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' ABSTRACT

Thermal condﬂctivity measurements were made for
two copper, two gold and one silver-based polycrystal-
llne rods and one copper-based 51ngle crystal rod>in

‘the temperature range 0. S to 4 XK. The polycrystalline
rods were measured w1th»each rod;firSt being in & highly

' - _ . ‘
cold-worked condition and then in various: stages of

R
recovery brought about by anneallng ‘at temperatures up-

to 1000 K. From the total measured conduct1v1ty the
lattlce conduct1v1ty was extractca by calculatlng theéu;}
electronlc component u51ng the Wledemann Frana law and
electrlcal re51st1v1ty measurements In none of the |
alloys did the lattlce conduct1v1ty exhlblt the temper—
ature dependence expected from standard theory ,Above
1.5 K vcomparable.experlmental results of other workers,
publlshed only for copper alloys, agreed w1th the data
presented here.» Measurements below 1. 5 K 1ndlcated aq\‘
even larger departure from standard theory. It is the
. author! s bellef ‘that 1n the entire. temperature reglon
(0.5 to 4 K), the anomalies are contalned 1n that part
dof the lattlce conduct1v1ty whlch is llmlted by defect

A

scatterlng. The anomalles”ln the 51lver and gold alloys,;_

-though ba81cally 51m11ar to those 1n copper alloys,

occurred at dlfferent temperatures and could be due to

changes 1n‘the scatterlngbof"phonons'by dislocations,
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with amr associated
kl

~hundred. angstroms.

A

the anomalies were

wavélength in differentvhosts.

-mlcroscope 1nvestlgat10n of the copper alloys repOrted

/
here does’&ndlcate

1

-,

., 1
‘ ;

"characteristic" length of a few
S

' Changes in the tempé&atures of

correlated with changés in pﬁbnon 

»the presence of a charagterlstlc"

‘A preliminary, electron

length,‘of a few hundred angstroms, though not associated

' with the-dislocationastructure.
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QINTR\ObU.CT_I'ON
e j | >

Thermal conductivity Reasurements of some cold—
worked copper allOysvhave been}reported-recently by
Kusonoki and.Suzuki (1969),‘Charslev:and co-workers—— -
(1968, 1971) ‘and Mitchell et al (l97ll | Thesé%measure—
ments 1nd1 ate that the lattlce thermal conduct1v1tyP
does not follow the expécted quadratlc temperature
de//pdence n the range 1.5 to 4 K. Although the,
experimental results, of the above workers, were
ba51cally 51m11ar, various explanatlons have ‘been
put~forward-for_the anomalous behaviour of the lattice
condudtiVity.v These anomalies have:been attributed to:
(a) a- change in the electron-phonon 1nteractlon due to

short electron mgan free‘paths (Llndenfeld and Pen ebaker

1982) or (b) a change in the- scatterlng of phondns iy

~-

!

(i) stat1 di locatlons and (11) moblf% dlslocatlons.
'Ehls the51s 1 n attempt to resolve‘&he controversy by
‘extendlng the measurements to lower temperatures (0 5 h)
and to. othér noble metal hosts (51lver and gold)
| The varlous components of thermal c%nduct1v1ty
RS are discussed. in Chapter II along with a rev1ew of the.
, prev1ous work and proposed models. A descrlptlon of \!
the 3He cryostat, used for the measurements reported
'here, along w1th exper1menta1 detalls are. glven in ,,L

A v—

< Chapter III Chapter IV is concerned w1th the ch01ce -

4 . . o - - ) ’
. g . . TJ,

T

@
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and preparatlon o§/spec1mens and all the thermal con-
duct1v1ty results are presented in Chapter V. A
discussion of results with reference to various models
- follows in Chapter VI. . Some sUggestions for further

work have been put forward in ChaptereVII; The final

chapter is a\summarygof the conclusions.

- . Dok



" CHAPTER II

‘THEORETICAL BACKGROUND

»f\\,//ﬂ33'

2.1 Introduction
The thermal conductivity ) of a metal(ﬁgy be
divided into two components, the electronic conduc-
 tivity, Ao, and the lattice ¢onducti§i;y,'kg..‘This
thesis is primarily concerned with the measurement and
snalysis of the lattice thermal conducti®ity of metal
3l}oys; at low temperatures. In}é pure metal moét of
o . .
it is extremely difficult to measure Ag‘ Point imperfec-

N . . . . . v’ .
tions: added to the host metal®reducef the electronic. .

the heat is tranSBortedvby'thé electrons ‘and conééquently

component'without sﬁbstégtially redu%ing the 1attice
.coﬁponent at low temperatures; “The two comp??ents,"@é
and Ag, are thenlchﬁaréble an@-xg bebomesia Qggsﬁrabléi
quantity.. ' : vv - |

s Y
: . Ll

2.2 Sgparation of'A‘into Components

 The total thermal qénductivity A can be written
as a sum of its ele ronic énd lattice components_‘

__(Klemens 1958), so that

A =L+ A i., L .f - 1 g (2.1)
These two conduction proeesses are limited by various

- ;L . PR A PR . “ . ) P o

,_‘33 : “




scattering mechanisms that give rise to thermal resisg-
;l and Wg =‘A;l. It is then necessary to

consider the various mechanisme'that will scatter the

. tances W_ =)
e

electrons and phonons to‘arrive at the total thermal
‘resistivity, and hence the total thermal conductivity.
The electronlc thermal resistivity is. dlscussed in the
next sectlon and the lattice thermal re51st1v1ty is .

dlscussei\ln Seci 2.2.2. rﬁ , ‘v S

2.2.1 Electronic Thermal'Resistivity o g

A\ 4

‘There are two . major sources of electron scatter—=

- ing in alloys. 1mperfect10ns and lattlc& dlbrations.’
These glve .rise to thermal re51st1v1t1es W co and w el

where the subscript o denotes the 1mperfectlon 1nduced

(or res1dual) re51st1v1ty, and the subscrlpt i the ideal

(or lattlce) re51st1v1ty. Below 4 K, the a;loys reported
here have a negllglble W ei because W ec SO W it The;_ h_* :

electzemic thermal condrct1v1ty is then given by

the Wledemann Franz law (Klemens 1958) .,

‘e = LoT/p, (2.2)

‘
PN

where P is the.residual electrical resistivity and

v

.

‘ Lb is the classical Lorenz number = 2.445 x 10”8 wnk™2.

=



.
'

__%;ez.zrzr_Lattice'Thermal.Resistivity . ]

The various scattering mechanisms for phonons

age . ' ’ | : '
Al) _,speclmen boundaries ‘
2) electrons,‘ ) )
3) ‘ dlslocatlons' ' !
.4)- | p01nt defects and E? i, p' ‘
- 5) ‘1nteractlon w1th other phonons. '

The 1mportant sources of 1att1ce re51st1v1ty in

“the alloys reported here, below 4 K, are electrons, Wée,

i

and the straln fields surroundlng dlslocatrbns, W A

gd’
phy51cally plau51ble argument 1s presented below to show
- why Wg has T ? temperature dependence. |
K i - Using the domlnant phonon approximation (Alman
1958) one  can wrlte.
lAg “_Cgv,g o o tv_ ‘, h, f, S?fa)
’where Cg represents theqlattice specific heat ¢ the
- me€an free path of phonons and v the veloc1ty of these
phonons.v Below 4 K, v can be assumed to be 1ndependent
’_of temperature and Cgch3,‘so that only the temperature
vdependence of & remains to be determlned The phonons
can 1nteract only with- those electrons wlthln the'
',"thermal layer" around the Ferm1 surface. Slnce the

k4

"thermal layer 1sv~kTA1n width, the.number‘of electrons,



1?;7 available for scatterlng is proportlonal to T so that
T« 17, U51ng eqn.. (2. 3)"'ge& T-les obtalnedf

Th;sptemperature_dependence was experimentally verified

: i bnyhite and'Wwoods (1954); Kemp et al (1957),'white,,‘
voods and m‘ffo;.d (1959) and Birch et al (1959) ', .w.hu'
»%y@dcduced AJO in pnrewcopperé silver and goldvfrum mca—"
f‘ﬁ< serements of the thgrmal conduct1v1ty of dilute alloys.

4 Klemens (1958) ‘has shown that the lattlcc thermal
reslst1v1ty ar%51ng from the scatterlng of phununs by
dislocations alSQ varies as T ?. In his calculation,
scattering by.the dislocatien‘core is shown to be'negli—
gible at low temperatures, the majority of the'SCéttering

“being dne to the long range strain field. 1In the range
4{20 K, thermal resistanees-varyinglas T“2 have been
experimentally gbservediby Birch et al (1959); in alloys

nere a’hlgh den@ity of dislocétions nad‘been inrruduced

Since;buth'wge and wgd arise from phonon processes

w1th the ‘same frequency dependence, it can be assumed
that they contrlbute addltlvely to wg (Klemens 1958),

‘ so that

'.wg’z-wge +,W-gd o . . . (2.4)»

or
W_=CT “ + pT < , R (2.5)
.9 ; - : : . .
) eThe d%lculatlon of the total thermal re51st1v1ty for

catterlng processes of dlfferent frequency dependences

ls dlscussed in Appendlx II.



2.2.3 _Graphical Method of Separation

’

Using eqns. (2.1) and (2.2) the,total conductivity

A can_be‘written as

>
i

. 2 '
L T/p + BT (2.6)

}Fere ‘ : ‘ / _

B + D .

1
(@]

Plots of A/T against T would thus be expected to glve a
stralght line with 1ntercept L /p and slope B which

w1ll depend on the den51ty of dlslocatlons.
» : a‘ .

-~ 2.3 Previous work

Mitchell'et a1'(1971), Leaver and‘Charsley'(197l)
and Kusonoki and Suzuki (1969) ‘made 1ndependent studies
of'kg,'ln the temperature range 1.5 to 4 K, on deformed
and subsequently annealed copper alloys containing -
between 2 and 15 at % aluminum. - The thermal conduc—" >
t1v1ty data measured by all three groups of workers was
bas;cally 51m11ar and showed a pronounced change 1n
temperature dependence, or "klnk", between 2 and 3 K.
Although the three groups attrlbuted thls change to an
effect in the lattlce thermal conduct1v1ty, each advanced
a dlfferent explanatlon for 1t " The models they used are

‘&

brlefly dlscussed in the next sectlon.



. G Scattgrﬁng of\phonons by electrons (1n the reglon

where ‘the electronlc mean free path = phonon wave-

length) ~ Pippard effect (19 7)

(2) Scatterlng of phonons by sta_lc dlslocatlons
b4
(a) Dlslocat;on 'dlpolglfm del by Leaver.and

- Charsley (l97l)>

(b) Dlslocatlon rearrangement model of Ackerman
<

and Klemens (1971) ‘
(3)_ Scatterlng of- phonons bybmoblle dlslocatlons
. (a) Dislocation. 'flutter' model as dlscussed by
Ziman (1960). |
(b) Resonance scatterlng by partlal‘dlslocatlons—

Kronmuller (1972)

2.4.1 Scattering of Phonons by Eiectrone
Pippard}fl957)hhas shown'that'the electron-—

llmlted lattice thermal conductlvxty w1ll depart from

.the usual T2 depend“nce when ql 5 1 2re g represen%f

the -phonon wave vector and 2 the electronlc mean fre? | R 4

path). The 1nequa11ty qz <1 1mp11es that the elec—

‘trons do not traved §uff1c1ently far between scatterlng

'events to samplef one complete wavelength of the )



o el
‘ \‘ ) v ’ s : '
lattiCe virbatibn . The interaction between phonons and

R

~-e1ectrons is thereby reduced and leads to an extra

T T

Qlattlce conductivity proportional to T. Experrments
.by Zlmmerman (1959) and Jericho - (1965) on 51lver alloys,

'f‘by-Llndenfeld (1962) on copper alloys and by Archibald

et al (1967) on pota551um alloys (of comparable Py ), do
show an 1ncrease in the thermal - conduct1v1ty below 2-3 K.

Mltchell et al (1971) have interpreted their data, on ;

cold worked and annealed copper alloys, also in support of 1)

Pippard's theory. o o K

- L , ' : ¥
2.4.2 Scattering of Phonons by Static Dislocations

Q <

(a) Dislocation 'dipole' model <

The scattering of phonons by the long range strain

fleld of dlslocatlons produces a T2 varlatlon of A _ at
~9—

low temperatures. However, the probablllty that a

phonon w1ll be scattered by a defect. depends on the

relative size of the defect and the phonon wavelength.

- As the temperature decreases the domlnant phonon wave-

length increases and the phonon scatterlng beglns to be
affected by the overlap of some /of the dlslocatlon
train flelds‘— Thls overlap leads to a reductlon in

th e scatterlng, as, on the average, the strain fields

2tend to cancel each other.

Inecthe Leaver and Charsley (1971) model a frac-

tlon of the dlslocatlons are assumed to be in a- 'dlpole'

R




1

10

\frrangement. In the dipole configuration; two parallel

edge-dislocations of opposite signs"are separated by
"distances small compared with other dislocation |
.separations. ‘Since the long ‘range strain fields of
‘the two dislocations in such an arrangement partially
cancel one expects a decrease in phonon scatterlno
compared to that of two isolated dislocations. Leaver
and Charsley (1971) assumed that dislocation dipoles
" would scatter phonons, which'have a wavelength'greater
than n times the dipole separation, with g« w3 (n is

an adjustable parameter and w is the phonon,frequency).

