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ARSTRACT
We have measured‘the elébtfical resistivities from
2 K to 300 X for elght Cd 'stngle crystals and twelve

Cd-Ng siﬁgle crystals inciudiné three]différent concentré~
tions. &he measﬁred dénsities of ourgspecimens>were

" typically 2% below the accépted X-ray densities.' This‘we ‘
.attrivute to shall bubbleé in the specimeps and we have |
made an appropriate .correction to obtain the resistivity

values. The ice point resistivities for Cd were found to

be ) = 7.81(20.03)uR cm and p, = 6.30(£0.03)uR cmw— The

resistivity anisotropy ratzo a = pH/pl was obtéined fop
“both Cd and the most dilute alloy at alf temperatufes and
compared to theoretical models.: ' -
Deviatioﬁs from Mattriiessen's rule A which wers 2lzo
'calculaﬁed frém‘tbéée méaéureménts potﬁ cgnfirm and’clari—
fy earlier expefimental results fér polyérysballine
specimehs énd agree qualitatively with a theoretical cal-
culation forvsiﬁgle,crystals{~iA contribution técA
apbeariﬁg above-m 200 K hés all the salient features
. expected for electron sééttering from a local bhonon mode.
Although Démon a;delemegs predicted and sought for such
an effeqt, it Eas not'préfiously—béen-rébornized.
We.emphésizé that efrors in gedmetrical shape factors

2/A for our specireds znd ‘in the correction for bubbles do

,not’significantlf affoct the temperature (T) variation of

iy
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a or &'and in particular the qualitative features or the

A T .curve which we assoclate with the local modé
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CHAPTER 1 )
SN -
TNTICTION
. w2oth and Woods (137J) measured d-viittons from
Mattnioscen's Pule (DMF or A) dn a serles ‘of corplementar:
y Y p y

dilute-tinary wlloys (metal A in metal B oand B 45 A) to. test

i
¥

the theory of Thitia and Gupta 7193t£9) about the =ffect of an

inter?erencé tarm on [ME ;t high teﬂperatures.l'Fpr‘tempera-
tures (T) igzve about 120 ﬁ,‘DMR were Found'to b; finéar-%n
T, as expected, for 3ll alloys e%cept ég-vg, and, also as
efﬁected, negative fo} one alioy-of each c*mplémén;éry-péif .
again exceﬁt for the Cd-Mg pair. The_high temperature élopgs
gf the & versus T curves were nqgaﬁiVe for both EE-Cdlérlbys
(Hedgcock and Muir,0196u; Pas ana Gerritséh, l§64) andjggéng N
alloys (Seth and Woods, 1970). fn addition, the A-T cgfvesf‘}““
for the gg—Mg alloyé(were only 1inear from. ar it éO K.té

L22O ¥ where the 510pestf these'curveé bégan ﬁé.dncifééq‘ﬁou
ﬁore positive values. Seth and Woods suggegt;thein épparenply
anomalous results could be due xo d1ff6reht texfureﬁf—;é;éin
structures and degrees of pfeferred crystalli@e orientatdion -
in different specimens. Iﬁ.a reviéﬁ qh'DMR,‘Basé (1972) -
suggéstsllooking in anisétrépié metals for anisotropy in A.
Toﬁssaint and Pechéﬁf‘(l973) have in fact calculated-curyes
for 4-T in Cd-Mg . and Mg-Cd for single crystal Qrfentations
both pargllel anq perpendicqlar ;o the ¢ axls. Their calcul-
ations.resu}g’injAeéativewvajues{or dAB/dT_fpr both Cd-Mg @n@
Mg-Cd at high temﬁér&tures,‘and‘fyrthermore, predict thatuA-3

P

. ~ S | : 5
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the contribution to A due.toqthe/#nterference term, d}ffers
in the two symmetry directions E; an order of magnitude.
Measurements of DMR on single crystals would surely clarify
the situation.

