and 248°K, such that the depth = - v+ of the ninimum is 11% and 17%

for the two curves y! - y%L and y - e
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The values of A0 ageinst T calculated fron these p-T curves, are
T

shown in fig, 39 B, The specific heat curve ¥ = Yé derives from the §-T

ourve y - and the specific heat curve Y! - Y_! has been calculated from
y2$ P 2

the y' - y'2 & = T curve, The shape of the A0 curve at low temperatures
T
is seen to be little effected by the choice of §, but the results become

rapidly more uncertain with increasing temperature. The existance of a

maximum in the 4G ourve is again established, of a magnitude between 2.5
ot

L
and B.O-mj/moleOKz, and at a temperature between 2.5 and SQK.

6.9 Cu Au, 0.6% Fe

3

The specific heat of 0.760 moles of Cuhu,

between 1.3O and ZOOK. Chenical analysis showed that a one gran sample

0.6% Fe hag been measured.

taken frem the specimen contained 0.61% Fe,
Fourteencalibration points were measured between 1.30 and L,ZOK, and

a further eleven points between 4,20K and ZBqK. The R.l%. 8., deviation of

the measured values of \/39%45 from the calibration curve was 0.63 x 10"3.

A plot of C/T against Tz for this alloy is shown in Fig. 38C.
Assuming a value of ¥y = 0,73 mi/moleOKz, values of @ for the solvent have
been calculated for temperatures above 120K in the manner described in
section 6.7. This yields the curves 21 zl’ in fig. 40 B. § is not
increasing with decreasing temperature above 120K, but a close study of
the C/T against T2 curve shows that it must in fact do so at lower tempera=-
tures if the excess specific heat is to remain positive. Arbitrary values
of §(0) of 180°K and 188°K have Eeen assunmed, giving a depth of the

maximum of 5% and 10%, and smooth curves ok e and z'-zz'wzl' have been
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drawn to represent the variation of § with temperature,

Values of A against T based on these §-T curves are shown in fig. 39B,
curve Z - 22 beingTderived from curve z - 2, and curve Z!' - 22‘ fron z! - 3;2'.
The general behaviour below 2°K is probably significant provided & does not
vary in an unusual way below this tenperature, but the sensitivity of the
results to the value assumed for @ nake the values at higher temperatures
of little significance., Once more a maximum in AC is evident, the value at

T
the maximum being approximately 3.8 mj/moleoKz. It is not possible to decide

the temperature of the maxinum,

6.10 Au 0.6&Fe

The specific heat of 0,708 moles of Au 0.6% Fe has been measured
between 1.30K and 19°K, Chemical analysis showéd that a one gram sample
taken from the specimen contained 0.71% Fe.

Twelve calibration points were taken between 1.301{ and 4, 20K, and a
furcher ten between 4. 2°K and 220K. The R.}M.S. deviation of the measured

values ofJ log R from the computed calibration curve was 0,55 x 10"’3 o

T
A plot of C/T against 2% for this alloy is shown in fig, 41 A. The

.specific heat of the pure metal was not measured, and therefore to find
* the excess specific heat, values of the specific heat of pure gold found

- by other workers, must be used, Recent values are given below.
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Author Tempera‘ngI{‘e Range a3 /;'Kole‘“icz e(o) g(lo) e(20) e(so)
Corak-28(1955) 1 - 5 0.70 16k
Zinnerman >0(1962) 1 - 5 0. 7% 1646
du Chatenier96(1962) 1 - 30 Ou 74 165,2 165,2 167.0 169,8
N.B.S. 1 - 0.7k 165
Dreyf‘usw(l96h-) 1 - 4 0 7k 165

L0 against T is showmn in fig. 41 B and AC against T in fig, 42, 1In
T
calculating these results a value of ¥y = 0.74 mj/mole°K2 was assumed. Curve
A was found taking £ = 161;.01{, and curve B taking § = 1650K. The effect of

this small change in 8§ is seen to be marked at high temperatures, but does

not effect the results significantly below l;-oK.

A plot of £C against T for each of the alloys Cu 0.6% Fe, Cu3Au 0.6% Fe,
T

CuAu 0.6% Fe, Cuhuy

the anomalies in these systems can be compared.

0.6% Fe and Au 0.6% Fe is shown in fig. 40 4 so that

tee. o
-

6,11 Cu 0,6% Fe 0,1% Mn

" The specific heat of 0,960 moles of Cu 0,6% Fe 0.,1% Mn wes measured
between l.}oK and 20°K, Chemical analysis showed that a one gram sample
takel from the specimen contained 0,59 Fe and 0,10% Mn.

Fifteen calibration points were taken between l. 3° and l;..ZOK, and

a further fifteen between lh2°K and 230K. The R.}M.S. deviation of the

measured values of }105 R fronm the calibraticn curve was 0,60 x 10-3.
T
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A plot of C/T against T2 for this alloy is shown in fig 43A. The
curve for pum Cu is also shown, A plot of AC against T is shown in fig 43 B,
using the analytic expression for the specific heat of pure copper described
in section 6,5. Values of £ against T are shown in fig 44, and the Cu 0.56%

T
Fe results are included f ar comparison.

6.12 Rh

The specific heat of 0.653 moles of Rh was measured between 1,4° and
20°K. The specimen was expected to contain not more than 0,002% Fe impurity.
Eighteen calibraticn points were measured between 1.3°K and 4.2°K, and a
further sixteen between 4.2° and 230K. The R,#.S. deviation of the measured

values of { log R from the computed calibration curve was 0,77 x 10—3.
T

A plot of C/T againgt T2 is shown in Fig 454 for tenperawres below
6°K, and in Fig 45B for temperatures below 20°K. It is evident thatthis
plot is linear only between about l&-.50 and 80K, and in this region a value
of v = 4,66 mj/moleOK2 and § = 472K is obtained. The curvature observed
above 8°K nay be interpreted in terms of a rapid decrease in § with increasing
temperature, A »lot of § against T is shown in Fig 46A, 9 values being
taleculated from each of the specific heat values above 47K assuming a
value of y = L4.66 mj/mbleoKz. The curve at the bottom of Fig LOA marked
A = 1% shows the error in @ due to an error of 1% in the specific heat.,

° The . dincreasing departure of the results frcm a straight line as
the temperature is reduced below 4.50K is surprising and very difficult to

account for, The magnitude of the deviations, almost 5% at I,APK, are too

large to be accounted for by systematic errors in the calibration curve or
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in other measured quantities. The most obvious explanation is.that the
extra specific heat is due to magneticimpurities. A compatrison with the
¢/T against 'J'.‘2 curve for the Rh 0, %% Fe, fig. 46B, shows that if the magni-
tude of the excess specific heat at 2°K isproportional to the Fe concentration,
the extra specific heat in the Rh specimen could be acoounted for by the
presenceof 0,0%% Fe., This more than an order of magnitude larger than the
expected concentration of Fe,
It is possible that there is an unknown source of error in the nethod
of measurenment that manifests itself below ZFOK, but this seems unlikely as
the measurements on Rh were followed within two days by the measurements on
Cu, described above, which showed no such unusual behavicur, no changes having
been made in the apparatus or measuring technigue bctween the runs.
Alternatively the calibration may be in error below 4.5°K. This also
seems unlikely, as the calibration points fit the calibration curve for
Cu within 2 ndeg below 4., 20K, and the systematic deviations of the calibration
points from their respective calibration curves are almost identical for
the Rh and Cu runs,

The values of y and @ for Rh found by other workers are shown below .

Author v ni/mo1e’k>  8(0) £(10) 5(20) Tempera‘gltére Range
""~%‘1§ott129(1955) 49 478 478 425 1.2 - 20
Clusius0(1955) 4.2 512417 439 10 - 273
Budworth131(1960) 4,65 ,018 512417 2.5 = 4,2
This work 4,66 472 469 420 L5 ~ 20

It should be noted that if the low temperature increase in G/T is due

to magnetic impurities, the excess specific heat will not be zero above
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4, 501{, and tho values of § and ¥y given above will be slightly too large.

The following polynomial was found to it 42 randomly selected specific

heat values for pure Rh,

2 33 b ol

8 = 5,041 - 1,643 x 1wt 4,520 x 1072 7% - 2,496 x 10 ° T

T

+ 1.249 x 10
- 1.400 x 10_6 T5 mj/moleOK2

The R.M.S. deviation of the points from the polynomigl is 0,018
mj/moleoKz, corresponding to a fractional error of 0.35% below 5K, decreasing

to 0.12% at 20°K.

6.13 Rh 0,5% Fe
The specific heatof 0,629 moles of Rh 0,5% Fe was measuredibetween
1,30 and ZOOK. Ten calibration points were taken between 1.30 and A.ZOK,

and a furthereleven between A.ZOK and 26OK. The .M.S. deviation of the

measured values of flog R fron the computed calibration curve was 0.8 x 10—3.

7
A plot of G/T against 72 for this allcy is shown in fig, 46B,
- together with a smooOth curve representing the values for pure Rh.

The quantities X0 against T and /0 against T are shown in figs
475 and L47B, and have been obtained withTthe aid of the polynomial for the
Rh specific heat described in section 6,12, Curve A has been calculated
assuning that y = 4,66 mj/holeoKz, and £ isconstant at A720K below A‘SOK,

whilst curve B has been calculated from the measured specific heat values

for pure Rh below e 5%Ke
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6.1%4 Pd 0,19% Fe

The specific heat of 0,328 moles of Pd 0,19% Fe were neasured between
1. 30 and 170 K. Satisfactory equilibriun ccnditions were not obtained during
the thermometer calibration below BOK, and the calibration points are
unreliable below this temperature. The calibration curve was computed fronm
cleven calibration points betwoon 3.3°K and 20°K, with an R.M.S. deviation
of The neasured values of‘\/zg_? from the calibration curve of 0,15 x ZLO“3 .
This calibration curve has bzen used to compute the specific heat values
above 3,5°K. Below this temperature the CuiAu.O.Q% Fe calibration curve
was used to compute the results as it most closely fitted those Pd Fe
calibration points below 4K in which corfidense could be placed, For the
reasons outlined in section 6,6, this is not expected to introduce an error
of more than one or two per cent in the total specific heat,

A plot of G+ against T2 for this alloy is shown in fig, 48A. The
specific heat of 2ure Pd was not measured, and therefore to obtain the
excess specific heat due to the Fe, values of the specific heat of Pd

found by other workers nust be considered,

Author mj/ﬁgleoK? 5(0) Tenperature Range
Hoare and Yate3132(1957) 9431+ 05 2% + 3 Lo = 42
Veal and Rayne133(196:'+) 9ek2+ .02 273,64 Lok L4 - 4.2
Montgomery and Pells 9¢53+ «07 278.1+ 4,0 1.3 - 4.2
- Rayne quotes values of the specific huat of Pd between 4°K and

IOOOK, and these values are plotted as circles in fig, 48A. He also shows

a plot of @ against T in this temperature range. 8 is shown to be
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approxinately constant at about 277°k up to 25OK, and then to increase
slightly. Unfortunately these values of @ are not consistant with the
nunerical wlues of the specific heat quoted, which suggest that § has fallen
to a value of about 266°K at 139K and 1is then approximately constant. Because
of this uncertainty in the values of the specific heat of Pd above LK, the
following procedure has been adopted, The excess specific heat is assumed
to be zero above 1?OK, and a value of @ hasbamncomputed at that temperature
assuming that y = 9,42 mj/ﬁpleQKz, and is found to be 265,4°K, The straight
line in fig. 48A corresponds to the specific heat of Pd assuming that 8§ is
constant at that value.