All other phonons would be scattered aslfor an irdividual

dislocation, i.e. £ « w™ ' (Gruner and Bross 1968).

Choosing values of d :‘200-250 5 (from electron
microscope data), n was varied to optimize the fit to
. . o uE

the data. For d = 250 & and n=0.5, Leaver and Chars}ey

found good agreement w1th experlmental curves in the

' temperature range 2 to 4 K, Thelr calculatlons of A

"below 2 K showed a’ plateau in X /T agalnst T plots around

1 K. .
)

(b) Dislocation;arrangement model

ACkerman-and Klemens (1971) calculated the lattice

thermal conduct1v1ty due to a dense array of dlsIbcatlons.

On . the assumptlon that dislocations ‘tend to rearrange.

IWSelves so as to m:.rumxze the‘ free'energy, they showed

."that this leads to.a'cancellation of the long rangep



11

strain field. This model though similar to the Leaver
and Charsley model, is much less restrictive on dis-
location arrangements and ‘would lead to a slower

deviation from a 72 behaviour than the 'dipolc“mpdcl,

2.4.3 ;Eattering of Phonons by Mobile Dislocations

(.

(a)‘Dislocat'onefinttet‘moéel

So far the”dislocation and its'surrounding”strain
field have been treated as’ static entities. Howevcr, it
is known that dlslotatlons are not fixed to the- medlum
_,Lut can move. This moblllty should be ‘taken 1nto account
in the analy51s of scattering, for the 1nc1dent phonon
has a stress fleld which may cause - the: dlslocat;on to.
move while scatterlng the 1nC1dent phonon. Ziman t1960)(

‘has shown that the scatterlng width is proportlonal to.

the phonon wavelen th so,that

- 4
W « T . .
gd -~ !

. . e
. To date, the only experlments which 1nd1cate such
" a strong temperature dependence of Ag are measurements

made Jerlcho (1965) and Llndenfeld (1966)

(b) Resonance scC tterlng by partlal dislocatlons
| In a facef entred cubic metal a’ dlslocatlon “may
'd1s3001ate 1nto(two partlal dlslocatlons, separated by
a stacklng f‘ ~a reglon:ac:osszwhich the sequence



“b '/ N o - ' T
. . . x |
of close -packed layers is disturbed. Kronmulle (1972 -
has calcuiated the vibrational frequenc1es of'these
_partlal dlslocatlons to be iolo1to lOll Hr whlch
correspond to the domrnant phonon_frequenc1esvat l K.
Resonant'écattering of phonons by vibrating partials
cen, therefore, prodnce evchange in the phonon'eonducj
nﬁ5tivity close to‘l K. The resonant frequency wo is‘
5‘d1rectly proportlonal to the stacklng fault energy,

and 1uversely

o the stacklng fault wldth (Kronmuller

‘1972)_so:ﬁﬁﬁl

(2.7)

where

<
h

= stacking fault energy

o))
I

= stackinglfault width o - W
meff‘s effective dislocation mass .

At resonance, the scatterlng of phonons would be

-—

'enhanced ana thls would lead to a plateau in the latt1ce»~

conduct1v1ty or, . under Spec1al c1rcumstances, a mlnlmum
Thermal conduct1v1ty measurements on superconductlng
nloblum 81ngle crystals have been 1nterpreted by
AndefSQn and Smith (1973) ‘as 1nd1cat1ng a resonant

scatterlng of phonons aEBund 1 K. IS \v)
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2.5 Need for Further Work

. . As varlous explanatlons existed for the anomalousv

~'ybehav1our of the lattice thermal conduct1v1ty of cold

'worked copper alloys, @t was ant1C1pated that extendlng
the measurements down to lquld 3He temperatures would
clarifyrthe'situation.' Preliminary measurements on.
copper. alloys, of the same type studied by others,
Aylelded 51m11ar experlment@l data in the 11qu1d 4He v
'regloh, and enhancea conduct1V1t1es in the 3He region.

It seemed that measurements on other, cold—worked, noble

‘hosts (where the phonon wavelengths were dlfferent)

would be helpful



F CHAPTER III

EXPERIMENTAL DETAIL

ar
-

In order to measure the‘th rmal conductivity-of

various metals and alloys, in the temperature range
. . A )

;.,;9 9

+5-4 §, 3He cryostat ‘was constructed The design of
K

the cryostat was 51m11ar to. he one described by
Archibald, Dunick and Jerich (1967), with a few
modifications. Both the the afeconductivity and the
“electrical resistivity of a specimen can be measured,v
x\joVerfthe entire temperature‘range,~in a single,run; A

H . .
.
- k . - 5
. =

1

3.1 Low Temperature Section"

' At all temperatures ‘the main coolant s liquid
Y4e in'a glass dewar, boiling under normal pressure}'
=For- measurements between 2 and 4 K llquld 4ae in a

'thermally 1solated chper pot is cooled by- reduc1ng the R

pressure above 1t. For- measurements below 2 K, a fur-

ther stage of- refrlgeratlon is used° a pump

talnlng lquId 3He.x

'pot con-

/,,

A cross- sectlon of the low temperature pa

the cryostat is shown 1n Flg. 1. 1t con51sts o)

- main ‘sections: I Lo o Q\“‘
ﬂ“(i)f‘, aicopper outer can, 2 o S
(ii) the 4He pot with anvisothermaf%radiation_shield,
and '

ko .
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(i%i) the 3He station to»which the speclmen is soldered.
The outf; can, cooled by immersion in a dewar of
liquid“4He, can be evacuated, therebyslsolating the 4He
station. The Yhe pot’la'lSO c c. topper pot) can be

filled with lquld 4He and pumped to obtain temperatures

re

“;between-l.Ziand 4,K‘ Extendlng below the pot is a

removable, brass inner can (fdcloslng the 3He station)

‘which can be_evacuated by & separate pumping system.
' The 3He'station,pa'copper o ock»with various chambers

machined into'it, is comprlsed of the folloW1ng.
(1) fa 3o pot of capac1ty 3 c.c. whlch.can be-pumped

to obtain temperatures down to 0. 4 K

P

/ 4 3

(11) "He and He vapour pressure bulbs,

(111) a 'specimen post,

(iv) « carbon resistors and a heater used for temperature
- . ’ . ' ‘ {/ . ‘ N ﬁl . ‘
regulation, - R , . _ - .
Lo % : . ‘ ) e - » B .
(v) - -~ a salt pill, hung directly below the 3He stationv

K4

and’isothermal.with it.

Startlng at the room temperature cryostat head
the electrlcal leads, 1nclud1ng spares, pass down the
specimen ohamber pumplng tube.d The lower end of this
tube passes through a’ brass block as shown . in Flg. 1.
J;The wires were wrapped around and varnlshed to a

_copper post, which was then soldered w1th Wood'

~alloy into the brass block This block was- norma'

‘covered with liquld 4He thus provxding tha'



anchering stage for th~ wires. The leads were_again
thermall§\anchored at the 4He pot and 3He station as . -
1nd1cated fh Fig. 1.] To keep ‘the heat leak to the
two statlons 'small, #38 B & S manganln wire was used
for all leads except the single current lead or which
#38 B & S copper wire -was- used. The free ends of the
leads at the. 3He statlon were sofdered to electrlcally
- insulated plnS embedded in a copper post. Electrlcal
‘connegtlons to the spec1men, thermometers ans heaters
were made with coils of" manganln wire; eight“inches '
'dong (70 Q/ft), ensurlng that the therjal reslstance
in paralleLﬂw1th tks spec1m%p ,was large .enough to pre— .
vent the heat flow through 1t from*belng dliturbed |
The procedure used in coollng ‘the cryostat was

to 1ntroduce exchange gas ( He) at a\pressure of

several Torr 1nto *the outer and 1nner cans. =L1quid

a

nltrogen was used for pre coollng.‘ The dewar was then
-Aemptled and lquld 4He was then transferred 1nto it,

coollng the whole low temperature sectlon (Flg l) tol

4 K. . The exchange gas was pumped out and the 4He pot
fllled w1th llqu1d ‘through the needle valve, operated

from the cryostat head at room temperature. ‘The 4He R —

potgand_the 3He station were kept 1nrthermal contact

~ -by lowerlng the movable copper rod and f1111ng the tube

'around it yith 439 gas at a pressure of ‘several Torr.

p‘Temperatures betwe

2 and 4 K were obtained by pumping
A\

-
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the 4He pot, controlling the pressure with a diaphragm,
manostat, and supplying a small amount of heat through
'the temperature controller. For measurements at lower

3

temperatures the ~He potlwas fllled W1th llquld by

introducin He at a pressure of ‘about 250 Torr. The
thermal'linkage between the. JHe and 4He stations was
'then,"hroken" and;the 3te pot pumped through a room
-temperature ned@le valve to sllghtly,below the requlred

) temperature The temperature was f%gulated at a sllghtly

~higher: value w1th a %eater connected to a temperature

controller.

3.2 Temperature Controllér

¢

-y

The temperature controller 1is srmllar to the one>
, descrlbed by Rochlln (1970) The circuit COn51sts of
an a.c. wheatstone brldge with a carb n re51stance
thermometer, as the sensrng element 'Zn one arm of the
.ebrldge.- Regulatlon is prov1ded by using t@e off-null
vsignal' ampllfled by a phase sensrtlve detector, to
control the power dellvered to a heater placed in good
thermallcontact w1th‘the 3He station;y This 1000 Q
heater, consxstlng of #42 B .& S manganin wlre (147 Q/ft),
" was wound around the 3He station as‘shown 1n~Flg:vl.
Since the bridge was optimized for thermometer”resis;

‘ tances‘betweenlsoo and 5000 Q it was necesSary to use

[ I
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two dlfferent thermometers to cover the entlre tempera—
ture range (a 33 Q Allen Bradley from 1.5 to 4 K and a
~10 . one below 1. 5 K). 'The resultlng regulation of the

3He statlon temperature was better than 0. 5 mK.

3.3 Thermometry | ‘ ' a > )
Cal S

3 3 1 Choice of Thermometers'

A palr of fast respondlng thermometers are
requlred for thermal conduct1v1ty measurements. The
posslble.ch01ces are carbon ortgermanlum resistance
thermometers. The advantages of u51ng carbon resls—
’tors are (i) they are cheap and (11) their re51stance—;
temperature charact-rlst;cs can be fltted to a 51mple
requation, The disadvantage.is that thef have'to be
recalibratedxeuerfvrun.' In'cOntrast, germanium ther- -

mometers are more,eXpensive;‘fit’a more elaborate

.‘\J\—”L

equation, but‘oncepcalibrated hold their calibration
. well. .This;excellent reproducibilityﬁwas‘the‘major
reason w; chose to use germanlum thermometers. The
thermometers were callbrated in the cryostat as des- .
»crlbed later, and“;hecked perlodlcally.'- |

; It 1Sn1mportant not to use too large a measurlng
‘current to avold self- heatlng of the thermometers.

Test experlments showed that.at 10 KA no change in

temperature occurred even at 0. 5 K. Consequently, thls
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~ current was used for'measuring the thermometer resis-
tances,at all teAperatures.- At all temperatures
:mgchanges ln thermometervresistance corresponding to
-~ temperature changes of'O.l‘mK‘could be easily detected,
At temperatures below -~1 K extreme care has
'; to be taken to ensure good thermal contact between the-
the?mometer and the spec1men. Below 1 K the pressure
pof the exchange gas in the thermometer capsule drops
resultlng in the temperature of the sensing element

belng dlfferent from the temperatu:e of the thermometer

ca31ng.' To c1rcumvent this problem the spec1men probe

was thermally anchored-to the thermOmeter leads as well
as the thermometer case. A plece of #18 B & S gauge
enamelled copper wire ‘was wrapped around the case of
- the thermometer in a 51ngle layer and varnlshed‘: One
'end of the wire was SOIdered to the spec1men probe u51ng.
non—superconductlng solder (bismuth- cadmlum) The

other end &f the wire was used as a thermal anchor for
the‘therm.'eter leads bf winding and varnishing:them to
it. | ' |
o : o : :
The probes themselves were 2 cm long pleces of
#14 B & S gauge bare copper w1re, wrapped around the
.spec1men in a 51ng1e turn, transvep%e to the spec1men:g
'ax15, and soldered w1th non- superconductlng solder. |

Inltlally a dlfferent method was trled A Pmm diam.

.{:‘copper w1revwas,etched carefully in concentrated acid
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into a conicai‘shape. Holes were drilled, in the
specimen, at two convenient points (about'8 cm apart)
and the.thin end of the etChedgwire drawn,through
‘until it fit snugly. Thrs would haVe allowed the
probes'to be left in place between runs, whilst the
specimég was_anneared, ensuringlthat the separation
of the'probesvremained constant't Thls procedure was
unsuccessful as below 1 K the pressure contact had too

hlgh a thermal re51stance.