A second topic of recent interest is the temperature
dependence of the anisotropy ratio a = pll/p " Case and

Gueths (1970) measured the anisotropy ratio in tin and

found a striking maximum of amax = am2 (where a_ 1s the

extrapolated value ¢f a as T » =) at about 20 K. Completely-

neglecting any effects due to anisotropy in the phonon

spectrum,vthey,explain their results in terms of a simpli-

fied model of the Ferml surface and predict the same temp- yy

erature behaviour for'any electrically anisotropic metal,
’ L

" In a review on galvanomagnetic effects in anisotropic metals,

Hurd (1974) points to an urgent need for comparable data
on other metals to test Case and Gueth's simple model. A
numher of more thorough calculations, including one by |
White and Carbotte (1974) on Zn (which has a similar Q/a
"ratio and Fer .1 5 rface to Cd) have provided theoretical

’ alternatives <o Case'and Geuths for comparisan with
experiment. | |

- With both of the above problems in mind, we have pre-
pared long, thin single crystals of varying Crystal orienta-
tions ~elght of high purity cadmium metal and twelve of
dilute Cd-Mg alloys with three different concentrations.'

Electrical resistivities, the anisotropy ratio q = Pl |Q/°L



Pl

and deviations from Matthilessen's Rule have been measured
as functions of tehperature from about 2K to 330 K.

‘The next four chapters include respectively a bfief

.outline of the theoretical background for these problems

(Chapter 2), a description of our experimental procedure

including specimen preparation (Chapter 3), the presenta-

tion of our experimental data and explanation of various
corrections which have been made to the data (Chapter 4)
and a discussion of our results (Chapter 5).  The final

chapfer (Chapter 6) is a brief summary of our conclusions.

At the end of the thesis are the bibliography and fouf

appendices of which Appendix 1 on notation will be of most

frequent use to the reader.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 TIdeal Resistivity and Anisotropy Ratio in .Hexagonal

-

Metals

An electric field, E, produces an electric current

density, 3, according to

Ji =JoiJ Ej\ 1,5 = 1,2,3 ) - (2.1)
o \
where Oij is the electrical conductivity tensor. For metals

with cubic crystal structures, F 1s always parallel to E

and'the tensor reduces to a constant. For metals with

)

hexagonal crysta%’structureé, the conductivity tensor has

\

two independent components as shown':

L " ( . 3 ( W
o o, 0 0O E,
i, | o= 0 o, 0 E, (2.2)
.. J \ ) J \ J
J3 and E; are the components of 4 and E parallel to the

claxis, the axls of six—fbld or hexagonal symmetry. o,

-and 01| are the eleétrical.conductivities perpendicular to

and parallel to the c axis. p,

1 = 1/0-L an‘d pH = l/olI

are the analogous components of the electrical resistivity
)ﬂl

tensor pis =.(613



-~J

generally start with the Boltzmann transport equation

In long thin cylindrical single crystals of
orientation 8 (see Appendix 1 for notation), the resisti-
vity p(6) 1is the component of B parallel to J (which is.

parallel to the specimen axls) divided by 13| or:
o(0) = E-3/13)2 - . (2.3
It can easily be shown that:

p(8) = QIICOS26 + plsinzes _ - . ;.\(Z.Q)

‘Note that resistivity is also.a function of tempera—

ture and specimen composition as well as orientation."'For-'

simplicity in notation throughout this thesis, the explicit
dependence on one or more. of these varlables is often
omitted.

Note 'secondly that there is also a component of E

'perpendicular (or transverse) to J for O°-<‘6~<-90°' We

. show in Appendix 2 how both p and p|| can be obtained by

measuring the parallel and the perpendicular components

of E in one single crystal

In genggal pll AP, and the anisotropy ratio is -

defined as aq = pll/p , a function of both temperature and

‘specimen composition,

-

Theoretical calculations of electrical resistivity

NN
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- (Ziman, 1969). f = fE 15 the éleétron disfribution function;
the propabilit&‘that an electron‘state with wavevvector Kk
wlll be Qccupied} Under the influencé of. an electric field,
'the diétribﬁéion function wil% change_until a steady state

\

is reached where

%{— o+ 3—5 o S (2.5)
field scatt. .