Assuming these values for y and §, £C 1s plotted against T in fig
48 B, and AC is plotted against T in fig. 43. The discontinuity in these
eurves at 3.50K, by an amount of the order of 0.8% of the total specific
heaty arises fron the overlap of the two calibration curves., As a value
of § = 273.60K would seem to be more appropriate for temperatures below
ARK, the effect on.Q% and A0 of increasing @ fron 265.4° to 273.6° is

shown in curve A, The effect is seen to be small below 2°K, but increases

rapidly at higher temperatures.
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CHAPTER

INTERPRETATION OF  RESULTS

7«1 Introduction

The theories of Friedel, Anderson, Wolff and Clogston show that the
éxcess charge of an impurity may be screened by conduction electrons from
a relatively narrow energy range (or the order of 1 e,v. in width), and
these screening clectrons nmay therefore enhance the density of states
atthe Fermi surface, giving an enhanced electronic specific heat. As
discussed in secticnl.,16, the extra specific heat, which is linear in tempera-
ture, will be small compared with the specific heat of the pure nmetal, and
cannot account for the large anomalies observed with magnetic impurites.

. 108 139 140

Recent theories of Konda, Doniach and Nagaoka have shown that
the resistance mininum may result from spin dependent scattering fron
isolated magnetic impurites, in which the scattering probability of a
conduction electron increases rapidly as its momentum approaches the Fermi
momentum, Associated withthis increased scattering therewill be a rather
narrow peak in the density of states of the conduction electrons which nay
be centred about the Fermi energy, and which will give a contribution to the
specific heat which is linear in temperature as T -0, The magnitude of
this contribution is uncertain, but Nagaokalho estinates that for a 1%
alloy it may be only 10% of the electronic specific heat of the pure metal,
_As, on this model, the anomaly is due to non interacting magnetic impurities,
its magnitude will be proportional to concentration at all temperatures.

Thus although it may account for the finite value of fLas T -» 0, it
T

cannot account for the approximate. ' concentration independence of L0
T
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at low temperaturcs, or the increasing temporature of the maximum in the
specific heat with increasing concentration,

It therefore seens that the specific heat anomalies can only be
accounted for in terms of the interacticn between the impuritics and their
subsequent ordering at sufficiently low temperaturcs, As the entropy of
the anomaly is proportional to the concentration, within experimental
error, the degeneracy of each impurity state may be calculated, and a spin
vaelue obtained by assuning that the degeneracy is equal to 28 + 1. As
current theories (Anderson, Friedel) suggest that the magnetised impurity
state is a many electron state whose total spin may have any value between
0 and 5/2, and not only half integral values, it is not certain how far
this procedure is justified, In the absence of a theory capable of handling -
non half-integral spins, it is essential to assume that the degemeracy of

each impurity state is well defined., The shape of the specific heat ancmaly
can then be calculated using simple quantum statistics, for any given
distribution of local ficlds, and the resulting specific heat curve

compared with the experimental results. Thus although such an analysis nmay
not be justified, the specific heat anomalies will be considered in terms of
localised impurities with well defined degeneracies, ordering in a distribution

of internal fields represented by a P(H) curve,

Series A

7.2 Cu 0,6% Fe

%?.Vagainst T for this specimen is shown in fig. 37 and AC against T

in fig, 36B, and these curves arc compared with those of Franck Manchester
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and Martin'~ for more dilute Cu Fe alloys in figs. 9 and 10. The excess
specific heat initially increases appro;imtely linearly with temperature, and
rdaches a maximum at about 5.50K. I‘b‘blfion decreases very slowly with incrcasing
temperature, though the rate of decreasgab ove 10K is uncertafiln éiue o l‘bhe
increasing httice’.sisle'c‘if;'ic heat, The anomaly is therefore similar to those
found by Franck et a.17LF for lower concentration alloys, with the beginning of
the tTroad maximum occuring at a temperature which increascs with concentration.

Fige. 37 shows that AC may pass through a maximum at about 1,8 OK,
falling to a value at 1.3?1{?vmich is less than 1% lower than the value at the
maximum. The exis‘gg‘nce of'the maximum 1s by no means certein however, as the
specific heat my be"ﬁ‘i:h'erro;bj’r up to 2% below 356 K duc to uncertainties
in the thermometer calibration,

It is not possible 1o say from these measurements whether a concentrotion
irﬂ.epepdent region exists at very low temperatures (below O.AOK), but if so it
will occur over & very much smeller portion of the anomaly than the concentra-
tion independent region in the Mn alloys,

The increase in entropy between 1.30K. ard ZOOK is 28 + 2 mj/mole OK.

If AC is assumed to be constant below l.BOK the entropy at 1.3°K is
Ls2 x‘rrxj/moleoK, and a plausible extrapolation of the anomaly sbove 20°K
suggests that the entropy inarease above ZOOK is241 m,j/moleOK. The
total entropy associated with the anomaly is therefare 34 + 3 mj/moleoK
(:li"the estimted entropy bclow 1.301{ is not in error by more than 30%).
Assuming that the Fe concentration is 0,56% as found by chemical analysis
the spin per Fe atom is 0.5k + 0,07, and is therefare consistant with the

spin of ¥ found by Franck et al for their Cu 0,05, 0.1 and 0,2% Fe specimens,
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A AC against T curve las been calculated (dashed curve in fig 37)
assuming ag Fe spin of 12- and 2 rectangular, temperature independent P(H)
curve (fig, 37 inset) in which therc is a constent probability of locel fields
up to 182 Kg, ond zero probability of fields greater than this,. (A rectangular
P(H) cuve vhich is symmetrical sbout H=0, and with a2 value of P(0) half that
shown in fig. 37, will give an identical curve)s Deviation of thc experi-
mental points from this curve suggest that the high field cut off is not = sharp
as this, and the dotted P(H) curve (insct) is a morg likely distribution of

fields, The shepe of the specific heat curve above 1.301{ is insensitive to

details of the P(H) curve at very low He

7¢3 Au 0.6% Fe

A plot of AC against T is shown in fige 42 for this alloy, and AC against
T
T in figs 41B, and these are compared with the measurements of Dreyfus77 et al

and those of du Chatenier72

“on other Au Fe alloys in fig. 8. The excess specific
heat increases approximately linearly at low temperatures, and passes through
a maximum value at about 601{, end decreases at higher temperatures, Uncertainties
in the specific heat of purc gold, which increase rapidly above GOK, meke the
rate of decreasc dbove this temperature uncertain, but it is apparently rather
more repid then for the Cu 0,6% Fe alloy.

AC passcs through a pronounced mximum at 3.0 + O.ZOK, and at 1.30K

T
has a value approximately 10% lower than the value at the maximum, The measure-—

ments of Dreyfus77 et al for Au 0,2, 0,5 and 1.0% Fe alloys, and the present
measurements on the Au 0,6% Fe alloy show that the specific heat is almost

concentration independent at 1.3°K for these &lloys, and mey possibly approach



263

the curve of dqu Chatenier for a Au 0,092% Fe alloy at very low temperatures.

Assuming a linsar extrapolation of AC below 1.3 °K %o a velue of 2.65
mJ/moleOK at T=0, and a reasoncble extra poletl.on of the curves above 12 ;{
the entropy associated with the anomely (curve B, € = 165°%K for pure Au) is
3B+ Lk m3/mole®K, of which cbout 10% comes from the region below 1,3°K, and
o furtter 10% from the region above 12°K. TP the Fe concermtration is assumod
to be 0,71%, as found by the chemicel analysis of o one grom sample taken from
the specific heat specimen, then the walue of the spin per Fe atom is
0.41 & 0,09, If the concentration is taken to be 0.6% Fe, as the initial
proportions of Fe and Au used in the preparation of.the sample would suggest,
the spin wvelue per Fe atom is 0,50 + 0,08, The residual electrical resistance
of o scmple taken from the specimen indicated an Fe concentration of 0, 5%,
and therefare it is possible that there may be some inhomogeneity or precepi~
tation in this alloy. The entropy calculated assuming curve A (6 = 1640 for
pure Au) yields a spin value of 0,32 if the concentration is 0,71%, and 0,40
if the concentration is 0,6%. The results arc thercfore probably consistant
with a spin of' for the Fe atom.

The dashed curve in fig. 42 has been calculated assuming a concentration
of 0,6%, a spin of %, and the P(H) curve shown in fig. 42 (inset)., A pro-
nounced dip in the P(H) curve at low H is recessary to reproduce the

maximum in AC , though it is not possible to decide from measurements above

1.3°K whother P(0) is zero or fimite.

7ok Cu, Au 0,6% Fe, Culin 0,6% Fe and Cuy 066% Fe

AC against T for these alloys is showndinifigi'®. A and B, As discussed
T
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in section 6,7, the specific heat of the solvents were not mcasured, and errors
in the assumed lattice specific heats moke the shopes of these anomalies very
uncertain at high temperatures.

Date is aveilsble for the specific heat of Cu Au below 4°K, and
plausible assumption for the heat capncity of Gu8 Au above this temperature
allow the shape of the anomaly 1o be obtained with some confidence below
10°K, AC exhibits a maximum at about 3°K, and is 10% lower at 1,3°K than
at 3OK. TUncertainty in the shape of the anomaly at higher temperatures make
a2 calculation of o spin velue impossible, but the results are consistant with
a spin of -;— .

There 1s no data available on the specific heat of Culu or CuAu:a s, and
the situntion isaggravated by the rapidly increcasing lettice specific heat
with incrcasing gold concentration, The curves for AC against T for
Culu 0,6% Fe amnl Gu.Au3 0.6% Fe thorcfore have little si?grﬁ.ficance above BOK..
However the existance of & maximum in AC at a temperature between 2° and
5°K scems to be estsblished for both othhe se systems, as the lattice specific
heat is a very smell fraction of the total specific heat below 2OK, where
AC is incrcasing rapidly.

T
The AC against T curves far the copper-gold-iron series are

compared in gig. 404, The shape of the znomelies in Au 0,6% Fe and GuaAu 0,6%Fe
are very similar, with a meximum in AC ocouring at about BOK in each system,

and it is possible this is also true ‘f.n the Culu 0,6% Fe ard Cutu 0,6% Fe
anomalies, The mgnitude of _A_% at ‘the maximum expfessed in mj/mole’k? .

is 3.56 for Au 0.,6% Fe, 3,5 for Cu 4u 0,6% Fe, 2,7 for Cu Au 0,6% Fe and 3.8
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for GuAua 0.,6% Fe. The rather low value for Culu 0.6% Fe compared with those
for the other systems may suggest that there is less Fe in solution than the
value of 0,63% suggested by chemical analysis, ar alternatively that the dbtri-
bution of interncl fields is similar +to thet of the other alloys, but spreads
to higher fields, with a decrecased probability of lower fields,.

Tt is not possible to decide from the measurements whether the shape of
the anomaly in Cu 0,6% Fe is similar to that in Au 0,6%Fe, but vwith a maximum
occuring at a lower temperature (1.80K compared with SOK) s a whether the
shape of the curves differ significently at low temperatures, with AG approx-~
imtely constont below 1.3°K for Cu 0,6% Fe s and falling rapidly forI‘Au 0s6% Fe.
Bvidence in favour of the latter conclusion comes from the very ‘much stronger
concentration dependence of AC at 1,_’501{ in the Qu Fe system than in the gu Fe
system (see figs. 9 and 8), thus requiring ane xtremely rapid fall off of AC
at low temperatures for Cu Fe if a concentration independent region is to 'bg

reached., Measurcients are required to very much lower temperatures in both

systens before any definite conclusions can ber eached.