3.3.2 -Vapour;Pressure Thermometry

The pressures of 4He and - 3He in the vapour'
pressure bulbs were measured u51ng two precision
pressure gauges manufactured by Texas Instruments;

These gauges have a high sen51t1v1ty and reproduc1b111ty
(x0.001 Torr ). Between 2 and 4 K temperature measure-
ments were ‘made by reading the vapour pressure of 4He'

°8 scale (Br1ckwedde et al 1960).

‘and using the T
In order to prevent errors due to cold spots the vapour
preSSure sensing tubes ‘were vacuum jacketed where they

4'He bulb

passed through the‘ﬁﬁe'pot ' Below 2 K, the
- was. evacuated and temperatures were obtalned from 3He
vapour pressure measurements usxng the T62_scale

(Sherman, Sydorlak and Roberts 1964) In the overlap

} reglon, between 2 andg3 K(vthe pressures‘over the two
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bulbs were readvsimultaaeously and the corresponding

‘ temperatures were found‘tc be the same within iO;l‘mK:
| ‘Below'0.7 K thermomolecular pressure correc—

tions, which are difficg;t.to estimatelaccurately,

have to be applied so the range for-3He vapoﬁr

vpressure measurements was llmlted to 0 7 to 2 K

.051ng thls comblnatlon, the T58 scale for 4He'andA

the T62 scale for 3He, temperatures were reproduced

over the range 0. 7 to 4 K w1th an accuracy of 0.1 mK.

3.3.3 Paramagnetic Thermometry{,
Paramagnetlc thermometry is. based on the tem—'
‘perature dependence of susceptlblllty of an almost

non-lnteractlng system'of spins. * The general equatlon

governlng thelr behav1our is the Curle -Weiss law

. X T Fm R IR

C = Curie’ constant,

-~

T = Temperature, SRR 4
6 = Weiss cohstant, and
X = Susceptibility, a .; n ..' o

Three different Salts’were.tried in turn:

(a) - Cerium Magnesium Nitrate (CMN),
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(b) Ferric Ammonium Alum,

(c) - Potassium Chrome Alum.

i

'CMN is known to obey Curie's law down to ~0.0l K

N\

and probably_somewhat below (Abel et al 1964) . ~ However,
fairly.sehsitive methods of measuremeht are required
oecause-the material has a small Curie constaht; Ferric
ammonium alum was therefore tried as it has a large

Curie constant. However, the salt is extremely unstable

"since it loses its water of hydration very easily.

[

LS

.Finally,vpotassium ehrome alum was tried. .
f'The thermal'and magnetic properties'of‘potassium_

chrome aluh are fairly well.knowhﬁhelow 1 K (Bleaney

:1950 Daniels and Kurti 1954). Theasalt was used in

- the form of a sphere 7/8 1nch 1n dlameter.‘ The ends of

about 300 strands of enam&lled #38 B & S gauge copper.

wire were embedded in. the sphere to)prov1de thermal

.contact w1th the 3He station as shown ln Flg 1. The

(‘fv‘l' SRR s@ oo 'ir LA A
temperature,_was determlned from the chahge in mut%%ﬁ«,;

PR
. ! “/x‘-

1nductance of a paJr of concentrlc c01ls wh1qh<f'

L ‘.‘?‘:,..7.'
ded the~salt - Mutual lnductance measurements?ygg‘

3 (‘ L ﬁi“%q :
u51ng a 17 Hz 1nductance brldge (Plll%pger, Jastrum'aqﬁ

R S
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Daunt 1958). The primary coil consists of 3000 turns
of #38 B & S gauge enamelled copper'wire wound on a
teflon former which fitted closely over the narrow end &

(tail) of the outer can. Both the outer can and the

inner can had tailsv(as shown in Fig. l) made from none
magnetic stainless steel tubing; The secondary c01l
mounted on the tail of the inner can, was wound:“\
sections on a single former. Each sectlon consrs:‘.
of 4000'turns of #40 B & S gauge namelled copper;%‘r7”
, wound in oppOSLtlon and connected to reduce the total
mutual 1nductance to ds. small a value as p0551ble.
vCopper leads were used to make connectlons between'the

two c01ls and the- mutual 1nductance brldge. <A few'

extra turns on one half of the seCOndary or sllght mls—

allgnment on assembly or coollng, made a con51derable

difference to the,total mutual inductance of.the.coils

whlch ‘could result in the mutual 1nductance lying ougr

51de the range of the brldge. Consequently the range

of the bridge was extended by a factor of ten by

replacing the standard'S’mH plate coil in the hridge

‘by a»"home—made" mutual*inductor‘of value about SQO mH.

v Tc‘determine_Mb,’(the-mutual inductance in the
_absenCeiof the s'lt pill)'the measured mutual inductance

' _M”for the\system wiv‘fsalt pill in place is first o

;%;ottedras_a funCtion of}l/T (T‘from'0;7bto 2VR).and d

LI

h



this curve extrapolated to T‘=“=o givesiﬁo. 'Theni%-Mo
is'proportional to_the temperature dependent part of
the susceptibility of the salt. _. .

. Since‘&apouf preseure meaeurements were used to
determine the’absolute‘temperature T from 0.7 to 4 K,
1t ‘was only in the range 0.4 to 0. 7 K that the magnetlc
temperature T* had to be converted to the absolute
temperature T However, in this temperature region,

the dlfference between T and T* for Potassium Chrome

Alum 1is negllglble (Cooke 1949)

L I

-3.3.4 Calibratioq@gﬁ.Thermometers '

| The thermometers_were calibrated by mountihg
them on a specimenvof.high‘thermal conductiuity, soi;_
-:dered to the-3He station;"Fifty different temperaturee
of this statlon were . malntalned and’ measured as des-
cribed earller.. The resistances of the two germanlum

‘ thermometers were measured, in rapld sequence, at each
. " - SEHEE _

temperature; The data were theﬁ,frtted'to an equation

hY
\

_ . o ' ;
of the form used by Blakemore (1970). . ‘ AN

"In R =
LT 1

Il ~18

anmt (3.2)
o Mitn | |

Chebyshev polynomials and double precision were used .
for sufficient accuracy and it was found that a value

of n'= 7 gave the best fit. A deviation curve of

LN
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(T - T xp) vs Tg; ‘was plotted, where T.a1 were the

cal e Xp ‘
-calculated.tempergtures using eqn. (3.2) and Tex Were
" the ekperimental temperatures. Since the déviation
curves for the two thermometers were very\similar the -
-fcofrections apéliéd'were generally léss,than 1l mK.” A
“table of R vs T atwintervais'of 0.1 mK. was genéréted
for eéch_thérmometer, so that thermal conductivity
caiculations could be'made'quickly'while a run was ih

~progress.

3.4 4ea$urement of-?herﬁal Condﬁctivity
Meééurementg ofzthé tﬁe%mﬁl éohductivity.x(T)
-we:evmadé-in‘thé steady state by passing a constant -
heat current Q dowh fhe specimen andlméas&f}ng'tﬁe
vtémperéture differénce‘AT betweeh two po;hts. Then:

A(T) =-Q(2/é)/AT_ ’ : : U (3.3).. 
where ¢ is{the length.betwéén thermometer connéctions
and A is th cross;éecﬁiohal.aféa 6f-the specimen.

Current leads to the two gefmanium»thermbmeteréf 
were‘conneétgd iﬁ,sérieﬁ. :The‘specihén:heéter,:df‘lSOO
ohﬁs resistance, was made by winding‘#40'B &»S»éauge'-
}mangahin wire oﬁ,a 2 mm‘diamefer insulated copperfwire.'
This was attached tb‘the;specimen_with Wood's'afloy.v
éﬁ;rent leads to the heater from the 3He station wé;e’, 5

N . ) ,

e



superconducting (lead plateq manganin wire)f/thus
-eliminating‘any corrections due to joule heating in:
them. “1 : : | N

To- measure the - thermal c0nduct1V1ty at any glven
temperature T, the 3He station was flrst stabilized at
‘a temperature sllghtly below T The specxmen heater‘

. was switched on and the power ad]usted to produce a

E;ZrEasonable AT GenFrally AT was ~150 mK at 4 h and
wAO’mK at 0 5'K. Both thermometers were read in rapld
;;equence and thelr temperatures recorded when they -
became steady. The' heater was’ then sw1tched off and
the two. temperatures recorded agaln 1n the steady state;
with Q = 0.’ ThlS procedure was repeated tw1ce to ensure
.that there waS/no appre01able drift in the temperature

of the 3He/stat19n, Then;

AT = (AT)2 - (AT)l, - where ‘ ,“ o

’(AT)Z .is the difference between the upper'thern meter
- ‘ - N : - “ ) . V .
o a A-readings‘with the heater ON and OFF, and

(AT)l -is\thefdifference~between the lower thermometer

-

_readings with the heater ON and off.

‘The temperature T 1s the mean temperature (T + T )/2

R where Tz‘and Tl are the temperatures of the upper and h {\_

lower thermometers respectlvely w1th the spec1men heater

- ON.



The heat,Q, prdduced by the héater, is determlned
" by measurlng the current I ‘through and ‘the potentlal v
across the heater with a potentlometer. Then Q = .
Measurement of the geometrlcal shape factor L/A allows
eqn. (3.3) to be applled to obtaln A(T) .

-

3.5 Measurement oszlectricaL Resistivity

The electrlcal resrstance ofRa spec1men can be

represented by - o , -
R = p. (4/A)

where-R is the electrical resistance; p the electrical:
re51st1v1ty and (R/A) the QEOmetrlcal factor. Srnce

,the electrlcal re51stance and thermal conduct1v1ty of a
spec1men are measured in the same run using the same‘ |

,probes the shape factor remalns the: s »e for both mea-

L

surements.

" The electrlcal re51stance was measured by pass—i
Hlng a constant current through the spec1men’€nd a
standard re51stif andgcomparlng the voltage drop

lproduced across each A four termlnal potentlometrlc
Co
arranqement was used to measure these voltages and
currents were reversed to ellmlnate thermo- electrlc
»hvoltages» All the spec1mens used had a re51stance of

2400 uQ:so that a’ current of 50 ma produced a voltage

drop of 20 uV across the spec1men. Since the smallest

L3
3
A



detectable voltage was 100 nanoVolts AnVv), the re51s—
tance of the speCimen could be measured to an accuracy
of % %, Manganin wires were used for the twolpoten—‘

tial leads and current - -to the specimen was carried
, T o ' ).
A

down a copperﬁiead. The return path of the current

was thrOugh the»cryostat

2>

"\

The reSistance of a,spec1men was generally first
;measured by immer51ng the spe01men directly 1n liquid

helium, in a storage dewar. The ;peCimen was then'.
( N
mounted in the cryostat and its re51stance measured at

4 -

.4 K with THe exchange gas present in the spec1men i ES

3

chamber,, For resistivity measurementS‘belowvl Kva
different potentiometer‘was used with a galyanometer
amplifier as the null detector. This increased the
'sensitivity’and measurerfients could be made\tovthevsame
ﬁaCCuracy usingfsmaller c;rrents.

3'6‘ Test of Apparatus R

" AS’ a‘test of the apparatus, a test spec1men with
known conductiVity and w1th a conductance SLmilar to |
.the alloys was required Pure~pallad1um (impurity
conter <1z -ppm) was chosen; since in‘a'pure material-l
(a) the lattice conduct1v1ty could ‘be ‘assumed to be
negligible comparedcto the electronic conductiVity andb

(b) ‘the low temperature limiting value of the 1deal

‘,scattering processtfor electronic conductivity was known
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“rom the- thorough work of Schriempf (1967, 1968).
The clectrical resistivity of the specimen was,
_measured over the entire %Qmperaturo range, 0.5 to 4 K, .

and the data cuuig bé fitted by the expression

1T 6.0+ 0,003 17) - 1078 e

4

which for th(:”'l‘2 term is in guud(aéreément-with the
data of Schriempf (1968) obtained above 2 K.

Schrlempf'§ data (1967) can bL expressgd as
Vo/T = L - BT2 where L' = .48 ’10 -8 WK =2 and B

O : O

depends on b In Figy. 2, AP/T for the palladium
specimen is plotted against Tz and fitted by a least
| =8 -2

squares pf&cedure, yieldihg L;“z 2.48 % 10 W.:K .

-which is~idcnticalitu.Schriempf's value.

In Fig. 3, ﬁb/T‘is plutted dgainst T to provide
L a cumparfSQn with tﬁe luts fur thL alluys dis cussed,

L .
1éter The value for—L , obtained by fitting a stralght
line to this plot ‘is the same as that of Flg 2, within ‘:
experlmental ?rrur although the extrapolatlun may have no
:phy51cal justlflcatlon Howgver,the data p01nts fit the hne
\.smoothly w1th small scatter and w1thout any 51gn of the.

_"bumps or "klnks" that are apparent in most of the

'alloy data.-_f S 7o
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Table l

Toial thermal cohduct;vity A in W oem ! k72
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as a function

"of temperature T in degrees K for pure palladium.