P

%% and %% , . are the rates at which the
field : scatt. :

"distribution function is changed byvthe eiectric field'and
by scattering‘procééséé_respectively;

The elect;ic cﬁfrent denéiéy, 3; is founq by inte-
gréting the distribut;on function multipiied by tﬁe electron‘
velocity, ;+;-times the electron charge, e5'oveﬁ all pos-
sible k states according to:

3=2f¢x7+f+

3% R €y
p fp k. _ . (2.8

N
Since fﬁ depends on E, Eq. 2.6 is anaiogous to Eq. 2.1 and
the conducti#ity”tenSOr'canAbe found by sqlving Eq. 2.5

and Eq. 2.6. In practicé, this is difficult to do and

: ! :
simplifying assumptions are made.

Anisotrapy in the electrical,conductivity (and thus
bresisfivity) arises because of: |
(1) anisotropy of the Fermi surfaCe

(2) anisotropy of the scattering proceés,

"
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including anisotropy of'the“phonon spectrun (éecheur and‘
Toussaint; 197?). Since the scattering process is strongly
dependent onvtemperatUre, the;%esiStivity anisotropy
a = pll/pl’ is_also.egpected to be.temberature dependent.
Case and Gueths (1970) proposed a simple theory for
an based on an anisotropic Fermi ‘surface beyond the first
Brillouin zone but completely neglected the effects of
anisotroby in the.phonon spectrum. Theirnmodellpnedicts
for any anisotfopic metal, a maximnm AQpax = aw2 et‘lowl
temperatures (v 20 K for Sn)‘falling off as (ar-a ) = 72
at/&}gh‘temperatures, a_ being the énisotrooy as T » o,
They further predict that a_ = O | o/ Pl = A, /|| where
Al,vand Al are/the areas of the Ferml surface eﬁtending
beyond the Brillouin zonc oundarles in the ¢ (||) and a
(1) directions respectively. A flnal consequence of their
theory is thst aé; tfc ~nizotropy ratio as T - 0, shouid .
return to the nigh temperature limit of a_. In spite of
thelr oversimplified.model, their own‘ekperimental results
of the resistivityrani%ptrooy for Sn show nemarkable
-agreement With their'predictions. ' i ' o
tA numb%r of other theorists, panticularl" ﬁecneU“~
and Toussaint as well as’ Carbotte and co- workers have
proposed more exten51ve calculations of electrical resisti—
v1ties initlally for isotropic metals but more recently,

these ~calculations have been extended to anisotropic

.materials as well. Most useful for comparison with the
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experimental resultsiprescnted in fhjs theois “re thé
calculations by White and‘Carbotte‘(l97U)., Tg;y have
'fodnd-an éppfbximate sdiutioh'té tﬁe Boltzmann éqﬁation
using é relaxation time approkimation where the calculated
relaxation times vary over the Fermi surface and take into
account the phonon dispersion curves measured by inelastic
néutron scattering. They(plot cﬁrves of* a veréus'tempéra-
ture for pure Zﬁ and also for dilute alloys of Zp, thé
latter both with and withdut the residual resistivities
‘subtracted from the total resistivifies. Qualitatively,
the curve for pure Zn hés all of“the features predicted by. .
Case and Gueths, except that a drops markedly below a_ -
at th; ibwést teﬁperatures; ,Unfortunately, Cd strongly
absorbs neutrons so that 1t is noé possible to similarly

obtain thevphOnon spectrum for Cd. However, the c/a ratios

for Cd and Zn are similar as are their Fermi surfaces;_so’

\ e

.a compariSon of our experimental results with their pre-
dictions 1is not unreasgnabie évenvwithout.taking accoﬁht

of the different phonon spectfa.

'.2.2 Deviations from atthiessen's Rule

For a ‘;e'binary,alloy; the tdtal resistivity
pAT may be wr * as
Par = Pac ” Tt A - @n

where Pao is the re.idual resist sity extrapolated as



T - 0, Pyp i1s the "ideal" resistivity for the pure host
metal, and AT is the "deviation'from_Matthiessenﬁs rule"
(DMR). For oriented single crystals of uniform impurity

S 2,
concentration, PaT? Pro and pyp are all linear in cos“6
according to Eq. 2.4. Consequently, A (8) 1is also linear

in cos2e for a given concentration and can be written

Br(9) = ppp(8) = £y (8) = pyp(e) - (2.8a)

| o 2 2 | o
AT(O),f A]IT cos"6 + A sin® - . ‘_(2.8p)

/ ) )
The explicit dependence of'AT(B) on ‘concentration is onitte@{f
’.for simplicity. : ‘ _ V
' Almost by definition, Ay 1s small with respect to
Pap- Since resistivities have not been caicuidted exaétly,
“one would expect even less precision in theoretical'eale

culétibns'bf PMR. indeed sinee about 1947, mani theoriesA
for DMR have appeared, several of, them st11l controversial
bBass (1972) has reviewed the subject and ‘assessed the
success of various theoretical models in the light of
~experimental work.v _ .