A plot of AC against T for this alloy is shown in fig. 44, $he Cu 0,6%Fe |
results being incguded for comperison. A maximum in AC occurs at sbout
3K, with e megnitude of 3,6 mj/mole’R® , which is aboutT’/% higher then the
velue et 1,3 K, The curve is thus very similar to that for Au 0,6% Fe
below about ll.oK. The difference in entropy between the Gu 0.6% Fe 0,1% Mn

and €u 0,67 Fe anomalies.is’ cofisistan® witha spin of 5/2 per Mn atom,
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AC against T far the Cu 0,6% Fe 0,1% Mn alloy is showm in fig. 43B,
The shape of this curve is similar to that for Cu 046% Fe, with a mximum at
about BOK, and a graducl decrease at higher temperatures., An interesting
featwe of this cwve is the sharp pedk at 110K which resembles a A anomaly,
The peak is much too sharp to be ther esult of inaccuracies in the calibration
curve, A possible explamation is thet some of the Fe has precipitated in the

¥ phase, and undergoes an antiferromegnetic transition et lloK.

7.6 Some Conclusions from the Specific Heat Results

The specific heat anomalies of dilubte magnetiec alloys do not resemble
the A anomalies typical of the disordering of spacially ordered ferro or
antiferromagnetic systems, in which the very rapid decrease in specific heat
above the maximum is the result of 2 very rapidly decreasing sublattice magneti-~
sation and molecular field with increasing temperature. Short range order
above the transition tomperature, in which large fields persist in smell
regions of the system, tends to brozden the peak, althougnh the rate of deorease
of the specific heat above the maximum is still very rapid. |

In dilute alloys, the random distribution of the impurities and the
alternating strength of the interaction with separation, lead +to a wide
range of internal fields which mey differ greatly in magnitude and direction
on neighbouring sites, It seems unlikely therefore, that there exists a
transition temperature, oreren a transition region, of the type normally
associated with a cooperatively ordering system, but rather that the magnitude
and distribution of the internal fields is essentizlly the same in the high

temperature magnetically disordered state, and the magnetically ordered state
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at low temperatures, in which the spins are lined up along their randomly
oriented local fields. Thus when a spin lines up in its locel field, the

crergy of the system is reduced mainly by the fall in energy of the given

spin, end not by 2 lowering of thc energy of neighbouring impurities through an
increase in the average internal field, as is the case for spacially ordered
magretic systems with well defined subletiicess The fact that the experimental
AC curves for Cu 0,6% Fe and Au 0,6% Fe (and those imnvestigated by other workers):
dgcrease less rapidly with increasing temperafure than curves calculated from

o temperature independent P(H) curve with a sharp cut off, is consistant with
this picture.

The finite value of AC at T=0, amd therefore of P(0), may be consistant
with an interaction of the R.I%Y. &pe for impurities of spin —12-. The spin
polarisation of the conduction electrons produced by spin dependent scattering
from a given impurity will always be parallel or antiparallel to the direction
of the impurity spin. A second impurity of spin -15 can only line up parallel
or antiparallel to this spin polarisation, and therefore will remain parallel
ar antiparallel to the original spin. The Ising approximetion will then be
apwropriate far such a system. This will not be the case for spins greater
than 32— at finite temperatures, and this may account for the very strong dip
in ACes T=> 0, and thus in P(H) as H => 0, observed in the alloys of Mn in
Cu, lT&g anmd Au,

The concentration independence on the Marshall, Klein theories, &s a

result- of the assumption of a 1/xr® dependence of the strangh of the interaction

with distance, This is only true in the R.K.Y. interaction at large distances,



268
and depends on certain arbitrary assumptions concerning the nature of the
exchange integral (section 3,9)., The weak concemtration dependences of
AC as T —> 0 for AuPe and Cu Fe may result from the breakdown of the validity
og the se assumptions, especially at high concentrations,

It is of interest to compute the values of the exchange integral J
required if the R.K.Y. interaction is to account for the magnitude of the
maximum fields 4in the P(H) distribution, Egq, 4,15 may be used to relate the
internal field to the exchange integral, by summing the interaction from all
neighbouring impurities., As 2 simple approximation, it may be assumed that
the largest field on an impurity results from the addition of the interaction
of an effective number 'm! of impurities at the nearest neighbour distance

Rm to the central impurity. Assuming that

Ep
calculation gives J = l.4 e.,v. for e maxinun field'.of 182 Kg., Since.the.

Vi
probability of any value of the field which can result only from the presence

far Cu is 7 e.v,., F(ZkFRm) = 2.2 X 10-3, and that the spin is 2 , a simple

of more than one or two impurities which are mearest neighbours to the

central impurity is rather small for a 0.,6% alloy, J would have to take a
value of the order of 1 e,v. It is possible that the contributions fronm
impurities at morevdistant sites mey reduce the value of J required to 0,7 e,v.,
though this figure requires that all impuritiss give contributions whicha dad
constructively at the central impurity. This value for J is rather large
compared vith the spectroscopic value of 0.1 to 043 e,v. but not unrecsonably
50, As remarked in section 3,10, the interaction via oscillations in the tail
of the virtwal bound state proposed by Blandin and Fricdel can account for the

magnitude of H with a considerably lower value of J.
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COMPARISON WITH OTHER PROPERTIES

T+7 Mossbauer Effect

Mossbaues measurcments on Au Fe alloys suggest the existance of a rather
well defired transition temperature at 7°KA% Fe, with o temperature spread
of not more than sbout 105%. The thermal average of the nuclear spin increases
rapidly just below this temperature, and is zero at higher temperatwes, For
the Au 0.6% Fe scmple investigeted here, this transition would occur at about
l;oK, close to the temperature of the maximum in AC, and it is difficult to
reconcile the absence of a Mossbauer splitting abgve h.OK with the persistance
of high internal fields to very much higher temperatures suggested by specific
heat measurerents.

A possible explanation is as followse. In the model suggested in the
lest section, the field at & given site is the resultant of fields from
neighbouring spins which will be rendomly separated, and whose spins will be
randonly oriented with respect to the given spin at all temperatures, At
high temperatures this resultant field, which mey have any magnitude, will
be changing direction (amd megnitude) rapidly. At intermediate temperatures,
the local field may be large enough to align the spin, but as the field is
produced by spins which are themselves fiipping, its direction, and thus
the direction of the sin and the hyperfine field at the nucleus, will chalge
rapidly, and the average value of the hyperfine field over a period of 10-7
seconds will be zero, Thus although the spin is partial ly aligned to its local
field, and contributes to the specific heat, it will give a zero Mossbauer

splitting. As the temperature is further reduced, the number of spins in
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very low fields ralls, and the direcction of the field on a given site mgy remain
7

constant for a time long compared with 10~ seconds, anl a Mossbauer splitting
will be observed. Such a freezing of the orientation of +the local ficlds
may be quite repid (in terms of a temperature change) if there is a strong
minimum in the P(H) curve at low fields, as the specific heat curve suggests
for Au Fe, In this case the freezing out may be expected to ocour at 2
temperature close to the maximum in AC, as is observed.

Other features of the Moss'bauez spectra are then consistant with the
specific heat results, The sharpness of the lines for Au Fe at temperatures
rather below the transition temperature suggest that the distribution of
internal fields is confimsd to a rather narrow range around some mean.lield,
The specific heat results, however, suggest a rather broad distribution of fields.
On the present model, the spins are already mostly aligned at the Mossbauer
transition temperature, T, ond only a few spins have y H < k'l.‘o.

It is possible also that the absence of an observed paremagnetic line
at temperatwes well below Tc is consistant with a finite P(0), It may be
shown, using the analysis in Appendix 1, and assuming the internal field
& stribution shown in fig, 42 for Au 0,6% Fe, that at 1K, only 1/20% of the
impuritics have & relative megnetisation of less thath 1%, and which would
give rise to a spectrum whose width s 1% of the meximum width of the
Mossbauer spectrum, and which could therefoare be said to combribute to the
paramagnetic line. Such a small amount may easily remain unobserved,

The liossbauer spectrum of Cu Fe does not show a well defined transition

temperature, but appears gredually at o temperatwre of the order of 6°K/% Pe,
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and is unresolved into well defined lines even at the Ilowest tempera tures

of masurerent, The results could be interpreted simply in terms of & broad
distribution of interml fields, but these fields would be far too low to .
account foar the observed specific leat anomaly. On the model discussed above,

it may be supposed that even though the spins sre more or less aligned with their
local fields. in the liquid helium temperature rang; the direction of the fields

7

is still chenging significantly over a pariod of 10° 5e8CS., giving a blurred
Mossbauer spectrum, The more gradual freezing out of the field orientations
may result from the absence of a strong dip in the P(H) cwrve at low fieldSe
It wuld be of considerable interest to observc the Mossbauer spectrum of
CuaAu 0.6% Fe, vhich shows 2 maximum in é_%. and therefore presumably hzs a
dip in the P(H) curve at low H, to see whether its spectrum is similar to

that of Au Fe or Cu Fe,

7.8 Electrical Resistance

The temperature variation of the electrical resistivity between ¥
1.5o and 30°K for the series of copper - gold iron alloys is shown in Fig 504,
The resistance of each specimenlicsnbeen measured with an accuracy of a few
parts in 10, but because of the complicated shape of the specimens, (they
are turnings taken from the specific heat samples) the absolutd resistivity is
not known with confidence, This hes therefore been estimated from the room
tempe rature amd 77°K velues of the resistance, assuming that the excess
2 I am indepted to Dr. B, R. Coles for measuring the resistivity of the
Cue Au 0,6% Fe, Culu 0,6% Fc, Culw 0,6% Fe, Au 0,6% Fe, Rh 0.5% Fe and
Pq 0,19% Fe alloys, end for meking the results available for presentation in

this thesis. I am also indepted to S, Mozumder for measuring the :resistivitics
of the Cu 0.6% Fe and Cu 0,6% Fe 0,1% Mn alloys.
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-resistance is independent of tempsrature be tween these two temperatur'e's..