Sk

'3.946
3.933

3.726

3.534

3.362
3.282
3.043
2.779
2.584
"2;306

2.121

.'1.755

. 1.676

p, = 6.06 x10™8 q-cnm

%/a = 6433 cm” 1

)

;
1.557

1.560
1.462 |
1.409

1.326_v

1.304

1.217

1.118

1.030

0.925
 0.865
0.711

0.688:

1.509
1.405

1.395

1.283

1.154
1.104
©1.005 -

0.935

0.865

0.787

1 0.699
0.630

.0.483

0.612
0.576
0.568

10.523
0.476

0.451 -

0.412
0.388

0.360

-0.327--

0.287 =

©0.262

1 0:201



o : CHAPTER IV

SPECIMENS AII‘iD THEIR PREPARATION
4 - S

4.1 Choice of Specimens
The specimens used were fairly concentrated
,alloysﬁin ordet toﬁ_(a)denSure that the electronic
c0mponent of thermal conductivity was.reduced. makingh
it comparable W1th the lattlce component and (b) make
the total electrlcal re51st1v1ty practlcally tempera—
ture 1ndependent. /The geometr1ca1 shape factor, L/a,
vof each specimen was chosen so that the-thermal
~ conductance Q/AT at 4 K was similar for all spec1mens.
iThlS required the re31stance R of each spec1men to be
‘about 500 uQ. giase dlagrams (Hansen 1958) were checked
to ensure thatvall alloys were wlthln'the.solrd solutlon_'
- ‘region. - | |

aﬁwy

4.2 SpeCimen.Preparation'

A general procedure for preparlng the soec1mens
is outllned below. - The pure materials were llghtly
etched and welghed. They were then melted elther under
vacuum or argon 1n elther quartz or recrystalllzed
‘alumina cruc1bles u51ng a R.F. 1nductlon,furnace. The
resultingfingots gere,swaged or(rolled to‘oroduce'a\rod‘
'of.thehreénéred dimensioné. iA list of the épecimens;

,l§%j: "f .
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along with ‘their residual re51sg1V1t1es and annealrng

temperatures, is given in. Table 2.

4.2.1 Cu-10 at. % Al | I‘ | A

ThlS alloy was prepared by 1nduct10n meltlng
99. 999 g pure alumlnum with OFHC copper 1n a'l/4"

bore evacuated quartz tube - The resultlng 1ngot was

etched and then swaged in a number of stages, “to 3.6 mm

-dlameter.'_The specimen used was 10 cm long and was

stored in liquid nitrogen to retain maximum cold-work.

4.2.2 Ccu-30 at. % 2n

The b01llng p01nt of zinc (907°C) is much lower
than the meltlng p01nt of copper (1083°C) 'Consequent-
ly, in the process of meltlng in the induction furnace,
a large proportion of the z;nc was lost by evaporation.
This‘problem7was circumVentedlby starting'with larger
' 'qdantitiest The?copper'was melted firstdand_the zincv.
dissolved in'it Four cylindrical rods (%" diameter)“jﬂ
10" 1ong were cast into sand moulds at the Amerlcan Brass
Foundries, Edmonton. One rod was swaged down to 3/8"
dlameter, annealed and then swaged to 1/4' dlameter.
'The 1nt?rmediate anneal was necessary to prevent crack—
iing.: 8pecimens 12 cm. long and 4 mm - in dlameter were

machined f:um this material._;

E S
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Details of Specimens
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Residual Annealing
Specimen Symbol Resistivity Temp.
, (uf2cm) (K).

Cu-10% AL "

- cold-worked [ 7.54

first anneal O 6.79 600 K

_second anneal A 6.88 675 K

final anneal -0 6.69 1000 K
95—30% Zn (a-brass) : ‘

cold-worked ' !. 4.59 _
{ “first anneal 0 3.82 ) 600 K

sécond anneal A 3.77 . 700 K
..final anneal .0 3.86 1000 K
Brass‘single crystal o 3.53 |

- Au-2% Pt | |
“cold-worked e 1.84 |
annealed "o 1.96 1000 K
Au-104 ag |

cold-worked ° 2.90 ,

annealed o 2.71 1000 K-
Ag-2.1% AL “ |
- cold-worked X ) 3.43

annealed "0 3.27 1000 K
Palladium - ° 0.061
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4.2.3 Cu-30 at. % Zn_Single Crystal

Two single crystals of brass were obtained from a
- commercial sourcﬁ'(windsor Metalcrystals 1973). One ‘was
a 1/2" diameter cyllndrlcal rod and was spark cut into
l/8" square rods 6" long. The other, 1/8" dlameter

'cyllndrlcal 6" long was measured "as recelved"

~4.2.4 Agrz.l.at.'%'Al

Thts alloy was prepared by Seth and Woods (1970),
in' the form of a lmm dlameter wire, and cold-worked by

-

them in the process of draw1ng through dles, ‘with 1nter—'

-

- mediate anneals.

4.2.5 _Gold Alloys

-

The Au-2 at. % Pt ang the Au-lO‘at % ggﬁalloys
were.prepared by 1nduct10n meltlng materlals of 99, 999 L
‘purlty in recrystalllzed alumina cruc1b1es under argon.
Resultlng 1ngots were etched and rolled lnto square' |

.‘rods of 4 mm2 cross- sectlon and 10 cm long. |

4.2.6 Palladium .

A 50 cm Coll of 1 mm dlameter pure palladlum o
wire" (impurlty content <12 ppm) was- obtalned from a
commerc1a1 source (Johnson Matthey, 1972) and used -as

the spec1men.



. 4.3 Annealing

.

The Specimensvwere annealed in a horizontal
‘vacUum furnace whose temperature could be controlled
w1th an uncertalnty of *5°C 7 All anneallngs were
. carried out for a, perlod of 12 hours after whlch the
‘specimen was allowed to cool gradually. The Cu-10 at.

d% Al Spec1mens were annealed under vacuum but : the rest _J
of the Spe01mens were annealed in an atmosphere of

‘ argon. To prevent excessive loss of zinc, the brass
spec1mens were placed in a hollow brass cyllnder w1th

o~

a loosely.flttlng cap and‘annealed under argon.

: 38 S
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CHAPTER V

EXPERIMENTAL RESJLTS

5.1 Graphical'Presentation of Results

The thermal condﬁetivity data'for all alloys has
been presentedein Figs. 4’to 9 as plots of A/T against
T forvreasons diseussed'in Chapter II, and to'facilitate_
:comparison.with previous work. On these c%rves, depar—
tures from a horlzontal stralght line through L /o
l(denoted by’horlzontal arrows) represent the contribu-
.tiOn'of,kg'to the'totalfconductivity’where, usingpeqns.

(2.1) and (2.2)

A= A —_—.(__LO'/-pO)T' . e | (5.1)

[T

5.2 Copper Alloy

™,
R

Data for the Cu—lO at. % Al and Cu-30 at. % Zn
alloys, ‘in various states of anneal have been plotted
in Flg. 4 and Flg. 5 respectlvely. In the temperaturei
reglon 1.2 to 4 K the thermal conduct1v1ty p01nts for
. the cold-worked and fully annealed states can be
fitted to stralght lines. However, thlS is" 1mp0551ble
for the partlally annealed states. Thus a least squares
fit was made in two line segments (Mitchell<et al-l97l),

giving rise td a "kink" in the plots, at a te@peraturev'

39



oy
Tyr around 2.5 to 3 K (1nd1cated by small vertlcal
arrows). Below 1.2 K, thermal conduct1v1ty values
depart from the T2 dependence anc so’ the data» in the
region 0. 5 to li K, appear as é "bump".

Fig 6 is a plot of- A/T vs T for the 1/8"
‘dlameter Cu-30 at. % 2Zn 51ngle crystal Sguare rods
"cut from the larger crystal yielded ba51cally sumllar
results. The lattice thermal conductivity of this
speoimen is slightlyvlarger than that of the fully
annealed Cu-30 at. % 2n alloy,fput the onset\temperature

of the bump is the same (~1.2 K).

5.3 Silver ‘and Gold Alloys |

A plot of 5142.1 at. % Al data (Fig..7) indicates

.. the presence ofla "bump" at a sllghtly 1ower temperature

R &l

S#(-1 K). Between 1 and 4 K the thermal conduct1v1ty

points cannot bevfltted to a stralght line so that, "klnks"

_appear at a temperature T 2.5 K.

k % |
Data for the Au-2 at. % Pt and Au-10 at. % Ag
alloys are' presented in Fig.»8 and Fig. 9 respectivelv.
Kinks are evident in the X/T vs T plots at Tk_~'2 K,
‘whlch is loWer than the values of Tk for copper. and

‘511ver alloys. The onset temperature of the bump, k’

’appears to be just below 0.8 K. However, unllke the

'situatlon in the 31lvér and copper alloys, the values of



41

Xé in thevécld—worked condition do not approach the
Ag‘values of the ahnealed state at the iowest‘temperﬁ
f“atures. ‘ %y:
‘The res1dual&re51st1v1ty of each spec1men was . .o

- measured in varlous states of anneal and the values |
‘are listed in Table 2. The residual re51st1v1ty of.
the Au-2 at. $%.Pt ailoy 1ncreased from 1.2 to é uQ’cm
':on anneallng, and dropped to 1.8 uR-cm on re- rolllng.“

ThlS puzzllng phenomenon has been observed prev1ously

by Berh et al (1959) Thermal COHdUCthlty measurements

. were made 1n all three states of . anneal

L

The measured thermal conduct1v1t1es and lattlce N
conduct1V1t1es calculated from them, using eqgn. (5.1)

“8 wok” __1 %, are listed as a functiohf

with L, = 2.445%x10"
'of temperature 1n Tables 3 to 18. Since the measuredd
,Lqrenz ratlo,'AQ/T, for the\coldéworked cold‘alloys'Was
1dss thah L, at certain temperaturesiithe calculated Ay

- values, at these temperatures, are negative.
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. TabYe 3

Total thermal cohductivity A and‘lattice thermal conduc-

tivity A% in mW cm—; k! as a funCtion of temperature T

g

in degrees K for'ggflo at.$ Al'(unanneéled).

’ Py = 7.54 Hii=cm
2/a=64.2 cm~ 1
T  | A ’Ag ' | T ,A;‘ | gg‘
3.894  13.20  0.57:0.13 1775 5ﬁ851ur‘041210.06
3.764 13.33 _o.s?:d;lz 1.634 T“5§;45'.f d.th0.0S
691l 12.41 . 0.4420.12 o i.sjé'ffgéiﬁe ©.0.2720.05
3.584  12.28°  0.6610.12: ’1.409'5"4f;7 0.10%0.05
3.485 11.80  0.49:0.12 _1.363?*_ 4.30  0.08:0.04

3.375 .11.32 . 0.38+0.11 3.78 ‘§,08%0;041

3.236 © 10.83  0.34:0.11 - 1 3.58  0.14+0.04

3.001 10.35  .,0.3210.10‘ | . 3.25 q.ilxo.oj
2,956 10.03 ',Po;4s¢o.1d‘  9.8 3.00°  0.1540.03:
2.843 .9,54-v-.o.32:o.09;§§* 0.825 2.75  0.08:0.03
12,737 _'SQ;Q\J 0.32:0.09 . | 0.771 - 2.62  0.12+0.03
 2.614°  8.72  0.25:0.09 0.699  2.36 . 0.10:0.02
2.400 \8.01 : 0.20£0.08 | 0.653 - 2.22  0.10%0.02
Y2 0.27:0.08 | 0.609  2.07  0.10:0.02

2.170 7.27 n.o,23§9.o71 0.528  1.80  0.09:0.02

i

2.064  6.91  0.22:0.07 | 0.487  1.66 0.08:0.02

°

(



. 2.675

tivity A
Y g

in degrees K for Cu-

£ 4,010

3.836
3.663

3.495

3.323

3.192

13.050

2.922

2.829

2.558
2.420

2.328
2.231
'2'111,

in mW cm™

+19.16
18.03

16.79

16.18

14.94
14.26
13.71

12.63
12.22
| 11,43;

10.71
~10.18
9.65
9.20

8.71 .

p

Table 4

" Total thermal cbnductivity X

1

o

‘/a=53.1 ecm™ 1

A
9

4.71:0.15
4.22%0.14
3.60%0.13 -

3.59£0.13

2.9740.12
2.76%0.12

\ .
2.73%0.11

2.11+0.11

2.o3io;1q~
1,ébio.lo,_
1.50:0.09
1.4740.09
1.28+0.09'
‘1¢i7¢o.08»

1.11:0 18

= 6.79 uQ-cm-

| 1.982
1.806
~1.645
1.520
1.391

1.279

1.140
1.074
©1.010 3
diszsk'
0,842“:
0.712
0.663
“0.601

0.515

10 at.% Al (annealed 600 K)

44

and‘lattice thermal conduc-

K! as a function of temperature T

A
g

- 0.80+0.07

0.77:0.07

0.71:0.06

1 0.51+0.06

0.47%0.05

- 0.38:0.04

0.34:0.04

0.30:0.04

0.25:+0.03

©0.2940.03 -
0.21:0.03

€ 18:0.02

0.17+0.02

0.18:0.02

0.09:0.02



Table 5
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Total thermal conductivity A and lattice thermal conduc-

tivit‘y}\g in mWw cm”

. “in degrees K for Cu-10 at.% Al (annealed 675 K).