- The . features of DMR which have been reported.in

~ experiments on séveral metals include:

S
L%

= (1) a stfong'temperatu}e'dependence at lowest

temperature; of the form o where n_Vafiesvfrom abqutb

’

3 to 5.
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(2) a hump in manyvalloys at intermediate tempera- -

. tures, often near the temperature where Pao = Py~

(3) a linear region at relatively high temperatures
(T 3 150 K for-many alloys).of the form A = mT + b where
m and b . are constants, b > 0 and m may'be'either positive
or negative. | |

'A fourth feature expected in some alloy Systems due;
to a localized phonon mode tDamon and Klemens, 1965) 1s a .
change in’lepe tola more positive yalue'at high tempera—.
tufes'(w 200" K for Cd-Mé) In previous experiments this
feature had not been recognized. | |
| A number of. mechanisms have been proposed to giwe

rise to DMR. - Although Bass (1972) gives a more complete
;ist; the ‘most important ones are: R

(l) Inelastic electron- impurity scattering - For .
Matthiessen S rule to be valld, electrons are assumed_to be
scabtered-inelastically by phonons and elastically by
‘static impurities; both processes operating independently.
Because the impurities are not static, electrons-can also .
be scattered inelastically by vibrating impurities.'
Koshino (1960)‘calculatedfthat>a DMR proportional to T? at
low temperaturea would arise from_one—phonon inelastic
'scattering by‘impurities. Taylor (1962,_196Q) showed that

two-phonon processes could not be neglected in the calcu-

lat}ons'and,although,he ultimately predicted a T2 dependence,

" as well, the term would be too small.to measure. Klemens
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(166€3) ‘prouucc: &« TL S vt T T U S Cage
on a time varying strain field around h impurities |
_The Tu variaticn is in gqualitative agreement with eypcri-
ment (Damon, Mathur and nlemens, 1968) for T <_20 K.

(2), Two-band model - Initially proposed py»Sond—
'heimer and Wilson (1947), tne'two—band model assumes that
‘ relaxation times are not isotropic on tre Fermi surface
(e.g. neck and belly regions in noble metals) and the aniso—
tropies are dlfferent for two kinds of scatterinb mechanisms
(i.e. impurities and phonons) " Even though Matthiessen s
rule is assumed to hold in- each 1ndividual region the two
reglions or bands, acting like resistors in'parallelgﬁi.e.
tﬁeir'conductiVities add), produce a DMR which is propor—
tional to Pyp at low temperatures (wnere Pymq. << pA ) andy
proportional to pA at high temperatures. 'In a modifica~‘
’ticn 2T the two-band mgdel where the ratio of the 1dea1
resistivities in the two bands is not constant; but a
mcnotonic functionAof_temperature, Dugdale and Basinski
(1967) show that a hump which would be sharpest fcr thet
most dilute allcys cOuid be'produced'at a temperhﬁure
where'piT " Pro® - o 1

(3) Inter:crence Term - Kagan and Zhernov (1966)
and Bhatia and Gupta (1969)}ca1cu1ated a contribution to
the DMR from interference between scattering by impurities

and scattering by phonons Although values estimated by

Kagan and Zhernov were too low tc cxpiain e¥xperimental



results, the term given by Bhatla and Gupta below was of

the correct order of magnitude.