The actual magnitude of the termperature dependent parts of the
resistence curves ere of more physical significance than their magnitudes
relaetive to, for instance, the resistarce at the minimum, providing the
scattering processes leading to the temperature dependent and tempereture.
independent resistivities are independent of one another, To enable the
magnitudes of the temperature variations (which sre rever more than a few per
cent of the total resistamce) to be clearly compared, they have been arranged
to pass through the same point on the graph at 2OOK, by subtracting different
amount s vﬁ'om each specimen's resistivity. Approximately 5, 17, 19, 15 and
4 pl om have been subtracted from the Cu 0.6% Fe, Cua Ac  0,6% Fe, Culu 0,6%Fe,
CuAua 0.6% Fe, and Au 0.6% Fe resistances respeotively., The values for the
Cu 046% Fe and Au 0,6% Fe residual resistivities suggest Fe concentrations
of 0,6% and 0,5% in the two systems respectively. This value is comparable
with the valuc of 0,56% obtained by chemical analysis for the Cu 0.6% Fe
specimen, but is significantly lower than the value of 0,72 " Pound: Yy .chemical
analysis for the Au 0.6% PFe specimen, The large valuss for the residudf resti-
vities of the other three alloys result meinly from the large scattering from
the disordered matrix,

The resistance curve for Cu 0,6% Fe passcs through a minimum at about
1...5°K, the depth of the minimum being about 0.29 uQ cm, or sbout 5,6% of er.n .
There is no low temperature moximum, but there is some flatening of the curve

at low temperatures, There is a smooth resistance maximum at about 8%

for Cua Au 0,6% Feend a mininum at 300K, 0.057 yci belwthe value at the maximum,
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The resistance curve forCufu Q,6% Fe shows neither & mmximum or minimum, but
passes through a2 horizontal point of inflexion at 1)...°K, and falls of'f rapidly
below this temperaturé to a volue at 2°K which is sbout 0,040 lower than the
velue at U4 K. The Cu.zima 0.,6% Fe and the Au 0.6% Fe curves also show points
of inflexion at approximately 1L;.°K, with the rate of decrease below tldis tempera-
ture increasing with increasing Au concentration, The lattice resistance is
2lso increasing rapidly with increasing Au comcentration, and curves for the
lattice resistivity of Cu and Au are shown in Fig. 50. The increasing lattice
resistivity is much too small in the temperature range of interest to account
for the disappearance of the minimum,

It is rather surprising that if the scettering processes operating in
those systems which exhibit a resistonce minimum only, differ in some fundemental
way from those in systems exhibiting both a meximum and minimum, that the rela~
tively minor changes in the¢ elcctronic structure of the matrix that occur when
the matrix clnnges from Cu to Cu.a Au should result in the appeararmge of a
meximum in the resistivity. It will be assumed, therefore, that there is no
such fundemental changes The curves suggest that there are two competing
scattering processes., one which increases with decreasing temperature (the
;anreasing component) end one which decrcases withd ecreasing temperature (the
decreasing component), and that the mgnitude of the decreasing component is
incroasing with increasing gold corcentration. All recent theories of the
decreasing component (34505::‘.(?\:3.105 , Schmit'blol") suggest that it is due to the
freezing out of inelastic scattering when the thermal energy of the impuritly
falls below its energy splitting in the internal field. The totel increase

in resistance due to inelastic scattering from the value of zero at T=0 to its



275

value at very high temperatures is independent of the distribubtion of internal
ficlds in the samplc, and depends only on the magnitude of the s-d exchange
integral and the spin of the impurity., There is no obvious reason why these
guantities should be very diff'erent for ¥Fe in Cu, Gua Au or Au (entropy measure-
ments suggesting & spin of 15 in all cascs), and thercfore the total magnitde
of this component should be the same through the whole series of copper-gold-—
iron alloys.,

The rate of increasc with increasing temperature will, howevur, depend
on the fie 1d distribution, and this rate should only be Ilarge when the specific
heat anomaly (or rather, AC ) is large, that is, up to a tcmperature vhich
increases with the concentgation. A maximum in the restivity will only
result if the slopc of the dooreasing component is greater than the slope of
the increcsing component at low temperatures, Thus if the internal fields in
Cu Fe extended to very much higher velues than thosc in Au Fe, the more gradual
increase in inelastic scattering in Cu Fe could result in the abscnce of a
meximum, whilst the more rnpid increase in Au Fe could be sufficient to
produce a maximum,

The differences in the P(H) curves for Cu 0,6% Fe and Au 0,6% Fe
found from specific heat measurements, do not seem to be sufficient to account
for the differences in their resistance curves.

The only striking differcnce is thc maximum in AG in Au Fe ard its
absc;nce in Qu Fes The decrease in AG at low T, and ﬂ'xuz in P(H) at low H,

T

vould lead to a rapid decrease in the inelastic scatbering at temperatures

rather bclow thermximuminAC. This is therefore consistant with the eppearance
T
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of & resistance meximum in such systems, and with its absence in Cu 0,6% Fe,
which shows no maximum in AC . This featurc cannot explein the results however,
Firstly, the temperature of‘Tthe maximm in AC (3K) is considersbly below the
terperature of the resistance maximum (8°K) ig Cu_ Au 0.6% Fe, and secondly,

it cannot account far the apparently different megnitudes of the decreasing
components, which should be irde;endent of the ¢istribution of the fieclds.

So far it has Dbeen assumcd thot the behaviour of the resistance curves
is the result of a decreasing componcnt which increases in magnitude with
increasing gold concentration, and although this is consistant with the resistance
curves, it is difficult to understand in terms of the theory of the decrecsing
component, An alternative possibility should thcrefare be considered, in which
the curves result from the addition of a dccreasing A‘ed‘l‘?f’ﬁéﬁt teving gpproxieately
the same magnitude and shape for each of the systems, to anA%gﬁgg?ig%%gwhich
varies in magnitude from alloy to alloy. Fig. 50 B shows the results of
separeting each resistance curve into two such components, (The increasing
component includes the resistivity due to phonon scattering). Such a scparation
is obviously not unique, ard the decreasing component (curve A) which is |
cormon to each system, has been chosen simply to give increasing components
which increase smoothly without points of inflexion. As the Fe concentration
is not quite the same for each alloy, the shape and mgnitude of the decreasing
comnonent is not expected to be quite the same far cach, For this reason,
amd also because the resistivities themsclves are not known very accurately,
smell wiggles in the increasing curves are to be expected.from the simple

analysis attempted here, The smoothness of all of the increasing curves must
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therefore be considered as evidence for the physical significance of this analysis.
Curve A has been assumed arbitrarily (ond probably incoriectly) to be constant
above 209K, and has decreased by 0,12p2 cm by 2°K, If this analysis is
justified, the following conclusions may be drawn.

(1) The temperature of the maximum has no spceial significence as a
trangition tamperature, but only occurs a2s the balance of two competing curvese

(2) The absence of a resistance meximum in the Cu Fe system is due to
the large magnitude of the increasing componcnt, and not to the small magnitude
of the decreasing component,

(3) The appeararce of a maximum in Cu Au 0.6% Fe, a flat region in
Cu Au 0,6% Fe, ard a point of inflexion for CuAugO.G% Fe anl Au 0,6% Fe is
due to the rapid decrease of the magnitude of the Ezcreasing component with
increasing gold concentration,

- It is evident that (on this analysis) the temperature of the

maximum (vhen it appears) will increase with increasing gold concentration,
even though the Fe corcentration remains constant. The possibility should
thercfare be considered that the increase in temperature of the resistivity
maximum with imcreasing impurity concentratdon is entirely due to a decrease
in the relative magnitude of the increasing component (that is, the magnitude
relative to Rmin)’ with increasing concentration, combined with a decreasing
component whose relative magnitude is independent of concentrations (Such a
decreasing component could evidently not be due to the inelastic scatiering
described ebove, as that spreads to higher temperatures with increasing

concentration), The very rapid decrease in the reletive depth of the minimum
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with increasing concentration found in 2ll systems which exhibit a resistance
meximun Jends support to this suggcstion, (The decrcase in depth is notdie
to the decreasing component itself, as this is much too small, In Au 0.00 % Fe
(Macdonaldls ) the relative depth of the minimum is around 207, and it has
disappearcd altogether for ALu 0.2% Fe, whereas the magnitude of the decreasing
component is not more than sbout 3% ‘Rmin)" It would also accowrt for the non
linearity of thc tomperature of the mrximum with increasing concentretion,
erd the persistance of & rather rapid change in slope in the resistance curve
at a tomperature which increascs very 1little when the concenitration increases
congsiderably ebove the value for which the resistance minimum and maximum dis-
appear- .

Although it 1s difficult to say with certeinty beczuse of the leck
of published resistance values over a wide range of temperatures for both high

13

and low concentration alloys, the Au Fe resistance curves of Macdonald™™ and
the Cu Fe curves of Kjckshus and Pearsoan, and of Knookl5 ; seem to be consistant
with the above suggestion., The Cu Mn results of Schmitt and Jacobsz5, however,
wuld secem to require a decreasing componont which spreads to higher temperatures
with increasing concentration.

It would evidently be of the greatest intercest if it vould be shown
unarbiguously that the relative mognitude of the decreasing compornent in
Az Fe or Cu Fe is independent of temperature, as it could not then be attributed
to inelastic scettering from interacting impurities, If this is the case,

the Rh Fe resistivity differs from the resistivity of Au Fe or Cu Fe only by

having a negligably small inereasing component.
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The resistence curve of Cu 0.6% Fe 0.1% Mn is also shown in Fig 504,

It exhibits o meximum at 8°K, and a minimum at about 50°K, approximetely

0,18 P cm or 3,3% bclow the value at 8°K. The existance of & resistance
reximum et this temperature is difficult to understand if there is 2 fundemental
differsnce between the scattering mechanisms c¢perating in Cu Fe and Cu Fe Mn.

If this were the case, thc anomazlous resistivities would be approximately additive
and a meximum in the Cu 0,67 Fe 0,1% ln would be expected at about 301{, the
.temper' ature at which it appears in Cu 0,1% Mn.

It is very much more simplg to understand the results in terms of two
competing scattering processcs. The effect of adding Mn to Cu Fe is to reduce
the magnitude of the increasing component and to increase the magnitude of the
decreasing component. This can be seen from the irregular shape of the
incroasing component in fig, 50 B(6) obtained tw subtracting aurve A from the
resi stance curve, A decreasing component at least 0,03 o em (25%) deeper than
curve A at 2°K is necessary to give & smooth increasing curve, This is tb be
expe cted from the much lerger spin (5/2) of the Mn ions, and is consistant with
thc considerably larger decreasing component found in dilute alloys contaning
Mn compared with those containing Fe.

Summarising the conclusiomsdrawn from the copper-gold-iron resistence
curves, it appears that + he important property which determines whether or
not a gystem will exhibit a resistance maximum is the rate of decrease of the
incrcasing component with inercasing concentration. Kjekshu516 et al have
shown that the depth of the minimum decreeses rather slowly in Cu Fe and Cu Cr,
which do not exhibit resistance maxima, and decreases very rapidly in Cu Mn

which does, As mentioned above, it also decreases rapidly in all other systems
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which exhibit resistame ma:d.m?;.‘ Current theories of the increasing component
suggdst that its magnitude should decrease with increasing interaction between
impurities, though explicit caleulations of this effect have not been made.

It is not clear why this should be more rapid for Fe in Au than for Fe in

Gus, It is mot possible to decide from existing oxperimental date whether the
increase in temperature of the resistance meximum with inereesing impurity
concentration is due entirely to o dcereasing component that spreads to
higher témperatures with increesirg concentration, or an inereasing componcnt
which decreases with increasing concentration, or to a combimation of the

twos

7.9 Magneti ¢ Susceptibility

Unfortumtely the magnetic susceptibility of Cu Fe has not been measured
below 11;.0K, so that is is not possible to compare its behgviour with that of
Au Fe, Above ]l;.oK, both systems have been shown to cxhibit Qurie Weiss behaviour
with & moment which increases vith concentretion below 300K, (section 1.3)
end which fa Cu Fe is effectively concentration independent at 4.7 Hg
(S = 1.9) abaove IQOOOK. Betweon 14 amd 300°K the moment of Fe in Cu increases
from 2.0, (S = 0,6) for C = 0,006% o e Thag (5 = 1.9) for ¢ = 0,56%. For
Fe in Au, the moment is 3.2,{.13 (8 = 1,3) for concentrations between 0,5 amd 1%

2,0) at 6,65, These valucs of the spin are incon-

and inoreascs to 4.9, (s
sistant with the value of & found from the specific hcat of the Cu Fe and Au Fe
alloys of concemtration up to 0,6% Fe, As l/x is not linear in T below 770K
far several of the 2lloys, it is possible that the truc Curie Weiss region

had not been reached even a2t BOOOK, and v eriations in ef'fective moments
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found by fitting the curves to straight lines may be expected to give concen-
tration dependent moment$, This curvature in the 1/% ~.T plot at high tempera-
tures is consistant with the conclusion from specific heat meazsurements that
large internal fields persist to high temperatures, a.d that magnetic ordering
takes place over a very extended temperature range. It seems rather unlikely
however, that this effect is sufificient to account far the very large variations
of moment obgserved.