© 3.744

3.517
3.255

3.119
2.965

2.738

2.603

"'2,442

2.367
'2,235
©2.135

1.895 =
1.796

1

o] =6.88 uh-cm

-Q

2/a=55.7 em™ 1

CA

»

4.59:0.14

©4.10%0.13

3.51+0.12

3.21:0.11

©2.8120.11

2.41+0.10

2.06%0.09

. 1.87%0.09

1.74+0.08

1.57+0.08
1.40+0.08
1.0740.07

0.9840.07

T

1.624
1.521
1.404
1.333

'1.146

1.078

0.994

. 0.903
0.824

0.730

0.668

- 0.623

0.480 - -

K_l as a function of temperature T

g

.o.ejio.os.
0.69+0.06
 0.59%0.05

0.55%0.05

0.41:0.04

10.40£0.04
0.35:0.04

0.37+0.03

0.26+0.03

.0.24£0.03
0.21:0.02
10.1920.02

0.08:0,02



Table 6
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Total thefmal conductivity A and 1atticev£hermal'condu:—

tivity A
ivity Ag

in degrees Kifd:fgg—lo at.s Al (annealed 1000 K).

3.971.

3.834
3.723

.3.597

© 3.482

3.347
3.258
2.988
2.791
1 2.647
2.431
-2;278
2.123
2.047

in.mW cm © K

A

21.18

20.45

19.37

18.36

17.80

16.99 -

16.35
14.7¢
13;64
12.62

11.42
10.52
9.72
9.35

1 -1

o}

El

o
N g

6.68:0.15 -
6.4430.14.

5.76+0.14

5.22:0.13

5.0820.13
©4.76:0.13

4.45:0,12

3.84:0.11

3}42t§110
2.95%0.10
2.5420.09
vzfzaxo;qg‘l
-i}ssio,oe

i-87i0}08

P i=6.69 uo-ch

" 8/a=59.4 em™ L

o
llssy 8.40
1,703 7.52
1.619  7.12
.1.533  6.60
1.424 . 6.11
126 5.62
1.144 . 4.81°
'1.068 . 4.52
" 1l.002  4.23
0.925 3,90
0.808  3.37
0.739 %"53f03
0.686 - 2.83
0.641  2.59

as a function of temperature T

Ao
1.52:0.07

. 1.30£0.06
. 1.2020.06

. .1.00:0.06

0.90:0.05

. 0.77:0.05

10.63:0.04

0.62:0.04
0.55:0.04
0.53:0.03 .

0.42£0.03 '

.0,3716.03.3

0.3220.03

10.25%0,02
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Table 7

48

~ee

Total thermal conductivity A and lattice thermal conduc-

tivity Ag in mW cm~

1

in degrees K for Cu-30 at.% Zn (unannealed).

4.033
3.823
3.582“
3.458
3.245
3.080

2.815-,

© 2.597
2.371
2.140
1.840

1.581

A

22.85 ~

-21.25
19.72
19.05
' 17.86

~17.08

15;g9.

14.27°

L 12.96

11.92

10.16"
1 8.69 -

(o)

2/a=61.5 cm~

A
g

'1.3740.22
0.88:0.21
"0.6340.20

0.63£0.19

0.57+0.17
0.6820.17

0.70%0.15

0.44:0.14

1 0.33%0.13
0.53+0.12

10.36%0.10"

0.27+0.09

p »='4.59 H=cm

1

,WT

1.480
1.403

1.286 "

1.124

1.038
0.971

0.872

0.785

0.687

0.635

0.622

0.567

\Kfl as a function of temperature T

A
g

0.1920.08
0.19:0.08

0.19:0.07

0.1820.06

0.23:0.07

0.2120.05
0.24%0.05
0.21:0.04
0.19+0.04

0.15:0.04

0.17:0.03

0.1940.03



Table 8
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Total thermal conduct1v1ty A and lattlce thermal conduc-

ti t
,lVI Yy Ag

in degrees K for 92736 at.%_Zn_(énnealed’GOO K).

T
3.908
3.785 .
3.573
_.3.530
13.395
3.241

~3.055

2.883
2.730

2,601,

1} '5,9 r."

2.444

5 oy
.

2. 313’@ %16.29" °

1 2.169
2.049
1.880

1.664

in mW cm

- - 11.38

-1

Po
2/a=67.1 cm -

o

= 3,82 pg;cm

1

1.580

1.417
1.306

xg | T
30.50  5.50%0.26
29.28  5.07:0.25 | 1.502
28.31  4.81:0.24
126,70 4;12io.23
25.19  3.47:0.22
24.25  3.52%0.21
22,34 2.80%0.20
20.86 2.41:0.19
19.41 1.95:o,i8w
L A8.56 .. 1,93%0% 17:‘
17 21”“ 1" '5720. ﬁﬁ
Py @
1549+ 0. 15
'15.06 1.18% 0% S¥
14.40  1.29+0.13 | -0.
13.07  1.04%0.12 | .0.607
 0.7320.11 :

10.75

10.22
. 9.,52
8.69
8.38
7.73
7.36

 6.86

.3.26

; as a function of temperature T

A
g

0.6410.10

0.61:0.10
0.46+0.09
0.33:0.09

0.27:0.08

-0.36+0.08

0.34+0.07

Q.33t0.07

0.33:0.06 -
£ 0.33:0.06
0.30:0.05

0.25%0.05

0.27+0.05.

0. 21+0 04

0.08:0.03
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Table 9

Total thermal conductivity A and ;lattice thermal condﬁc—

tivityvkg in mW em™ ! K-l‘as a'féiction of temperature T

in. degrees K for Cu-30 at.% Zn (annealed 700 K).

-

Py = 3.78 uQ=-cm
P;/a‘= 71.'2 em™L
L &9‘ | ! A g
3.952 32.38 6.78+0.26 - 2.168 15,94 ~'1.90io}14J
3.810  30.98  6.3120.25 | 2.080 15.09  1.61%0.14
3.805  30.79 - 6.15:0.25 | 1.960  13.99  1.29:0.13
3.661  29.50  5.79:0.24 | 1.840  13.36 1.44%0.12
3.600  28.91 5.60:0.24 | 1.635  11.47  0.8820.11
13.392 27.02 5.06:0.22 | 1.567 10.96 . 0.81%0.10
3.303 f25;83 4.4420.22 1.474 10.21  0.66%0,10
3.231‘ . 24.97  4.05:0.21 1.374  9.50  0.60£0.09
3.124  24.34  4.10%0.21 1.263  8.67 - 0.49+0.08
3.026  23.33  3.7320.20 1.152  7.93 . 0.47:0.08
2.907  22.46  3.63%0.19 | 1.057  7.32 _ 0.47%0.07
2.766  21.03  3.11:0.18 0.971 6.68  0.40%0.06
2.668  20.29 '_2.91:0;1333 0.930 .42 ' 0.40+0.06
f2.51o 18.58  2.32:0.17 | o0.842 5.82 . 0.36%0.06
2.375  17.30 11.92:0.16 0.775 5.32'_%§b.31£o,05
2.248 16.57 2;01£o.16 | o0.691  4.72_ 0.25:0.05
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Table 10

51

1

Totél éﬂgfmal conductivity A and lattice therﬁal conduc-

tivity Aé iq,mw cm © K

;

i

3.986

3.826

13.715
2
3.606

3,473
1 3.326

3.216  25.01
3.054 f23b77'
2.906 " 22.28
2.803 - 21.28
2.646 ‘19&85
2.518 ©  18.58
2,346 1694

F

vi"

32.85

'31.16

28.%0

27.75

i

3.287  25.44

26124

} .

1 -1

M

o]

L/a

<A
g.

~7.61%20.26

6.93:0.25
6.51+0".24
5.86+0.23

5.75:0.22

'5.1740.22

4.620.21

4.63+0.21

4.42:0.20

3.87%0.19
'?3}52:0.18-
‘ 3.0820.17
j‘ 2.63:0.16

2.08+0.15

64.5 cm -

p. =3.86 ufi-cm

2.165

2.035

1.829

1.649
'1.557

1.416

1.301

1.164

1.090

1.040
- 0.984
0.910

- .0.820

0.740

- in degrees)K*for Cu-30 at.% 2n (annealed lOOOVK).U

as a function of temperature T

*g

2.11+0.14
1.67+0.13.

1.36+0.12

.0.94%0.11

10.9040.10

0.69:0.09
0.56:0.08
0.58+0.08
0.53:0.07

0.5120.07

0.4740.06

0.46:0.06
0.36+0.05

0.36£0.05 -

r
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2.991

Total thermal conductivity A and lattice th

tivit A
Y g

3.991

3.792
3.654
3.475
3.341
3.241

3.197

2.810

2.774

'2.640

2.547

2.430

in mW cm

36.70

34.26

32:42

30.54
28.89
27.79

26.99

25.36
23.43

23.36

21.56
20.74
19.86

Table 11

p. =3.53 puQ~cm

O

2/a= 1-29.7,:_:m'l

.
g

8.33:0.29

7.31+0.28
6.4540.27

5.84+0.26
5.15:0.25
4.76+0.24

.4.27+0.24

4.10£0.22
3.4640.21
3.64:0.20
2.79+0.19
2.63:0.18

2:59%0.17

2.310

2.156
2.022
1.801

1.606

1.489
1.319
1.250
1.166
1.077
10.971

0.862-

0.685

a

- in degrees h for Cu-30 at.% Zn Single Crystal

18.58°
17.19
16.22

14.24

12.39

0 11.41°

\-;y*‘i_a"r' ’
ermal conduc-

53

K_l as a functlon of temperature T

CH
2;1610.17
1.77+0.16
1.85:0.15

. 1.43:0.13

0.98:0.12

0.82:0.11

0.59+0.10
0.53:0.09

0.5740.09 "

0.48:0.07

0.4540.07
0.40£0.07

0.29+0.05
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Table 12 -
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Total thermal conductivity A and lattice thermal conduc-

tivity Ag.in.mw cm © K

1 -1

in degrees K for Ag-2.1 at.s Al (unannealed) .

30.04
29.48
28.35
26.24
23.78

25.34

21.73.

20.19

18,36
17.65

16.45 .

- Po

f/a =244 cm”

9

1,98%0.29

2.19%0.28

2.03:0.27
. 1.38%0.25

©1.29:0.23

1.4340.25

0 1.11%0.21

0.84%0,20
0.54+0.18
0.67+0.18

0.67x0.17

=3.43 uQ-cm

1

.2.085

1.763

1.555

1.444
1.358

1.176

1.099
1.018
- 0.938

' 0.834

0.700

as a function of temperature T

Ag ;
0.66:0.16
0.41:0.13
0.42:0.12
0.32:0.11

0~.20%0.09

. 0.30:0.08

1 0.26+0.08

0.21:0.08 .

10.27£0.07

0.24:0.07

0.23:0.05
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Table 13
Total thermal condhét1v1ty;A and lattlce thermal ‘conduc-
*lu ia functlon of temperature T

45?..3,;45

'gﬁ ‘Al (annealed 1000 K).

b = ‘3.27 uemem e
t/a= 174.4 cnt
T | Mg - T . | g
3.976  44.07 14.36£0.31 2.075  .8.55  3.04:0.16
3.843  41.71  12.98:0.30 | 1.734 15.15 2.18:0.13
;.693 ©39.87  12.26:0.28 1.648  14.03  1.7120.13
3.564 36.94 . 10.30£0.28 | 1.483 ~ 12.49 1.41%0.12
3.249  33.50 9.22%0.25 1.372  11.47  1.22:0.11
3.107  31.12  7.90%0.23 l;zso 10.74  1.10:0.10
2.960  29.23  7.10%0.23 1.165 -9.59‘ ‘A0.88£Q}09
2.829  27.62 6.4740.22 1.118  9.13  0.77:0.08
©2.703 . 25.70 5.49:0.21 1032 - 8.43 0. 71+o.\
2.523 23.81 4.95:0.19 | 0.949  7.74  0.65:0.07
2.352 23;51" 3.93#0.17 | 0.861 7.06 0.62:0.06
2.202  19.93  3.47+0.17 0.759  6.22  0.55:0.06
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. Table 14

o
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Total thermal conductivity A and lattice thermal conduc-

tivity A
LY Ag

in mW cm_

1

'in degrees K for Au-2 at. % Pt (unannealed).

3.985
3,888 °
3,772
3.585
3.363
3.047
2.818
2.682
2.500
2.315

2.139

'.po =1.19 uQ-cm

'/~
L/a =214.4

AL

g..

5.19+0.84
4.45:0.82
4.7020.79
-3.86;ov7sQ
3.11:0.71
11.97:0.64'
1;68;0.55“
©1.42:0.56
1.4620.52

1.4640.49

©1.44£0.45

m -

1

. T

2.053

1.748

1.547

1.370
1.249
1.152

©1.070

0.967

0.891

- 0.778

0.681

"43.42

37.05
32.49
28.62
26.01

24.21

22.54
€

20.37
18.81

16.41

14.52

'x7! as a function of temperatq;;\Q

A

1.21+0.43

1.10£0.37

7 0.67:0.33

0.45+0.29

0.32:0.26

0.5240.24 .-

0.54%0.23 .
©0.4920.20
0.49:0.18
0.41:0.16

0.51%0.14°"

LI
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Table 15

Total thermal conduct1v1ty A and lattlce thermal conduc—_

thltx A

g in mwlqm

-1 -as a functlon of temperature T

in'degrees K for égff'at.-% Pt (annéaledvand then rolled).