A3.= D 2¢ J wA (WB—WA) Sav(x)x3 dx (2.9)

2 2
F ?

where D = l2nm2/ﬁ3e k x-=_9/2kF, W, and WB are pseudo-

A
potential ix elements for atom types A and 3'in a

- blnary A-Bm§:Zoy, and ¢ (in this equation only*).is the
fractlon of‘B atoms. A3_is'significant at high temperatures.
where 1t is'linear and mayvbe either posltiye'or'negative
(whereas all previous theories predicted strictly posltive

contributions to A in tnis temperature region). Furthermore,

~ the sign of A, would largely depend on the sign of WA(WB—WA)

3
- in the neighbourhood of xv= l and one would often'expect
jlthe sign of A3 to be opposite for complementary alloys

(A-B and B-A). Toussaint_and Pecheur‘(1973) have calculated:
‘values of A3 for single crystals’of Cd-Mg and ﬁg—Cd in
paralleltand perpendicular,orientations. For both systems,
they find negative values'of A3_which are an.ordervof
magnhitude largerlfor the”parallel,orientation than for

“the perpendicular orientation and they suggest'experiments
on single crystals as a possible check of the importance

of the 1nterference term. Unfortunately, 1t_appears that

o,

in their calculations they have'employed only the pure"

*Elsewhere in this thesis; x refers to atomic fraction of
atoms (i.e. concentratton) and c is the lattice parameter
perpendicular to the—hexagonal planes.

4
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metal pseudopotential matrix elenents wcd and wMg, which
may very well be significantly different from the pseudo—
potential matrix elements for the dilute alloys f «

(U) Anisotropy of the electron distribution function -
'Kagan and Zhernov (1971) were able to explain the observed -
variation of DMR over the entire temperature range ‘in
'terms of anisotropy of the nonequilibrium electron distri—v
bution function ~In the pure metal,‘thispanisotropy arises
- primarily because of umklapp processes and ‘may cause ‘a de-
.Crease in the ideal resi}tivity of orders of magnitude. |
" As impurities are added to the metal, elaStic scattering .
by the impurities tends to suppress the anisotropy of the
distribution function and the resistivity approaches the .
vvalue expected for an isotropic distribution function

(5) Local modes - When a dilute binary alloy
consists of light impurity atoms in a lattice of heavier
'atoms local modes of high frequency, W, s appear in the
phonon spectrum above the continuum (Damon and Klemens
4,1965) Assuming that the interatomic force constants are
the same for all atoms 1ncluding the impurities,‘

w, = <Mi/Mo) wy . o . (2.10)
'where Mi andyM are the masses of the host and impurity
atoms respectively and Wy is the Debye frequency for the

'pure metal. Scattering by these localized phonon modes
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would produce an increase 1in the electrical resistivity
starting at about BQ; where OO = ﬂwo/kB is the character-
istic’)emperature of thé local mode (B is Planck's
f.onstant divided by 27 and kB 1s Boltzmann's constant).

V. %‘\

~+Thls appears as a contribtion to'DMR, AM’ where

A
by 'Oo/(exp(O‘(‘)'/T)-—l).v | _  _(.2.11)
On a A—T'graph, AU 1s éxpecﬁed to produce a qhange‘of
. slope to a hore positilve vélde at about T = %Oo (v 200 K
- for Cd-Mg). . .
The interest in the é pe ments degcribed in.this
thesis centeré around the contributioﬁs.tp DMR, A3 que

to the’interferenée term and Aq,due to local modes.
. o §: . i

N



CHAPTER 3 N

EXPERIMENTAL DETAILS N

Seth (1969) outlines the experimental procedures

a

necessary for measuring‘devié&ions from Mattiessen's rule
(DMR OP,AT) and these procedures aré more than adequ;te
for measuring redistivity anisotropy. In ofder to calcu-
-late.AT with reasonable accurgcy, the geometrical shape
factor f = L/A (where 2 is the length between potential
contaét; on & specimen of cross—sectiéhal area.A), the
resistances RT at all temperatures, and the residual
resistances RO extrapolated as T + 0 K must all_be
.measuréd extremely accurately. Specimens, up to ten at a
= ° :
\time, must bévheld atﬁthe same constant temperature dﬁring
ach measurement, whereas only modest accuracy 1s necessary
in determining the tempefaturé itself. )

Aéide from the specimen preparation, many of the
experimental details are similar to Seth's worﬂﬁbut with
a-number of improvements, most notablj.the épecimen holder
and the current’comparator. QOver thg course of these
experiments, further imprdvemer:; suggestéd themselves
but often too 1a£e to be incorporatea. Some of these are

< : .
;§3mmarized in Appendix 3 on suggestions for futuretyesis;

tivity measurements.