The obscrvation that the spin walue from magnetic measurements at very
high tomperatures, where a more realistic value Sor the moment might be expected,
is wvery much larger than that obtained from low temperature entropy measurements,
may suggest that the entropy continves +to inerease considerably above ZOOK.

The fact that the 1érge moment at high temperatures is associated with very
large parzmagnetic Curie temperatures even for very low concentration alloys
suggests, however, that the whole interpretation of the susceptibility
neasurerents may be in ervorse Thus the beiaviour of Fe in the noble metals
may be intermediate between the behaviour of ¥n and Co, Mn has a well behaved
moment and paremagnetic Curie temperature at high temperatures. GCo, on the
other hand, has an almost temperature indepcndent susceptibility at high

tempe ratures, and when this is interpreted in terms of & Curic Weiss law,
yields very large end concemntration dependemt values of the effective moment
amd maramagretic Curie temperature,

It is noteworthy thot the temmersture of the susceptibility meximunm
in all systems in which it hos been observed correlates well with the temperature
of the meximun in AC (sce figs. 5, 7 and 8), the temperature of the meximum

in each property verying from cbout l;-oK/%M?‘\ for Au Mn to 12°k /e for Au Cr,
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This lends support tot he assumption that the susceptibility maximum and the
specific heat anomely can both be attributed to the same mecsanism —~ presumably
magretic arderinge.

Magne tic remenance on the application and removal of a magnetic field
is only observed below thc temperature T, of the wnximum in AC and ¥. This
is consistent with the suggestion that the interml fields arte[‘ flipping
rapidly above Tc’ so that at such temperatures any remenance would decay in
less than 10'-7 sccse At lower temperatures, when the directions of the internal
fields progressively freeze out, the decsy rate drops rapidly, until at tempera-
tures well below Tc. it may persist far several hours, If this interpretation
is correct, a very much smeller remenance would be expeccted for Cu Fe, as
Moss bauer reasurements suggest very short relaxation times tovery low tempera-

tures in this system.

7+10 Thermopower.

The large thermopowers at low temperatures observed in dilute magnetic
alloys have mnot been satisfactorily cxpleined., Molecular field theories
(ae V:v:‘oomanm9 et al Geunault:u"l et al) attribute the large thermopower to the
rapid energy dependence for inelastic scattering which results from the splitting
of the impurity energy levels in the internal field, This mechenism can only
give large thermopowers at temperaturcs for which the specific heat is large,
Although there is a rather temfing associntion of the concentration inde-
pendences of the themopower aud speeific heet at low temperatures, this SRS
mechanism cannot account for the fact that the thermopower in very dilute

alloys is large to very much higher temperaturcs then is the specific heat,
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For example, at 20°K the thermopower of Au 0,004% Fe (MacdomzldlB) has only
fallen to about helf of its maximum value, whereas the specific heat, assuming
a limear extrapolation from the Au 0,6% Fe values, will have fallen to less
than 0,1% of its maximum velue, The contrast mey be even greater than this for,
as mentioned 4in section 1,8, the fall off in the thermopower at high tempera-
tures can be almost, if not entirely, atwibuted to the rapidly incrcasing
thermal scatteringe.

Recent theories of the resistance minimum, based on spin dependent
scattering from independent ions, predict large thermopowers extending over a

wide range, though explicit calculations by Dcniac:hl3 9

give values very mych
smaller than those observed experimentally. The concentration independence
(the observed magnitude of the thermopower depends on the ratio of anomalous
to normal scatteriing), end the correlation of the onset of the decrease in
relative depth of the resistance minimum with the decrease in magnitude of

the thermopower in the low temperature limear region, suggest strongly that

these phenomenz are related.

7-11 B, Rh0.5% Fe

AC egainst T is shown in Fig 47B for this alloy, and AC ageinst T
in fig,. LT,.7A. The excess specific heat rises to a maximum velue of about
5.8 mj/moleoK, and decreases slowly at higher tomperaturcs. Therate of decreasc
above lOoK is uncertain beczuse of the increasing lattice specific heat, The
rather rapid fall off cbhove 15°K may not be significanta s it could result
from & combined error in thc specific heats of the Rh and Rh 0.5% PFe alloys

of Jess than 1%.
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AG increases continually with decreasing temperature, down to 1.3°K,
The uncegtainty in the specific heat of pure Rh below 401{ mekes the r ate of
increase of AC uncertain, but neither possible curve shows any sign of leveling
off to a cons%ant value, Comparison with figs. 9 and 10 shows that the anomaly
is similer to that which might be expected for a Cu 0.3% Fe alloy.

The AC curve A yields a value for the entropy between 1,301{ and 180K
of 13 mj//molgoK. A lirear extrapolation of AC below 1.3%K 10 a value of
3,0 mj/mole K? at T=0 yields a further 4 mj/mgleoK, end extropolefion above
18K a furtker 1 mj/moleoK, giving & total entropy of 18 mj/mole K. This
corresponds to & spin of 0,28 assuming a corcentration of 0,5% Fe, If a spin
of -12- is assumwd, anextra entropy of 10 m,j/moleoK is unaccounted far, If this
were all to appear below 1.30K, AG would have to reach a value of the arder of
20-30 mg/mole’K? at 0°K, Ib iTs possible that there is less than 0.5% Fe
in solution (a chemical analysis or a resistance measurement of samples teken

fram this specimen were not performed). An entropy of 18 mj/mole OK, and a

spin of %, would result from a concentration of 0,31% Fe in solution.

7012 Discussion

The specific heat anomaly in the Rh Fe system is therefore similar to
that observed in noble metel-transition metel alloys (though mecsurements on
alloys of different concentration are reqaired to compare the concentration
deperdences of the anomalies in the two systems). Magnetic susceptibility
measurements by ‘J'V'a:szi.nlcl"9 (sectionl.9) on a Rh 0,85% Fe s'e-.mple yield en
effective moment at high temperatures of 3.4 N (5=1.3) and a large negative

paramagentic Curie temperature (~41°K). At lower temperatures 1/x decreases
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more rapidly than limearly with decreasing temperaturcs The behaviour is
thercfore similar to that observed by Bitter30 et al in rather more dilute
Cu Fe alloys. As in the Cu Fe and Ay Fe system, the spin deduced from high
temperature susceptibility measurements is significantly higher then that
obtainsd entropy measurememnts

The specific heat anomaly throws no light on the origingsof the strilking
resistive behaviour, in which the excess resistance increases by = factor of
almost three as the temperature increases from 1% to SOOK. I the resistive
anomaly werc due to interactions between ions, the specific heat anomaly might
have been expected to extend to higher temperatures than is observed.

The concentration independence of the reletive excess resistance suggests
that it is duwe to scattering from independent ions. Kondom8 (section 4.1:3)
has suggested that a positive value of the exchange integral J in his tleory
would give a resistance which decrensed with decreasing temperature,

139

Doniach hes shown thot spin dependent .scettering from single impurities
yields a resisii.e component which increases with decreasing temperature
for either sign of J, if the conduction band is half filled (as for a noble
metal metrix) but that a componsnt which decreases with decreasing temperature
may result if the corduction band is almost £illed (as for Rh).,

As mentioned in section 1.9, zlthough the magnitude of the chenge
in resistence relative to its megnitude at 0°K is very much larger then is
observed in other dilute 2lloys, this results entirely from the very amall
temperature independert component in Rh Fe, This may also account for the

positive magnctoresistarce observed in this system. A small resistance implies

a long mean free path, and therefare 2 large normal positive magnetoresistance,
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Waszink's susceptibility mecsurerents usggest that the magnetisation of this
system remains low even at 1.501{ (because of the large negetive 8), Assuming
thot the negotive component of the magnetorcsistonce is proportional o the sguare
of the megnetisation, it moy be shown thet the negative component is unlikely
to exceed 20% of the normal positive compon.nt, and Kohler's rule will be
opproxire tely obecyed, as observed, However, the scattering mechanism proposed
by Doniach139 or Kond0108 should also decrease in megnitude in an external
field, and should thercfore olso yicld a positive magnctoresistance in Rh Fe
in addition to the megative magnetoresistence component ususlly attributed to
the decreese in the spin depondent elastic scattering with inereasing magretic
elignment, In order that this positive component be distinguished from the
large positive mean free path effect, the mean frec path should be reduced
by the oddition of = third, non mognetic, component. The continued existance

of o positive mrgnetoresistance in such an alloy would give valuable support

to Dondiach's theory.

7.13 C, Pd 0,19% Fe

AC against T for this alloy is shown in figd9, and AC against T in
fig 48 B, The excess specific heat increases to a maximum value of 9,2 mj/moleoK,
and fal*s repidly at higher temperatures, Because of the uncertainties in the
specific heat of Pd above'L,.oK, the rate of decreese &t higher temperstures is
urcertain, At temperatures between 2.5°K and 2;.OK the lattice specific heat is
sma.ll, and the rapid decrease is fairly well esteblished. This is very much
more rapid than is observed in any of the other dilute alloys conteining Fe,

and is rather more rapid than those containing Mn, It is possible, though



287.
difficult to establish with certainty, that the rate of decrease is too rapid
to be accounted far by o temperature independent distribution of internal fields,
and mst be considered in terms of internsl fields whose magnitudes increase
with decrcasing temperature.

AC increases continuously on cooling, and reaches a velue of
6,0 m,j/mgleoKz at 1.2°K. The entropy associated with the anomely between
l.ZOK and lOOK is 14 m.j/moleOK., An arbitrary extrapolation of the curve to
o value of 6.5 m,j/moleOKQ at T=0 yiclds an entropy at 1.2%K of 7 m,j/moleoK?
and a plausible extrapolation dbove 10%K yields a further 1 mj/mole’K.
The twtel entropy is therefore 22 mj/moleOK. If the concentration is 0,19%,
this corvesponds to a spin value of 1,5, and therefore tc¢ a moment of 5.9pB.
This velue of the spin, the temperature of the meximum, and the shape of the
speeific heat anomaly are in good agrecment with the results obtained by Veal

and Rayne126 also on a Pd 0,19% Fe alloy.

7+1% Discussion
Crangle has shown from saturation magnetisation measurerents thet a
Pd 0,15% Fe has a ferromegnctic transition at 14..301{, and a magneton number in

the ferromagne tic region of 9,5 Hpe Similar largc values for the moment,

(between 9 and lZuB), heve been observed by Gersten‘t.xarglz3 12k,

Clogstonh's an Bozor'bhlzs for higher Fe concentrations. These values are

s Crangle

very much larger than tho maximm values of 5.9uy (8 = 5/2) allowed by the
Pauli Exclusion principle. These large moments have been interpreted (C_logstolﬁs )
by essuming a polerisation of the Pd atoms in the neighbourhood of each Fe

48

atom, and reccent neutron diffraction measurcments by ILow  have shown that
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this polerisation may extend to & distance of =t leest 103, end effect up to
120 nearest P4 atoms.