- 3.985
" 3.868
3.696
3,526
© 3,372

. -3.183

©2.987

2. 822;‘53

2. 634“

" 2.406

2.238
2.074
1.880

b, =1.84 unééln "
z/a-zoe 2'em =

R R SR
55.90  3.01%0454 | 1.777  23.07 =0.52:0.24

. 54.60 3”2555‘52' 1.669  21.47. —0568;0.23,'
51.21 rvié 15%0.50 | 1.573  20.31 -0.57¢0.21
43.28;w't1.47zo,48 | 1.458  18.81 -0.54:0126

' 46:11 1.35:0.46 1.355 17.57 -0.41%0.18
43. 56 ‘i.31¢6;43 1,és3q 16;44A -0.59£0.17

R : o R - e
;g40 54 . 0.8920.41 . | 1.160  14.91 -0.48:0.16

1"/

»37:81 ©0.35%0.38 © | 1.105 = 14.16 -0.50:0.15 "
35.18.  0.10£0.36 | 1.046  13.53 '=0.36:0. 14

33.10  £0.23:0.34 | .0.976  12.59 -0, 37404 13

31.61 - -0.3320.33 2/b%885g S 11.48  -0.26:0, 121~‘

e

29.49 ---o 3240, 30';/fjb;310'f . 10.47 -=0. 28+0 1

27.12 -0.41%0.28" 0.733 . 9.53  -0.20%0.10

20.34  -0.6120.26 | 0.706  9.24 -6.1320.10

-~

r*‘Negative valﬁes for Ag explalned ‘in sectlon 6. 3.

o

e



i

\
\

‘Table 16

b

Total thermal‘conductivity A and lattice thermal coqducﬁ

tivity A_ in mW cm™ K

in degrees K for‘zng at. % Pt (ahheaied 1000 K).

1

3.960

3.836

3.668-° 67.80

3.587 6

 3.421‘
. 3.248
‘2.964'
2.776
2.669
2,517
2.345

2.140 -

l1.-1

O

2/a=279.6 cm~ %

AT

g

24.1420.50

24.2740.49

22.16%0.47

20.6320.46

18.4210!43

. 16.60:6;:}‘.

14.19%0.38

©12.2240.35

o

10.70+0.34

9.81%0.32

8.40%0.30

7.32%0.27 ¢

Al

p. =1.97 uQ-cm

\

T

2.025
1.825
1.667
1.537.

. 1.415

1.298
1.148
1.094
1;625
0.948
0.862

0.703

as a function of temperature T

L

g

5.93:0.26

4.88:0.23

3.9320.21
©3.1620.20
;:2;5610.18

2.2020.17
1.7140.15
© 1.55£0.14
_1;36so.13_
1.18%0.12
1.03:0.11

0.67+0.09

e
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Table
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Total thermal conductivity A and lattice thermalvcundué—

tivity Ag in mW cm Y kT

in degrees K for'ég-lo at s

]

*

Negative val

!

L3

-

e
LIS
{3 %

4

[ECYA

¥

(unannealed) .

5] =2.90 ui-cm

Q

2/a=195.3 cm L

g T
2.05:0.34 1.644
21.71+0.33 1.523
1.62:0.32 1.409.
1.3920.30 1.295
1.20:0.28 1.160
3v0;7610.26 1.116
0.36:0.25 1.059
.‘0.2710.23> 0.989
0;26;0Q22> 0.913
0.04:0.20 | 0.813
- ;0.06r0.l8 o;séé
‘—QﬂQSLO.lG._ 0.658

BN

13.79 ‘—0,09:b.i4
12
l 11.
0.
9.

9.

.83

82
92
76

48

.96

)

.36

as a function of temperature T

) *
g

-0.0320.13

-0.07:0.12

-0.02:0.11
-0.03:0.10

0.06+0.10

0.022x0.09

0.01%0.09

0.04%0.08

1 0.03:0.07

0.09:0.06

0.10:0.06

ues for Ag explained in section 6.3. . -

—
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Table 18
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Total thermal conductivity A ‘and lattice thermal conduc-

. tivity Ag in mW cm”t k71
o ‘

“ iR degrees K. for égflovat. % Ag (annealed 1000 K).

3,971
3.817
3.628
3.438
3.283

3.113

" j2.800

2,634

2.457

2.263

- 2.070 .

60.32

57.10

52.78
'45}45
46.07
42.82
39.86
37.07

34.13

30.85

27.77

- 24.48

-

1

o

£/a=148.3 cm

A
g

24.45:0.37
22.6140.35
20.00+0.33

18,38+0.31

16.4020.30

14.69£0.29

13.19+0.28

11.78%0.26

10.34i0;25
8.65%0.22
7.3320.21

5.78+0.20

p, = 2.71 uf-cm

1
T

1.872

1.710
1.558

1,405

as a function of temperature T.

A
g
4.59#0;18-

3.79:0.16

;;94:0.14
2.28+0.13
1.52:0.12
1.40£0.10

1.20£0.10

1.034#0.10

0.88+0.09

0.71+0.08

0.49:0.07

0.46+0.06



CHAPTER VI

DISCUSSION OF MODELS AND EXPERIMENTAL RESULTS

The thermal conductivity results of- copper alloys

l'first be diSCussed - In sectlon 6.1 it is shown

ﬁ‘t the anomalles lie in wgd (phonon scatterlng by
dlslocatlons) and in sectlon 6.2 the copper alloy aata
is discussed with reference to various existing models

Results for the 51lver and-gold alloys are discussed 1n7

sectlon ‘6.3 and flnally, in section 6.4, the temperatures

- at which the anomalies occur are correlated with phonon

wavelengths, ‘ ‘ '_‘ _ o a

- -

6.1  Copper Allqys

From the Cu-10 at. i»Alvaud 92;30 at; % Zn alloy
results,shOWn'ianig. 4 and Fig. 5 reSpectively; we
observe:- | - \‘.}

(i) A'change in the temperature'dependence of\X
around 2.5 to 3 K, referred to as the "kink".
(ii), An excess conduct1v1ty appears below l 2 K
'referred to as a "bump" . |
l‘Jiii) ”Anneallng succe551vely at hlgﬁer temperatures
"1ncreases the lattice conduct1v1ty but the
‘fractlonal increases in Ag at the'lowest tem—l
Hlperatures are much s@aller thaa’atb4'K;‘J “ il

[N



'scatterlng_byvdefects.”“In‘Fig.'4 the annealed alloy

It will'flrst’be'shown that all‘these'anomalies
lie in the lattice component A . They cannot arise
from the electronlc component A , as any cnénges in A
would be  reflected as changes in the. electrlcal resis-
tivity of the specimen through the WeldemannﬁFranz Law,
eqn. (2. 2).' The electrlcal‘reslst1v1ty of both the ¥
Cu-Al and Cu -Zn alloys was measured and found to be
constant to w1th1n 1/2% , over: the temperature range
0.5 to 4 K. Therefore, unless a conduction process in

addltlon to phonons and electrons is present, the

anomalles must‘be in Ag.

6.1.1 Scattering of phonons by electrons or defects?

Having shown that the anomalies are in Agjthe

question arises whether they are in wgd (phonon scatter-

3

*'ing by defects) or Wgé (phonon scatterlng by electrons)?

.The author. belleves the kink to be a change in phonon

i)

has the largest Ag, implying smallest W However,

gd’
the’kink is absent. The klnk is present in partlally‘

annealed alloys and is more pronounced in- the spec1men

w1th greater cold work i.e. larger ng.M/The most cold—

-worked specimen is apparently an exceptlon since 1t

has no k1nk In thlS case, however, the slope is SO

small that the presence or absence of, a klnk is un- -
~

‘observable.@ The author, therefore, dlsagrees w1th o

65



and has a 51m11ar tempe

smaller than in the annealed state, W_

This makes it necessaf@

‘cold-worked state. Behxf
iless rapld functlon of coLf

“This suggests that’below O.fﬁb
i S

66

Mitchell et al (1971) who ascribed the kink to Wi

. Although other large scale defects, which anneal out

of cold-worked specimens, could account for these
resulte and the results-ofvother authors abo&e 1.5 K,‘
dislocations seem likely to dominatebthe phonon"
scattering in cold;worked specimens (Kleméns 1958).

ﬁ; Below 1.2 K the thermal conductivity points

lie’ above the llne extrapolated from high temperature

'--measurements (Flg 4 and Figqg. 5).. This: excess conduc-

v

‘t1v1ty is also believed to be a. feature of de and not

ge

W__. Since Ag in the cold-worked state is very much

>> W in the
gd ge

cold—worked\State. The excess conduct1v1ty persrsts 1n1
the cold—worked state 1nd1cat1ng that the bump is a = =+
component of ng and is interpreted as a non-standard

decrease‘in wg below 1.2 K. The 1nterpretatlon is- not

SO stralghtforward in the annealed alloys since the

‘relatlve size of wge and - wgd is unknown and the former

could also -be anomalous. The s1mplest explanatlon is

that the anomalles an@%1n WQd in all states of anneal.

\ '.‘: i

O assume that even in the

fully annealed state,‘w\ iis still of measurable»size
“»ﬁre dependence as for the,

' K, A/T curves are a much

k than above 1.5 K.
Q : .

W_ for the fully annealed

g\_y



67

W ) - N
alloys should be a gooud estimate for wgc' Previous
estimates of wJC bascd on. data above 1.5 K, wuuld '
thus be too large.
P
.2 bstimates of electron 1imited lattice conductivity

dn section 2.2.i it was shown that the clectron
Iim: cd'lattice thermal épnductivity,'kc, is brupuf—.
ti\ 1] tu‘Tz at low temperatures. Kiemens (1958) has
c :uiaﬁed WgevTZ for pure copper and ehuyn'that it

.ould be.fairly constant on alloying. In Fig. 10.

the observed values of ng2 for gE-Zn‘ailuyef”pufe
copper;~and_a‘single Cu-Fe alley, q5tained from‘g
number of sources, are shown”plutéed against impp&ity
,congentretion; It is evident from this figure that
Lﬂfrz ubtalnod from Kemp et al (1957) 1ncredses wigh
Pehcvniratlun and the ‘reasons: for this arce controversial.
White dﬂd Woods (1994) Lvaluated W}'l'2 for a gg—0.0Sbvat.
" Io spe01men and obtained a value in cloSu‘dgreement |
with_thrtheuretical value of wgeqﬁ (Klemens 1958)' The
valueswof wg12 obtained from the annealed Cu-4n alloy

—

‘and 51ngle crystal reported hgre (1n the reglun 1-4 F)

.

are approxlmatel/ the same as those of - Kemp et al (1957),
vfur similar conccntratlons. However, values of ng2
evaluated: by extrapolatlng the few measuremeq;gk/

below 0.7 I through LOA.l%,_ glve an estimate,of
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e
t

) 5“:‘,;-31

4W9T2 (W-]cm K3)

1000

o :

T
‘? "

B2
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" KEMP er. ol

PRESENT; vR’E‘SULTS ABOVE Tg; ¥ BELOW Tg
 SINGLE™ CRYSTAL ABOVE Tg; ABELOW Ty
"WHITE AND WOODS (1954) Cu-0.056°%Fe
 KLEMENS (1958) THEORETICAL ESTIMATE -

1

51957)

L I I

10

Cu-Zn alloys..

20 730

Zn CONCENTRATION (at%)

"Fig. 10. ng2 is plotted agalnst concentratlon for



tration.

WGQ} are much clober ‘to the value in pure copper, as

'nu@ff be oxpecttd from the arguments presented above..

N
~

6.1.3 Bragg sin le cr stal
HeS 9 Y

A f
B .
o ;

Hav1ng shown that the anomalles probably arise due

to changes;ln phonon dlslocatlon scatterlng, a brass

(QE‘3O‘§t? 5 4n) 51ngle'crystal with a low concentration
of dislocations (see section 7.2)‘’was measured. ._Fig. 6
shows that the bump per51sts and is similar to that in.
the annealed polycrystalllne Specxmen (Flg 5). .ThlS
result is in agreement with measuréments of Salter and

Charsley-(l967) above l.gﬁK “on a Cu—lZwat ¢t Al single

crystal whlch has had a lattlce conduct1v1ty 51m11ar to

. an annealed polycrystalllne sample of the same concen-

x

e ) Lo "\.

B

6.2 Existing Models

o

As pointed out in Chapter II, various models have
been proposed to explaln the anomalous behav1our in A
of copper alloys (of comparable'po) aroUnd 2-3 K, and

>

predictions have beenimade'of enhanced conductivities

‘in the 3He reglon. Two categorles of models, already

'_descrlbed 1n Chapter II involve phonon scatterlng by/

either (a) statlc dlslocatlons or (b) moblle dlslbﬂatlons.