The moment per Fe atom in the par~magnctic region well cbove the trans-
ition temperature has been meaosured by Clogstonl'& far a Pd 1% Fe alloy, who
finds a valwe of 9,7 Hye It is evident therefore that the polarised Pd
atoms remein bound to the Fe atom ebove the mgnetic ordering temperature,
Mossbouer mosuremsnts of Craiglkz et 2l =t l;.OK on very dilute Pd Fe alloys,
which ocre in the paramagretic region down to 1.,501{ show that the hyperfine
splitting with applied field is a function of H, and can be fitted to o =
Brillouin curve corrcsponding to a mgretic mogent of 12’6“B’ and thus to a
spin & 6, .

As the entropy associated with the specific heat anomaly suggests o
velue o the spin of 1.5, two conclusions may be drawn.

(1) The polariscd Pd etoms are rigidly bound to the Fea tom below the
transition temperaturc, and do not have degrees of freedom independent of
those of the Fe-Pd complex.

(2) In the ferromagretic region, the dugeneracy of the magnetised
state depends only on the spin of the Fe atom, (essuming that this is 1.5)
and not on the spin of the complete Fo-Pd complex (assuming this 4o be bas
found by magnctic measurement), The Mossbauer messurcments of Craig
suggest thot this is not the case in the paramegretiec region, as the shape
of the Brillouin curve 1is determined primerily by the degeneracy of the
impurity state, and not d rectly by its mognetic moment,

The resistivity of o sample teken from the Pd 0,19% Fe sample is shown

in fige 49 (inset)., The curve exhibiis 2 sharp change of slope at 3.3 + O.BOK,
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falling off rapidly at lower temperatures., Above the transition, the cexcess
resistance is independent of temperature, showing no sign of 2 resistence
minimum. The sharpness of the transition, which occurs at a temperature
slightly higher than the mximum in the specific heat curve (2.301{), is con-~
sistant with the rather rapid onset of mgnetic ordering indicated by the
specific hoat.

If the decrcase in resistence below the transition is duc to the
freezing out of inslastic scattering with decreasing temperature, it might be
expected that this would be sensitive to short range order,
verying with temperature wherever the mmgnetic energy of an impurity is
comparable to its thermal energy, and would give o rather more broad transition
then is cetuwelly observed, cxtending over a region in which the specific heat
anomaly is large, Altermatively the decrease may be due to the decrease in
spin diffuse scattering, resulting from increasing interfercnce of conduction
electrons scattered from the mgmetic impurities with increasing magretic
alignment, Such interference might be expect to be important in a ferromagnet-
ically ordering system such as P4 Fe, but would probebly be unimportant
in the random antifervomagnetically ordered arreangement of spins which is
presured to obtain in other dilute magnetic alloys. This mechanism, which
depends rather strongly on the bulk megnetisation, may thereforc be less
sensitive to shart range order than is inelastic scattering and is therefore

morc likely to provide a sharp resistive transition.
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SUMMARY

Series A

The specift hcat anomelies in the copper-gold-iron alloys differ only
in the details of the P(H) curve, especially at low fields. A maximum in
AG at about 3°K (and therefore & deep minimum in P(H) atlow H) is observed
fgr all of thc alloys contoining Au, It appears that AC may Be rether more
concentrati on dependent at low temperatures for Cu Fe ailoys than for Au Fe
alloys. The entropy of the specific hoat cnomelies is consistant with 2 spin
of & for the Fe atoms in each system.

It is consgidercd: that the specific heat anomelies and the Hossbaucr effecet
for Cu Fe and Au Fe alloys may be mutually consistent if it is assumed that
the d stribution of internal fields verics little with temperature, but that
the oricntations of the local fislds freeze out at & rather well defincd low
tempercture in Au Fe, and rether more gradually in Cu Fe. It is considered
that the mgnetic ordering and scattering mechanisms in Cu Fe alloys are not
Tundementally differcnt from those in Au Fe alloys, but that the absence of a
resistonce meximum in Cu 0.6% Fe, the resistance maximum in Cua Au 0:6% Fe, end
the points of inflection is the resistance curves of Culu 0.6% Fe, CuAua 0,G%Fe,
ord Au 0,6% Fc are due to the rapid decrease, with increesing gold concentration,

in the magnitude of & component of resistivity which increases with decrcasing

temparature,

B, It is @oncluded that the specific heat anomely in the Rh 0.5% Fe alloy
is similar 1o that observed in other dilute alioys conteining Pe, and is probably

not intimtely related t the umusual resistive behaviour (-ﬁhough mecsurenent s
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of the concentration dependance of the specific heat anomaly are needed to cofi-
firn this)., It is also considered that only the resistive behaviour is
unusucl, and that the magnetoresistance and susceptibility are basically similar

to these propertics observed in other dilute magnetic alloys containing TFc.

C. The shapc of the specific heat snomaly in the Pd 0,19% Fe alloy suggests
that magnetic ordering in this system occurs over a much nar:ower temperature
renge then is found in other systoms, which is consistant with the behaviour
of the restivity ond magnetisation in this system. The spin valwe of 1.5
found from the entropy associated with the specific heat anomaly is much lower

than the va’ue of 5 to 6 suggested by megnetisation and Mossbaucr measurements.
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APPENDIX 1
CAICULATION OF SPECIFIC HEAT FROM THE P(H) CURVE
Tt may be shown (Cusack p.282) by the spplication of Maxwell Boltzman
statistics to a set of n magnetic carriers of spin S, and magretic moment
b= gl VS(S + 1) , in a magnetic field H, and at a temperature T, that

the mognetisction is given by

m = ngip [(25 + 1) Coth (28 + 1) gy;BH ~ Coth ngH :' D V% |
2 2kT 2T

g is the spectroscopic splitting factor, and Hp is the Bohr magneton. The

total energy is E =.mH,
If there is a probability P(H) dH theat a carrier is in a field between

H and H + dH, and the totel number of atoms is N of which a fraction ¢ are

magnetic carriers

-]
E:—Ncgp.B fHP(H)dH(CLCO'thG.I-CO‘bh:r) Oannalooc.Anz
-é

2

where @ = 25 + l endx = gp.BH
2kT
P(H) will in gonerel be a function of temperature, but in the calculation

of the specific heat, P(H) will be assumed to be independent of temperaturc,

Thus from A.2
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@«
C = cNk P(H) aH (- o® z°Cos ecl® ar + 2 cos ech® x)
o«
= 20NE? T /Pm)dx £(z)
0

where £(z) = ¥* cosecl’x- & 7% cosech’@z

From a knowledge of P(H), subject to the condition

(-]

[ P(H) ad = 1

the specific heat may be calculated. This will be done exactly for the two

extreme cases T ~> 0 and T ~> w4

T ->0
If P(H) is finitc ot H=0, and is assumed to be constant and equal to

R(0) for HS 2T , i.e. far those valwes of x for which £(z) is large,

&b

(- -]
¢ = 2¢c NK°T P(O)f f(z) a
-0
&lip

[--]

IfI:/ 7® cosech ® z dr
-0

W l"“m

(-]

=[ @ 2° cosec ax do z)
w
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then j flx) dc = T(2 - 1/a) = 28 I
e 25+1

sC=2"  ¢MNc kT P(0) 23

3 8Hp 2S + 1

Thus in the limit as T ~» O, G/T is constant and proportional to
P(0).
The temperature dependence of C/T close to T=0 can be found if P(H)

is any polynomizl in H for very low H.

e.gs if P(H) =Z |a.an | = Zan (%)n z
n B

n

as T => 0 = 2c NéT Z/ ZkT) " £(z) dr

--
= ¢ Nk Z(@ a, I, T where I = [—:n £(z) ax

Thus the shape of the C/T against T curve as T => 0 reflects the shape

of the P(H) ageinst H curve as H -> 0,

T =>
At very high temperaturcs, sach thet kT >> guH for all H, f(z) tekes

the form, 2

£(z) = 2% cosech’ z - a® 2 cosect ar > 2 (o - 1) =)® S5(5+1)
3 2

:gzpBr‘Hl S(S+1)=%(@)3
KT
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& C =g Nep? H? p(H) au
3 e

wri‘tingf B P(H) aH=F

Cw=>olk ° for T large.
3K T
Thus in the high temperature limit, the specific heat decreases as
1/T° for any distribution of fields, provided the distribution does not

change with tempersture, This will be & good approximetion for T > 3

H

max
NI

k

9



APPENDIX 2
SPECIFIC HEAT RESUILTS

In the following columns, C- is expressed in mj/moleoK and T in OK.

Copper .

T c/T T c/T T c/T T C/T
1,388 .79 3.598  1.320 6.665 2,830 12.52 8,685
1,493 »8173 3.712 1,357 6.883 2,971 12.97 9.3k
1,666 .8334 3,821 1,398 7.07% 3,106 13,46 10,03
1.753 .84.92 3,942  1.44h4 7.281 3.248 15,99 10.90
1,835 .86L0 L.,074 1,489 7.506 3,406 Lokl 11.48
1,926 .8828 4,194  1.540 7750 3,594 14,71 11,92
1,99 .8928 4,30, 1,583 8,020 .300 15.03 12,62
2,064 9080 L0y 1,624 8.317 4.050 15.37 13.24
2,133 <9249 4,538 1,683 8,554 L.251 12,72 13.93
2.300 .9620 L.683 1,745 8.728 4,396 16.11 14.70
2,386 9762 L.843 1,821 8,909 L4.557 16.51 15.55
2,477 1,004 5.005 1.894 9.137 L.763 16.93 16.45
2,557 1,021 5.156 1,969 9.1,0 5,060 17.37 17.41
2,635 1,035 5,319 2.051 9.772 5,391 17.84 18,54
2.725 1,058 5,500 2,146 10,1, 5,766 18,35 19.78
2,827 1,088 5.673 2,239 10,46 5,120 18.89 21,59
2,932 1,113 5.836 2,333 10,74 6,431 19.4,6 22,84
3.034 1.145 6.015 2,438 11,05 6.789 20,07 24.28
3,250 1.209 6,212 2,546 11.73 7.625
3,366 1,240 6.,27 2,681 12,11 8,120
Cu 0,6% Fe 0,997 Moles

T c/T ac/T T C/T AG/T T ¢/t ac/z
1,387 4.003 _ 3,217 3,168 L4.251 3,065 7.673 5327 1,770
1.428 3,984 3.192 3,272 L4262 3,044 8.075 5.468 1,610
1,476 4,007 3,209 34514 44303 3,005 8.451 5.709 1.540
1.530 14,027 3.220 34638 4,331 2,990 84793 5.947 1477
1,639 14,056 3,233 3.756 4.341 2,958 9,176 6,230 1.417
1,691 4,061 3,229 3.871 44358 24933 9,470 6.465 1,370
1.746 4,072 3,230 34999 La375 2,902 9,862 6,803 1,330
1.801 4,080 3.229 4.159 L.358 2,822 10,25 7.177 1,280
1,926 L4.094 3.220 44293 Le38L 2.794 10.66 7.545 1.232
1,993 4.109 3.222 L4133 L4421 2,780 11,11 8.041 1,191
2,061 4,113 3,212 L5433 LJhh 2,741 11,62 8.571 1.095
2,131 4.120 3.204 L4.687 L. u5h4 2,694 12,19 9.276 1.041
2,213 4,133 3.199 L4847 L.468 2,635 12.84 10,13 0,980
2,300 4.133 3,180 5.043 L4486 2.560 13,44 10,96 0,931
2,375 hLel45 3.175 5.256 L4483 2,453 13. 97 11, 73 0.920
2.454 4,168 3,179 5.453 44502 2,372 14,56 12,56 0,812
2,531 4,180 3,173 5:6L7 44,560 2,293 15421 13,70 0.752
g.gog t.%9g 3.&2; ;.ggg 4.601 2 205 15 94.15 10 0.693

ry » - Qe

g . 36 %.11 6.385 gz 17.22 %g

2 883 4,196 95 6.658 40797 1.946 18,68: 21 02 .467
2.968 4.21k 3 .08 6.97h 4,91 1.855 19.52 23.09 0.362
3,067 L4.217 3,062 7.325 5.068 1,760 "0.,15 24,60 0,193



Cu, 6% Pe 0,879 Moles

Au 0,6

T c/T
1,315 3.852
1,365 14.150
1.417 4,204
1.469  L,244
1,520 4,279
1.572 4,310
1.681 4,376
1740 L4126
1.804 L. 469
1.868 4.508
1.9450  4.545
2,009 4,588
2.081 4.621
2,152  4.659
2,224 4,693
2,299  L4.735
2.375 L7778
2e452 4,813
2.529  4.862
2,605 14.902
2.693 4:954
2,791 5.009
Cu Au 0.6% Fe
1,296  3.295
1.336  3.320
1,381 3,357
1431 3.392
1484  3.442
l' 538 3'&"86
1,594 3,528
1,659 3,584
1,729 3.638
1.796 3,692
1.931 3.808
2,003 3,869
2,073 3,928
2,14 3,983
2.212 4,042
2.284 4,107
2.368 14,183
2,455 14,268
24532 14332
2,608  L.5402

2,693

4,481

T

2.90%
3,016
3,120
3.228
3.329
3.452
3.565
3.693
3.819
3,941
4,077
4,202
L.313
ol 3k
L..569
L.717
4,881
5.032
5.184
5351
5.509
54657
5.820

0.843 Moles

2,792
2,885
2.985
3,093
30 198
3,306
3,429
3.554
3.681
3,925
4,060
4,183
4,292
4.512
I 543
4. 688
4.850
5,032
5.18.
54350
54534

c/T

5.075
5.124
5.192
5.250
5.310
5.373
5.436
5.513
5.592
5.667
5.761
5.839
5.923
6.006
6.105
6,222
64329
6.430
64543
6.658
6.77h
6.879
7.009

4,571
I-I'o 661
1. 760
4,872
4.978
5.087
5,221
5,36l
5.500
5.79%
5.957
6.11h
6,259
6,417
6.601
6.820
7.072
7370
7.628
7.918
84260

T.242 12,34
75464 13.02
7.705 13,81
7967 1472
8.253 15.79
8.578 17.05
8.835 18,12
9.222 19.86
9479 21.04
9.8I1 22,66
10,11 24,21
10437 25.60
10,65 27.14

11,46
11.82
12,21
12.63
13.08
13.45
13.71
13.98
llf-o 26
14,56
14.87
15,20
15.55
15.92
16,30
16.71
17.15
17.61
18.10
18.62
19.18
19.77
20,41

10.95
11.26
11,61
11,96
12,35
12.77
13,25
13.75
.16
1445
75
15.07
15.41
15.76
16,14
16.54
16.96
1741
17.88
18,39
18.93

C/T
18,16
19,40
20.79
22,37
24.21
25.78
26,86
28,04
29,38
30.82
32434
33.93
35.68
37«49
39455
41.69
43,97
IN
49,14
52,03
55.28
58453
62,17

28,84
30.71
32,89
35.17
37.67
40,56
43.86
47.49
50.45
52,63
54486
57.23
59.80
62,52
65.42
68.47
71.76
75.10
78.72
82.67
86,66



Culus 0.6% Fe 0,760 Noles

T c/T T c/T T c/T T c/T
1,315 4.826 2.844  7.005 5.967  15.39 11,13 49.02
1.364 14,882 2,937 7.178 6,158 16.12 1146 52,03
1411 4949 3.039  7.363 6.370 16.97 11.82  55.35
1.461  5.021 3. 146 7.550 6,563 17.78 12,20  59.30
1.511 5,083 3.257  7.779 6.727 18,52 12,62 63,08
1.562 5,14 3.372 8.396 6,90,  18.32 13,07  67.6L
1,618 5,222 3.490 8,234 7,097 20,27 1344 71.29
1.679 5,299 3,608 8,485 7.308  21.3% 13.70  73.97
1.738 5,366 3,742 8,772 7.536 22,53 13,97 76.78
1.79%  5.443 3.873 9,076 7.78% 23,93 Le26  79.74
1,848 5,506 4,002 9,376 8,054 25,54 14.56  82.74
1.912 5,595 L1455 9.725 8.275 26.89 1,..87 86,01
1,982 5.687 4.278 10.05 8.433 27.91 15,20 89.58
2.053 5,780 4 396 10,37 8.596 28,99 15.55 93,07
2,126 5,881 4,526 10,71 8.771 30,18 15,92 96.96
2,206 5,993 L.,670 11,12 8.958  31.47 16,31  101.0
2,284 6,112 4.828  11.59 9.195 33.21 16.71 105.2
2,358 6,215 4,980 12.05 9.504  35.53 17.15  109.8
2,43 6,334 5.127 12,51 9.781  37.69 17.61  114.3
2,509 6.448 5.287 13,02 10,02  39.60 18,10 119.2
2.582 6,566 5.465 13,60 10,27 41.59 18,61 124 4
2,664 6,694 5.635  14.18 10.53 43.85 19.17 129.9
2,757 6.859 5.79% 14Tk 10,82 46.29
Au 0.6% Fe 0,708 Moles

c/T AC/T T c/T AC/T T c/? AC/T T  G/T

1.336 4.700 3,199 2.859 7.829 3.560 5.695 17.67 3.030 10,63 50,80
1,376 L4.769 3.221 2,979 8,131 3.560 5.861 18,40 2.963 10,93 53,70
1,422 L4853 3.249 3,087 8,426 3.572 6.043 19.24 2.881 11.25 56,84
1475 Loh36 3.265 3,190 8,704 3.569 6.243 20,19 2,789 11.58 60.34
1,531 5.0L; 3,271 3.297 8.994 3.560 6.462 21,26 2.68. 11,95 64.2%
1.587 5,120 3,301 3.418 9.335 3.549 6.659 22,26 2,588 12,35 68.58
1.643 5.252 3,355 3.541 9,687 3.520 6,834 23.17 2.501 12,79 73.39
1‘703 50314-1 3-357 3-649 10001 305111- 70022 21—(-- 19 2041)4- 130 26 78082
1.769 5,453 3.371 3.752 10,34 3,521 7.225 25,33 24329 13,77 84.91
1,838 5.589 3,398 3.867 10,70 3.501 7446 26,59 2.218° 1k.19 89.95
1.9 5.750 3.435 3,994 11,12 3,488 7.687 28.03 2,154 .49 93,68
1,988 5,891 3,452 ko137 11,60 3,465 7.951 29,67 2.088 14..80 97.53
2.061 6,039 3,473 4,298 12,15 3,421 8.242 31.59 2,029 15.13 101,6
2.129 6,164 3.473 Lo4h9 12,69 3.400 8.560 33,77 1.932 15.48 105.9
2.219 6,353 3,492 4,585 13,19 3.379 8.820 35,63 1,896 15,84 110.5

2,314 6,569 3.522 4,735 13,76 3.355 9.008 37.04 16,23 115.3
2.392 6,718 3.51k 4,902 14.40 3,313 9.205 38,54 16,63 120,5
2,473 6,898 3,523 5,057 15,00 3,247  9.459 40,60 17,06 125,8
2,566 7,111 3,532 5,212 15,21 3,205 @ 9,792 43.34 . 17,51 131,5

2,659 12325 34534 5.382 16,34 3.156 10,10 49.57 18.00 137.3
2,752 73560 3.550,  5.544 17,01 3.097 10.35 48,26 18.51 1435



Cu 0.6% Fe 0,1% Mn 0.960 Moles

T
1,291

1,361 .

1.423
1.479
1.532
1,590
1,650
1.708
1.765
1.824
1.892
1,962
2.035
2,105
2,175
20 2l|-9
2,326
2,406
24490
2.573
2,653
2,746

Rh 0,653 Moles

T

1.417
1.481
1.555
1.625
1,695
1,766
1.843
1.939
2.0,
2,087
2.160
2,238
2.316
2,394
2,485
2.582
2,69
2,810
2.922
3,031

c/T

44137
4,190
1,222
Le249
44267
4,284
4319
4349
L.372
4,398
L1 37
Lob28
4,568
Lo 495
L,516
44539
%560
4,583
44596
4,615
4631
4,660

c/T

4,940
4,938
4,900
4..88)
4,867
4,856
4,837
L.866
4,861
),862
4..866
4,870
4.875
4.879
%4.880
4., 884
4,876
4.884
4,896
4,898

AC/T T

3.355
3,399
3.423
3442
3.453
3,460
3,487
3.507
3.521
3.536

34564

3.562
3.568

34581
3.588

3.596
3,600
3.605
3.598

34597

3.593
3.598

2.852
2,961
3.066
3.178
34295
_30&-60
3.512
3.633
3.752
3.865
LW 13k
4568
4715
4.880
5.061
5.216

54386

54547
5¢699
5,867
6,049
6247

c/T

4,685
Le712
Lo 742
L4768
4,800
3.403
4..848
4..879
4.909
44936

5.014

5.145
5.183
54236
5.305
5.358
5.418
5477
5.533
50595
54661
54725

T /T

34107
3.260
3+363
3467
3.582
3,69k
3.803
3.922
4,056
4. 206
L4346
L7l
4,607
4. 759
4,928
5.125
5.245
5.401
54585
5. 746

%4.905
42920
4a931
44939
Lo 943
4940
4,957
4,970
4981
44997
5,018
5.036
5.0L5
5,075
5.110
5,147
5,165
5,195
50233
5,270

AC/T

3.595
3.592
34592
3,584
3.581
4..828
3+559
3.549
34536
34522
3,498
3448
3.421
3397
3.381
3357
34329
3304
34276
32245
3.205
3.150

5.947
6.138
6e347
6.530
6.787
7.166
7.61)4-
7.870
8,150
8.456
8.799
9.186
9.612
10,02
1041

10.75
11.06
11,38
11.72
12,10

6.467
60665
6.841
7.029
74232
7452
7.691
7.957
8246
8,476
8.643
8.819
9.006
9.256
9.570
9.851
10,09
1035

10,62
10,92
11,23
11.57

5¢311
5352
5.402

5.439
5.500

5.61L
5.723
5.794
5.885
5.980
6.096
64231
6.392
654
6.713
6.871
7,005
7.122
74325
7.517

c/T

5.800
5.862
5.912
5.978
60051
60136
6.232
5.352
64504
6.626
6.722
6.828
6.957
7ellh
7.3%8s
7.607
7,809
8,045
8,310
8,620
8,866
9.175

12,51
12,95
13,0
14.39
1.69
15.00
15,33
15.69
16,06
16.46
16.88
17,33
17.78
18,28
19,39
19,99