We will flrst,dlscuss ouridata in terms of thefstatic.
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dislocation model. '

6.2.1 Static dislocations .1 " ‘

(a) Dipole model

Leaver and Charsley (1971) have calculated the
temperature dependence ofxl using the dlslocation
dlpole model they had ev1dence from electron micro-
scope data, that in their Cu-Al and QE§Zn,specimens,
only 20% of the'dislocations were inwdipole configura-
tlon and the dislocation separatlon,hd, for these dipoles“
was 200 R. Follow1ng their method of analys1s, detalled
'computer calculations were made by’ varying a parameter n
‘and ch0051ng dlfferen&‘values for d (lOO to 300 A)

[ﬂgver ‘the temperature range 1.2 to 4 K, therepls falrly
good agreement between the calculated curves and our-
experinental data However, below 1. 2 K the calculated
Aé values lie much below the experlmental values. It
Was}found that sllghtly better agreement was obtained

~below 1.2 K, if a dreater fraction of'dislocations were
assumed to be'in dipole formation.‘ However,, although
the A /T Vs T plots appear to be of the rlght form, and -
some modlflgatlon may fit the data exactly, the Leaver
and Charsley model, w1th realistic parameters,‘cannot

explaln the enhanced conduct1v1t1es. ) L
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.(b) Dislocation reaﬁtépgement model
On'therbasis of their dislpcatioh rearrangement

model, Ackermarn ‘and Klemens (l97l)_have shown that the -
Lo - a .

- q

onset temperature, T

B of excess conductivities in the

3He»regiori depends on (a%,the ratio of the lattice

‘cgnductivity in the annealed state to that in the

deformed stéﬁevand (b) -the density of ‘dislocations

11

in the defo;med state N..' Calculations using N 10°

ar- a -

em™? and’ Ay (agfealed)/A (deformed) = 3 yield T, ~ 1.2 K.

On anneallng,»Nd decréases and T should also decrease

B

It is ev1dent from the results on Cu- Al and Cu- &n (Fig 4

';and Flg.'S) that TB is 1naependent of dlslocatlon den51—
ties 1n contradlctlon te the predlctlons of Ackerman ano

Klemens (1971)

6.2.2 Mobile dislccations

R Bothtthe modelsﬂdiecﬁssed'above leadfto'avfeduc—
tion in phohon-dielocatioo scattering,‘and thereby an’
lncrease ‘in the lattlce conduct1v1ty, when the - phcno
wave;engths become larger than some crltlcal value.

"”TWO othex modéls,.(based on v1brat1ng dlSlocathnS)

L r

have also been proposed -— (a) scatterlng of. phonons

w£5(81man 1960) and (b) resonant"
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(a) /Ziman (1960) has shown thatvthe‘scattering of
phonons by mobile dislocations leads to ng'CK ™4
i.ev A rIYT4, at. low temperatures. For all the data “

g
plotted, at no point in the'temperature range 0.5 to 4 K

- does the lattlce conduct1v1ty have this strong a temper-

'ature dependence S g

(b) More . recently, Kronmuller}(l972) has calculated“

the vibrational frequenc1es of'partlal.dlslocatlons in . .

cold—worked face-centred cublc metals. ‘These frequen—'

* . v .
“cies correspond to dominant phonon frequencies‘around
1 K so that résonanthcattering ﬁay occur. Resonantk
'scattering of phonons is observed asia cnange ln\the
temperatu@e dependence of the_Lattice conductivity,.at[’
la‘temperaturefcorresponding.to the‘resonant‘frequency. -
wor Kronmuller has also shown that there should be two
such frequenc1es, one for partlal edge dlslocatlons and
another, at: approx1mately tw1ce the frequency for partlal '<i;
_uscrew dlslocatlons._ In a. glven alloy, oé 1srrelated to
the stacklng fault energy Y by eqn. (2. 7) SO that copper
‘alloys w1th dlfferent stacklng fault energies’ should |
'shob resonant scatterlng/at dlfferent temperatures.-.

[

' Values of stacklng fault energles obtalned from Saada

(1966)" show that v (Cu-30 at. & Zn)/y(Cu 1duét & ALY T2

IR

so that T (Cu—30 at. % zn) /Ty (Cu-lO at. % al) a

?

k(Cu 30 at % Zn)/T (Cu—lO at % Al) should b

However, from the results on Cu-Al and Cu



(Fig. 4 and Fig. 5) it is evident that TB is 1.2 K and

' % k ~ 3 K for both alloys, which is ev1dence that

Kronmuller s mechanlsm is not respon51ble. Further
vmev1dence 1s supplled by comparlng“the thermal conduc—

tivity'bf a cold-worked Cu-2 at. % Al alloy (Salter and -

Charsley 1967) with the results on Cu-10 at. % A1 ¥
-reported here. .Although the two alloys have widely
dlfferent stacklng fault energles (Saada 1966), the
temperature of the kink ( 3 K) is the same for both .
spec1mens.

“ <Anbmalies ln“lé,‘of the same order of magnltude
as the bumps reported here, have. been observed in
potassium. chlorlde (Pohl 1962), superconductlng
nlobium (Anderson et al l973) and in some copper alloys
_(Llnz et,al 1974), and have been assoc1ated w1th the

-'resonant scatterlng of phonons., Lan et al (1974) are
the only group who have reported a deflnlte mlnlmum ‘in

A BN

-vAg. .Determln;ng the presence-or absence<of mlnlma.lnv
‘Aé_isjimportant'as,only kronmﬁllerls‘model can explaln'.
.aimiﬁimum in A, at'arouhdivi’ The shape of Ay against
.T plots is strongly depemdent on the accuracy of the
experlmental Lorenz number, L;l ln.our heav1ly.cold—‘

worked spec1mens, a Shlft of L by +l % can elther

1ntroduce or ellmlnate a mlngmum in Agl: For all other

N

“states of anneal where, because Ag 1s ‘a larger propor—lr'

o tlon of A, the accuracy of L is not so crltlcal

. minimum is observed.

. %7' - .;:
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o Thermal conduct1v1ty results of Llnz et al (I974)
are dlfferent, on this p01nt in’ that they observe a'

mlnlmum in the lattice conduct1v1ty of cOppet alloys,z

~ .5 c

1n all states of anngal, around l K plt 1s the author s

,h

opinion that 1t is out51de the range of tﬁe state df the-

art to be certaln that mlnlma do. ex1st in the cold—worked‘x

r

alloys. However, our results for the¢part1ally and fully

annealed alloys are- accurate enough to el&plnate the
‘p0551b111ty that mlnlma ex1st Further work is probably

/'.'

necessary to resolve the dlfference.~ 2

- 6.2.3 mSummary

1 4
Follow1ng the dlscu551on on static dlSlOCathﬂ

models in. sectlon 6. 2 l 1t can be concluded that neltheri

“the dlslocatlon -dipole model (Leaver and Charsley 1971)

"

nor the dlslocatlon rearrangement model (Ackerman and
‘Klemens l97l) .can’ adequately exp?21n our results. ~Of.
the two moblle dlslocatlon,models, it. has been shown

that the one propqged by ZlmAn (1960) 1s not appllcable‘ |
a'to the results reported here.’ The other modél (Kronmuller'
1972) 1s the only one tha6 can explaln the presence of a
mlnlmum in. the lattlce conduct1v1 y, though stacklng
fault energy con51deratlons show even this model to- bL
‘;1ncon81stent w1th our data It 1s concluded therefore

4 that none of the mudels dlscussed so far can adequately
’ -



"mined to be in Ag and associated with:changes in dislo-

cation-scattering Although the Leaver and Charsley .’

peratures. ' ‘ e i

i'annealed states. The temperature of the kink, T

75.

explain our results. However the anomalies were deter-
L

(1971? modeg does Qot fﬁtwour data, it is bélleved

that some modlflcatlon of thelr model can produce a
much better flt, The main feature is the assumption

of a "characteristic"'length, 0f the order of ;a few

" hundred angstroms,,associated with the'dhlocation struc-

ture. . -,

P

6.3 Silver and Gold Alloys !

c;. . | 4

S~

From the qgguments 1n sectlon 6.2 1t ‘was concluded

}that the Ag anomalles in copper alloys were_due to %

-

changes in the phononfdlslocatlon scattering, involving

a characteristic length;. This donclusion was'tested'by

3

measurements on other noble metal hosts, wheré, due to
*changes 1n the Debye temperature, phonon wavelengths and

? dlslocatlon v1bratlonal frequenc1es would be dlfferent

1.
\\ ¥

and so the anomalles in Ag would occur at dlfferen tem—
¢ .

t- -
'.
'*'

For-each silver and gold alloy specimen, measure-

e

‘ ments were made only in hlghly cold-worked and fully

K’ for

the ég—Z.l at. % Al (Flg. 7) is roughly ~2. 5 h anﬁ TB"

/

“<hthe onset temperature of the excess conducthlty is k.

i



~negative values. for Ag.were\obtained, at those temperr;

minimum and can be explained, as before, as a cumula-

The presence of a sllght klnk around 2.5 K for the

rfully annealed spec1men 1s probably "due to the anneal—

ing temperature not being sufficiently hlgh. ~For the

goldmalloys‘(Fig:'B and Fig. 9), I is~2 K and,measuref'

-

Kk,

ments do not extend to a low enough temperature to show

76

a complete bump, since Ty is below 0.8 K. The.arguments

B

which have been used to determlne the cause of the klnk

,and the excess conductivity bump in copper alloys also

apply to the 51lver and gold alloys. Thus we concluded

r

that the anomalles in all the alloys occur. 1n wgd
(scattering of phonons by dislocations) . o

For the cold-worked gold alloys the measuredJ

Lorenz number; at certainftemperatures,-had a value
e e e ; . . ]-:*;.'-,3.,. v )

less than the classical value of72.44$X'lo_§”WQK—?;

v

Consequently when Ag was calculated,_using‘eqn, (5.l)f

atures. This can be regarded as an extreme case of a
: : . - e . Rl

i

g

“v ‘ -
. tive er}or affecting the»lattice conductivity ‘The '

Au—2 at. % Pt alloy was measured first in the Ccld— ¢

worked state and the calculated Ag values (u51ng eqn.

- (5. l)) wereuall positive. 'After annealing-andvre—

rolllng it was found that the residual re51st1v1ty had-

1ncreased by a factor of two and lg values decreased

proportionatély. The lattice conduct1v1ty.values;at

some temperatures were now negative but.:the shape of

’



.
Ca

/' against T plots was the sane S0 Lhdt‘both,Tk‘uhd\"' e
TB w@yc unaffected. It is possible that a mistukc Was

made in measuring P in the re-=rolled state.
. 8 * . !

r | - - . o

b.4 "Effective" Phunon Wavelengths

The apparent 51m11ar1ty of’ Ag for alloys'with‘

the same hust and thqxdltfercncc‘bctwoen alluys with
different hosts can. be cxplained by considering the

phonon wavelcngths in‘tho”husts. Carruthcrs (196L)'

“defines an "cffective wavelength 3 characteri zing thousc.

‘phonons most importants in conduction at low temperatures

by -

]

=70.6 a (u/T) '- e (6.1)

]
.

whe\é d is the lattlcb CUnstant and © thc Debye temperd—'

turc of thp latthO Valucs fur thesg quantl}L s arc.
(\,) ) .
'listcd in Table 19. It may -be ubscrved that the effgc— v '

thL vavclength is nearly the same in coupper, silver and

;guld at TB’ t e temperaturc immediately leUW whic., the
¢xXcess conductivity appcary..\lhg temper utur< i the
R . R o . Lo
}:1'ﬂ'f fﬂk,_ changes in-a similar xnaxu1u17 Lo 1, but since A ,
1‘§\q‘ Less wel ] d(f]ncc than T, a quantitative estimatc
N .

h&s not been madc. Tho.aystomatic chdngc in'Té dnd‘ kv
is furthpr uVid@nQ( tuatl the lattlce CundUCLlVlty 1s
.involvea und thut thc_cpndupﬁivity is limited.by'scatter—
1ng c&ntros, charqgtcg}icd 91% lhc-;qmo separatigh in dhéh
‘mctal investigated.. _ o i

.;% N\

I



S

“ Table 19

fEffeCtive‘WaVelengths at' T

78-.

Metal

LK)

DEPRRRICER ,b; o
03, - 4 T

R )

fﬂCoppérl_

: Si_lver'

Gold

344 36 B B4

L ®rs 4100

165 . o4l ol7s

620
555

540

‘.aobtainedafrdm'Cérékietfél'(19555:; h

A

 _betained,f;om;Péarsoﬁ X19§8)f_

~)
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P CHAPTER VII

SUGGESTIONS FOR FURTHER WORK
. s

. There are three areas in which preliminary

investigations haveVproducedgintefesting result@:

(a) SuperconductOrs‘ .
(b)y Electron.MiérQscopy‘ o B 3 o f:
(c) Amorphoﬁs Materials.

Since the,work described hetre is preliminaryf
-the suggestions made‘\in. this chapter are of a specula-"
tive nature compared to the rest of the thesis. It is

hoped that ﬁhé'follQWing discussion will give direction

~vt.o fufthen're;earchﬂin the study of phonon-defect

scattering. ’
D. '
i
7.1 ° Superconductors- . ;
\ o . , o
7

' \\In a superconducting alloy, as the temperatire e

is re@uqéd‘below the critiéél temperature Tc’ some;of
‘the eléétrons condense into the superconducting ground
.$ta£ef “Thése-éiectrohs‘heither carry héat nor scatter
‘phonons,}esﬁlting-in;‘(a)-a‘décreaéé ih'the‘glectrOHiC"
vcon@#ﬁti%%ﬁyﬂ:Ae,and (b) a Qéc#ea;é“ih Wgé thereby |

increasing the!lattice conductiviﬁy;»xg. Consequently,

,’>at'é‘temperature’T < O.Z,Te,_it may be assumed that the

.
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total measured thermal conductivity is_due to phonon -
conduetion limited by scattering from defects.
; 'Measurements made by Anderson and Smith (l§73)
on single crystal niobium sampleS»exhibited anomalous
lattlce conduct1v1t1es between:-0.1 and 2 K. They
abtrlbuted thelr results to the ‘resonant scattering

of phonons by mobile dlslocatlons because the mean free

path of phonons passed through a minimum at a temperature'
near 0.5 K ) ‘ |

One\could choose various. superconductlng materlals,
w1th dlffereny’stacklng fault energies ‘and Debye tempera—

tures, and. put them to the same serles of tests.'as the

" noble metal alloys. It would then be 1nterest1ng to see

1f cﬁirelatlons ex1sted between the temperatures of the

anomalies and values of Debye temperatures or stacklng

fault energles of the alloys. .

e . , »

@

7.2 Electron Mieroscopy

Fdllow1ng thc arguments in sectlon 6.1, it seems"
that all the anomalres—ln our’results could be explalned

on’ the ba51s ofV honon scatterln by dislocations and
P g by

thelr assoc1ated straln fields. Table 19 1nd1cates that
the ' characterlstlc" length assoc1ated w1th the dlsloca—'

tion structure, in. all. the alloys, should be of the

.order of a few hundred angstroms Consequently, a ‘pre-

Nia

llmlnary 1nvest1gatlon of the dlslocatlon strutture in

y



Figuré 11. Electron micrographs of annealod Cu-Az

(upper) and brass 91ngle crystal (lower) showing

preferential etchlng. Scale lmmis 100‘2.



\\“ 82

A , /. : -
the specimens reported here, was Mmade” with' the electron
- . . , *\‘ .

\

micruscope. ' \,

In collaboration with the Physics Deﬁartment‘

\ .,
LlPLLrUH mlcruscupy grouup, specimens uf the unncale
copper vulluyk were prcparcd and studlcd under the ml—
<ruscupc “I'his anUSngaLlon was llmltcd to a slngle

)

sample of e¢ach specrmcn and failed to show any

dlSlUCatlon structure necessary to explaln our results
\

. In the brass 51nglo crystal the dlslocatuun den51ty Was,

<108 cm™? and the annealed Cu-10 at. % Al alloy had- a\

|
dlslocatlon density of the same magnltude. The annealed

Cu-30 at. % 4n alloy showed an extremely high denSLty uf
-

waislucation Thls was p: obablf not characterlstlc of the

v

bulk Spec1men but due to the con31derable problems

[0

anUlVCd in preparing a spec1men for electrun mlSCIUSCUPY.

UoWevcr, other lnterestln;\Eeatures were. ubserVed in

both the Cu-10 at. % Al and the brass 51ngle crystal

w A
and thesc are shown in Flg 11. "These electron micro-—

‘r

\\graphs shuw surface variations. of the sample thickness,

"s‘lndlcatlve of preferentlal etchlng, in regions

éf .00~ goi\h\,\Thls suggests the presence of a micru—

‘.struoture f Iow hundred K which could lcad to .anumalous

RN

”scuttcrlnq ior phonons of ~Iﬂ0r900 R wavelength.

~

7.3 Amorphous Materials L o \\\\\
. 2 ~ T

~

Zeller afd Pohl (1971) measured the thermal — -
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conductivity of some amorphous materials in the
temperature range 0.05 to 100 K and their results,
'for Pyrer and ;elenium, along with our data on éu;lO

atl % Al: are presented in Fig. 12 The lattice
conduct1v1ty of both the amorphous materials and -

the copper alloy is: of the same order of magnltude l‘

J

and all the curves have the same’ charadterlstlc shape -
with a plateau,though those for the copper .alloy are much
narrower and at a lower temperature. Morgan and Smlth
(1974) proposed a very general model of phonon scatter—ﬂfeh
.‘1ng by structural disorder to explaln the experlmental
results on amorphous materlals.. Their model contalns
"two correlation lengths assoc1ated with some order in
the SOlld Their calculatlons show that Ag decreases
fapproximately as‘-'I‘2 1n two reglons separated by a
plateau as shown in Fig. 12. With correlatlon kemgths
\\\kg & and lOOO i they obtalned results similar to ict
those for' the amorphous materlals but.lohger range
correlations, would'shifththe‘plateau’to lower tempera—
tures. It is po551ble that the 51m11ar1ty of results
for noble metals and amorphous materlals may not be

entlrely fortultous.- Hopefully, _here will emerge a
2%
very general model to explaln the behav1our of lattlcelf

conduct1v1ty»1n a varlety of,materlals, at low temperaj
. i ‘ . _ ‘

tures.
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CdIPTER VIII

).l\f L CONGLUSIONS A
. o Cw . "t | . ‘

+

{; ' 1“'5 Measurement - of the thermal conduct1v1Ey A of

deformed alloys of copper, 51lver and goldrconflrmed
w !
\the presence of a non-llnearlty or klnk ‘in A/T vs T - =
;\. :

&

f;plots nean 3" K. In the copper and gold alloys, thls\

av

n;klnk dlsappeared when the spec1mens were s

f1c1ently
L annealed ’ There was no ev1dence of any te
. " X

(

varlatlon;of the electrlcal ré51st1v1ty in

erature

TN
ese \\\\
alloys below 4 K ..It 1satherefore concluded, that the '

‘4

. *klnk arose in; the lattlce conduct1v1ty and that it
"l> / .
must have been the result of soatterlng pfocesses that'

Y ) were dlmlnlshed by anneallng. _ :
q? .
‘ e AR ¥ s
TEA e An excess thermal conduct1v1ty, above that
. : * :
B expected occurred in each of th sé alloys below a

_e.)

temperature TB near 1 K. Although anneallngndld not

L remove thls excess conduct1v1ty it was aiso ascrlbed
.,_ .‘l'?1 ;: - ‘3../ . N .

to a'decrease of the phononwscatterlng by defects : R
o . xL W

e b%low T S Both the temperature of the klnk and bump
'A,varled wlth the host metal of the alloy whlch suggests
- that the anomalles 1n Ag are associated ‘with phonons

b\ . bof the" same wavelengtﬁh\h/all noble metal hosts.
_\‘ A . |”\, '
S Prellmlnary electron mlcroscqpe measurements on

;2

copper alloys,do not 1nd1cate the presence of a dis—

N

locatlon structure with an a53001ated "dasracterrstlc"

i

,'\, . L‘”ﬁ’:_g., e
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~ - %
. .
, )

‘length. However, ther€ is some evidence.gf Other ;ﬁ“
1 . r.
structures of a few hundred angstroms 1n 51ze, leCh

<

could be the scatterlng centres 1nvolved Jt 1s the Y a4
4. g o

-euthor s oplnion that for further progress themmal

i

condu§t1v1ty measurements need éc be made in c6n3unc— ER

tion with electron mlcroscopy.f There is empirical
: ™ , K
evidence, supported by Morgan and Smith's model, ‘that :

similgr;mechanisms are responsible for the»behaviour'

of Aé in a variety of materlals at’ low temperatures.
. ,—- j\ L]

~a
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APPENDIX I
o L ) - -

Description ofoa,typical "RUN"

-

Solder probes on the specimen, measure the geometrl—l
L4

1

cal shape factor, then measure: the re51stance of the

spec1men 1mmersed in a dewar of llquld hellum

'Mount spec1men 1nbcryostat, attach thermometers,v

heater and’ electrlcal:leads;»check,for cont1nu1ty

)

and accidental grpuﬁdS-ﬂf

-

Solder inner‘can and check for leaks using'acetonen'

Then solder outer ‘can and check for leaks u51ng

.
] P

-Introduce'exchange gas in rod space and specimen

chamber at a pressure: of several Torr.

'Cool to nltrogen temperatures and check all electrl-

»

cal connectlons.« Connect.leak detector to spec;men

- chamber. | S - B , k:_,, ,b . e

Blow off llquld nltrogen by pressurlzlng dewar and

<

transfer lquld helium.

_When thermometers read 4 K £igd the %He pot with '

liquid, taking care that the liquid is never tooled

below its temperature in the dewar, and measure the

: electrlcal re51stance of the spec1men.'

- R

| Pump exchange-gas frém spec1men chamber u51ng an oil

-

dlffu51on pump tlll vacuum,~ZXl0 =7 Torr. .Pump for

‘addltlonal one hour and»monitor'sample space helium

réading-on leak detector. -

.90

~ .

o



3ke in,pot. <%

1solate He statloh’from 4He pot o
i\l3Q’Pump on 3He pot through needle valve;'u51n'“l'“
| Balzer s pump and take thermal condubt1v1ty polnts.'
'at 1nterVals of 0. l Kodown to 0. 65 ‘K. Check thermoér“

meter callbratlons agalnst vapour pressure between 'agj

0.7 to 2k, T Ty SRR N ot

14. U51qg a mercury dlffu51on pumpiandtbellows valve T .
reduce temperature of 3He pot and take thermal 1- {ié
j‘conduct1v1ty polnts untll lowest temperature. .=- iﬁ
;]151 Using temperaturﬂ controller heater boxl of f 3He'.
from pot and vapour pressure bulb. l o B nh '

16 %p od and 1ntroduce exchange gas in rod space

.and specxmen chamber.

54

17,1
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APPLNDOLX II ' _ : -
/ . . . ‘ T
v / o ,
CCADDITIVITY OF I'HERMAL RESISTANCES

- : o~ \\"ﬁ
- ) 1
,. A’ ‘ ‘ v
In Section 2;2.2‘th0 total lattice thermal| résis-
tance was calc®lated by adding the thermal resistances
.0 i R .
W (phonon-crectron séatturfhg) and W (phynon-decfect
g, T . gd o, '
scattoering) . T'his prucudurc'ié vali'd only if th¢ scatter-

. : ’ .1—" . S . . )
ing precesses have the  sdme requency dependence, o If

. .

phonen-scattering pro€esses with different frequency
dependence are present simultaneously they must be combined
by adding the appropriate reciprocal relaxation times

before integrating over all fchuengiCs. Th%ﬁtpfatiun

L to be usegi is then of the form:

S\ S FE Y (E S S5 RS

TR l 7 ” 5] dx
R D fe™=1)" ‘
°
whe 1o % hu/kT and depends on fundamental constants and
the velocity of sound. The relaxation times . and Ty

~are for phonon scattering by electrons and by defects

o ‘ . ® ~ .
respectively (Lindenfeld 1966). .- . - . : _ ‘

-

) Pippard (1957) has sh@ﬁ3<§hat for impure metals’

at low temperatprcs.(wheanZf 1) the lattice cohductivity

dues not follow-a simple TZ dependence but may be appro-ﬁ

"'ximated by = . SR S
)‘ = I-\rr + B'J.‘ ! . . .
g . .
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Fl'otted on a universal curve (Fig. 13), A should follow

: . d

2 ] . _' . . o
AT dependence for large T/pu (gf ¥ 1) but change ov%er ,
to 4 lincar temperafure dependence: %pr small value of

i AN ’ o . T \ ‘

T/p o (ge o 1)L L Sinee dll our Qpeasurements ltce in the

o : ) g .
reglon where i 1 tliy important to sec if the ammalies,

. . L3N] . . » )]

can be explained Ly Tthe oxtra conductivity arising from 4 a

’\ . /— A .g\a".‘

the liancar togm, .
ES

- Data for the annealed. copper alloys are plotted

ih Pig. 13 as k(/Tf)vvs Q7p;. The dotted Iine represents’
. -~ L . N .

+

the thedreticsl curve for Loppu as ,ulculdted bxg

Lindenfelud (J902) In the regl(uu 1-4 K the chzea Tie.
< - .

L be 2low the tthrLL1c1l cuﬁv lmp]ylng Lhdt $o?e defect !
: » .

Jécattcring "Llll v\L ts in the annealcd spcc1muns. At
li2-K.ov o rises sharply above the theoretical limit which i

‘makes ore conclude that the increasor in 17 cannot be

explainco by tlee ”r}ppurd effcet" in ng as the dotted

. , o :
line reprosonts L“(' limiting value f(nf w and vet the
I 2] G SEAS

. .

cxperimiental re .u]ts rige qbuvc it and thie chaitye in »

1s to &brupt. - -

K . . i

&

-

In- the full cold~worked alloy the ar umeﬁis.are
! Y Y g g

Gd goe

unciatgoed cven if W and W, have,differcnt frequency
. : ge ga : : ;
depondines, Loecaume W “S W, o at al] tumperhtu LR whl(h

i's all bt is BeCesSany for our cunc]u51ons Lo fé&low
. Y
N 4