M T

3.089 11.93
3.024 12,33
2,956 12.75
2,894 13,23
2824 141k
2.748 14,52
2,664 11,73
2.579 15.05
2,491 15.39
2.418 15,75
2.370 16.13
2.319 16.53
2.277 16,95
2.229 17.40
2.159 17.87
2,100 18,38
2.049 18,92
2,007 19.49
1.96) 20,10
1.930 20,76
1.808 21,47
1,695

c/T

T.742
7,998
8.389
8.967
9.189
9elili3
9.708
10,02
10,37
10,78
11,19
11,65
12,05
12.79
U 41
15,12

c/T AC/T

9.587 1.632
10,06 1,57
10,61 1,505
11,25 Lokhk3
12,65 1,357
13,08 1,306
13,60 1,290
Lo Uy 1,226
14.78.1.241
15,40 1.195
16,23 1,210
17,05 1,175
17,98 1.175
18,98 1,140
20,11 1,121
21,38 1.10&
22,76 1,056
24,32 1,012
26,09 0,960
27496 0,76k
30,22 0,662



Rh 0,56 Fe 0,629 Moles

O. (3
T

1,357
1.418
1.47s
1.526
1,578
l. 631
10687
1.747
1.801
10856
1.921
1.987
2.055
2.128
2.207
2.287
2,371
2,457
2.547

c/T

7.ZF67
12425
70419
7.397
74365
74351
7+320
7.291
7.272
7.226
7.217
7.175
7133
7.107
7.069
7.032
6.992
6.956
6+934

Pd 0,19% Te

1,290
1.385
1.438

1,486
1.536
1.592
1.652
107114'
1.778
1.838
1,903
1.972
2,037
2,102
2.171
2,252
2,338
2.430
2.527

15.45
15.40
15.30
15.21
15.23
15.07
15.01
14,86
.79
Lo 7l
14.66
1,54
1,36
14,27
:ul-o 15
14.03
13.91
13.81
13.69

AC/T

2,772
2.728
2,720
2,695
2.660
2,642
2,609
2.576
2.554
2.501
2.486
2.440
24391
20361
2,319
2.277
2,231
2.188
2.157

0.328

5855
5.780
54656
54559
5.560
5.387
5,308
5.136
5.039
4,965
4..866
4,712
4,507
4,390
4243
4408
3.9ss
3.777
3.604

T

2.638
2.728
2.831
3.178
54294
3.401
3,508
3.760
3.895
4,025
4,171
44306
L. 027
4,560
L4 707
4..870
5.096
5.277
54704

Moles

2,631
2.735
2.839
2.961
3,206
3359
3.493
3.62)
3.758
3.890
4,215
4.386
L.577
4,750
4,907
5.087
5.296
5.772
5.9665

c/T
6.878
6.847
6.784
6.638
6.592
6.555
6.519
6.48L
6.437
6,406
6.377
6.387
6.325
6,335
6.306
64270
6425
6.249
6.242

13.53
13.38
13,26
13.12
12.89
12.79
12,85
12,86
12,81
12,82
12.87
12,75
12,95
13.04
13.12
13,19
13.37
13.67
13.87

AC/T

2.092
2,052
1.973
1.795
1,732
l. 678
1.630
1.548
1.501
1,448
1,397
1.374
1,296
lu 289
lc 239
1.183
1.127
1,092
1.007

3.384
3.182
2,997
2,784
2.398
2.199
2,161
2,075
1.946
1,819
1,594
1.321
1.346

1,266,

1.169
1,069
1.026
0.776
0,745

5.903
6.088
6.291
60515
6.763
6.990
7.190
7.407
7.643
7.903
8.212
8.527
8.877
9,209
9,518
9.939
10,32
10,66
10,96

6.189
6.48)
6.811
1143
7472
7.850
8.289
8.805
9.741
10.25
11,52
10.86
12,18
12,84
13.57
a3
15.42
16.35
17.21

6.248
6.253
6.271
6.319
60315
6.342
6.377
6.400
6.L¥l'“o
6.482
6.554
6.657
6,722
6.824
6.922
7.067
7.205
703“-3
1471

14.08
14.39
14,78
15,20
15.63
16.18
16.85
17.73
1954

10,62
23.41
21'88
25,05
26.73
28.78
31.27
34430
37.32
40,22

AC /T

0.974
0.930
0.915
0.911
0.848
0.819
0.802
0.766
0.739
0.704
00681
05681
0.625
0.607
0.586
0561

0,536
0.519
00507

0.653
0.587
0.532
0014-65
0.389
0.341
0.276
0,232
0.237
0,254
0.160
0.177
0,158
0.142
0,160
0.168
0.117
0.041
-0.076

T

c/T AC/H

11,28 7.609 0.48€¢
11.62 ,?.770 O..’,-.';’Q
11,99 7.946 0.4l

12.39

8.168 0.43%

12,82 8.418 0.h22

13.30
1,39
14.8L

8.710 0,40
9.391 0,382
9,708 0.34}4

15.17 9.951 0.33C

15.52
15.88
16427
16.68
17.11
18.05
18.56
19.11
19.70
20.33

10.21 0,305
10.48 0.28%
10,83 0,277
11.20 0,243
11,62 0,217
12,60 0,126
13.17 0.075
13,86 0,062
1. 64 0,027
15.54 0,08k



Addenda  Heat capacity Q in mj/oK

T Q/T T Q/T T Q/T T Q/T
1‘02{-52 L) 0375 20 296 6 0545 3 ® 899 - 102}114 7 [ 52&- 03162
1.458 0383 24307 . 0557_’ 4,056 .1105 8.488 « 3996
1.546  ,0388 2.475 0576 4.253 L1175 9.599  .4938
1.548 0384 2.607 <0590 LhoLi52 « 1273 10.91 H174
1.567  L.0394 2,682 L0591 4,908 L1499 12,37 L7590
1.646 <0403 2.807 0631 5,220 L1668 13.88 »9110
Le761 40430 3,022 L0837 5.445 L1798 16.73 l.232
1,876 0459 3.217 10750 5.747 <1952 15, 1,400
2,033 0431 2442 0827 6,162 « 2209 19,64 1.592

2.17h L0524 3,680 ,0913 6,766  .2616 20,90 1,761
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APPENDIX 3

GAS THERMOMETER CORRECTIONS

1, Correction for Non Ideality of Gas

The equation of state of a gas moy be written
pv:Aoa.T(l+§ + 8+ .oaa)
v o
expressing the variavles in “Amagat units, that is p in atmosphores, and v

in units of the volume that would be occupied by the gas at N.T,.P.

¢ = 1 and A = 0,999488. For the f£illing pressures employed
273,15

in the present work, only the correction involving the second virial cosffiecient
B need to considered, higher arder corrections being negligable.

If the thermometer is filled to a pressure P at temperature To’
pov=AoaTo('l+Bo .

=/

v
and at temperature T, p is given by

pv:Aocr;T(l+_§)
v

Therefore T = pi?. l+£2 = Tm 1 +i’
D, v v

1+38 l1+3B

v v

T
where Tm =% is the temperature calculated assuming the validity of
Py

Cherles! Law. The correction AT to T, is therefare
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=Tm EO-B
v 1+~‘;

AT:T-Tm

Ir Py is expressed in cm Hg,

lo
lo

ke
o
[\
\’
(&Y]
k]

The corrections shown in fig, 33B have been calculated assuming the teapera--

ture variation of B quoted by Keesom in "Helium", 1942,

2, Dsad Spage Correction

This correction eliminates the effects of the gas in those parts of
the pressurc sensing tube that are at temperatures different from that of
the bulb. In estimting this correction, non ideality of the gas in the
sensing 'mbe can be ignored. Thus the equation of state of the gas in the

system can be written

i = constant

for a fixed mass of gas in thc system., The summation is taken over all

parts of the sy stem.

If the themonmeter is filled to a pressure 12 at temperature TO

p Vv p. I
-°.° I
iy T



3Ch.
where VTO is the volume of the thermometer bulb at temperature To’ and

V is the volume of the thermometer bulb at temperature T, and V = V0 + &V

i =f dv , the integration being takcen over the whole volume of
vT

the sensing tube when the temperature of the bulb is To’ and T is the same

integral, token when the temperature of the bulb is T.

Therefore T =T 10+ BV

m
1+A°
where A =T I andAO 23210
Vo Vo

and Tm =P To is the temperature calculated assuming the validity of
Py
Cherles! ILaw,
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SPECTIFIC HEAT PROGRAMME

Programme for Use with the Elliott 703 Gomputer

SETS 1(5)J(6)X(6)1(2)
SETV A(50)MR(6)Q(6)R(3)s(6)T(2)u(2)v(9)W(2)

SETF 10G
SETR 9
1)READN . .,
WAIT
VARY 1=0:1:5
READPT ., . .
PRINT PI,6
REPEAT I
LINE
WAIT
READ R1
READ R2 . . .
PRINT R1,L4
PRINT R2,3
LINE
WAIT
VARY J=1:1:6
READ QJ . . . .
PRINT QJ,4/
REPFAT J
LINE
WAIT
VARY K=1:1:6
READ SK o o o o
PRINT SK,&4/
REPEAT K
LINES 3
TITLRE

T i\
LINES 2
WATT
2)READ L 4 » o

READV]— L | W .

JUMP IF V1= 0%03
Al=V1

3)READ V2 4 o «
JUMP IF V2=Ctol
A2=V2

L )VARY M=1:1:2
READ UM o o o &

READW [ ] . . L 4 L 4

A3=A2/13,.0000
Al=A3*TUM
A5=A2~A),
A6=05/14..51
A7-TEEAT

T2-T1

o N = No, of moles -

At——

ofR _ Po 4+ P + B IOGR + B (IOGR)?
‘AT Tomm *
+ P (TOGR)® :

.R.H:.Rl-r-RZ*T

. Qaddenda =Zi R(J) TJ
. Cpure metal Z_—; S(Kx) i

c~CO c-co/T

» L = Number of Heat
» V1 = S pv/inch

.V2=V’imv
-UM:=V1 Or%
« WM = ds or ds
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AB=UM~-A7
A9=A8/A6
A10=I0G A9
A33=0

VARY 1=4:-1:5
A11=A114P1
A11=A17*A10
REPEAT 1
TH=A10/A11
TM=TI* A10
TM=TWE I

TH=TH* A10
REPEAT M
A12=T1+T2
A13=A12/2

ALy =T2~T1
A15=A13%A13
A16=R2%A13
A17=R1+A16
READ V3 o « o » o &
READ Vi o o o » o o
JUMP IF V3=0+to5
A18=V3*V3
A19=A18/A17
A20=A19/1000
5)JUMP IF V4=0+06
A21=VIE VL,
A22=A2I*A17
A20=422/1000000000
6)READV500¢-300003~0V5=tSGCS
A23=A20*V5

A24=A23/81),

A25=0

VARY J=6:-1:6

A25=A25+QJ

A25=A25%A13

REPEAT J

L26=i20- 425

A27=A26/N

A28=A27/A13

A29=0

VARY K=6:~1:6

A29=A29+SK

A29=A29%A13

REFEAT K

A30=A27-A29

£31=A30/A13

PRINT 1,3

PRINT Al3,L

PRINT A15,4

PRINT Alh, L

PRINT A27,L

PRINT A28,4

V v
i A

.
S
N u
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PRINT A30,k4
PRINT A31,4
LINE

JUNP 402
STOP

START 1
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