-

3.1 The Cryostat and Temperature Control \\

The cryostat and specimen holder used for the -

15 &
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resistance measurements are shown in Fig. 1. In order,
to free enough electfical leads to measure ten specimens
simulténeously, the meésuring current was brdught into 
the cryostat throﬁgh leads-but-retufnedithrough the
stainless'steellpumping tube. Aside from thisdmodifiCa—
tion, the cryostat is as Seth (1969) described.

The specimen holder consists of four 'Tufnol! disés,
2 in. in diameter aﬁd 1/4 in. thick, spaced 1 - 3 }n.
apart and held rigidly on three 1/8 in. diameter brass
‘rods, 9 1/4 1n.»iang by movable brass collars with et
screwé. The specimens, typicaliy 8 in. long and 1 mm ;n
diameter, slild freely through a series of aligned holes
in the 'Tufnolf discs. gpe specimens wel? connectéd in
series by soldering tﬁem at the ends -to thin copper wifes
(AWG #28)" and were suppqrted in the speclmen holder by the
.soldered'current,cénnection at the'tép end of eacH’speci-
men. Each wire was tinned with Sn—Pb solder (60%'Sn)
and.had a double loop allowiﬁg both spgcimens‘ana wires to
expand and contract freely. =Solde.red current connéctions
.were used because local Jqulé~heating at mechanical con-
tacts can.be significanf,'particularly at low tem; ratures.
Thé.reéistance between potential contacts on adjabenb
~specimens was measﬁred at 4.2K to check rnghly that the
solder joiht résistances were low, Low reslistance solder
joints were most difficult to make on the alloy spécimens

of highest magnesium content. Care was taken during the
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soldering process not to damage the single crystals
beyond the immediate region of the solder Jjoint.

lo avoid constraining the specimens'during thermal
- expansion or contraction, potential contacts were attached
to the specimens’only and not to the specimen holder.
Thus, in addition to. its own weight (v 1.5 g), each speci-
men supported two potential contacts'(w 0.2 g each)'
consisting of a small 'Tufnol’ cylinder 7 .mm long and 5 mm
in diameter with a hole slightlyqaargei than the specimen
diameter drilled.perpendicular to,the cylinder axis. A
small pointed brass screw parallel to the cylinder axis.
held the cylinder ingplace and made electrical contact 4
with the specimen. The contacts should not be -screwed any '
further than necessary into the specimen because the slze

of the~indentation determines the uncertainty im length &,

ﬁfpically 1 part in 2000, a significant source of error

O

in ‘the ultimate values for resistivity. 'Finally,lan' T
electrical lead was soldered ‘to the other'end of the .brass
‘ screw,.the entire procedure executed withvgreat care to
avoild straining the single crystal specimens .
Resistances were measured at 4.2 K with a refriger-
ant bath of‘liquid Heu at atmospheric.pressure around the
'outer can. Temperatures belOw h.2 X were obtained by
pumping above 1liquid Heu in the pumping chamber while
maintaining a vacuum of better than 10 -5 Torr in the outer

can. A resistance bridge temperature’ controller was used
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to obtain constant temperatures.between 4.2 X and 63 K.
To control the temperature, the amplified signal due to
the difference between resistances of a carbon resistor
. mounted on top of the pumping chamber and a variable
'resistance'setvat a desired value, modulated the power
fed to a 10092 1 watt heating resistor also mounted on top
of the pumping chamber. Because the resistance of,the
carbon resistor was a strongly'varying function of tempera-
ture, this cOntroiler provided a sensitive means of
attaining stable,temperatures;jparticularly below 77 K.
Liquid nitroéen was used.as ‘the refrigerant bath to
obtain thermal equilibrium at 77 K and’ temperatures down
to 63 K could be obtained by pumping above 1liquid nitrogen.
From 77 K to about 260 K stable temperatures were obtain—
ed using both the resistance bridge temperature controller
and an additional 8 watt 1200Q resistor fed by a variac
Additional measurements were made at room temperature at
273.2 K using an ice water bath and,. for the last run only,‘
at 314 K and 327 K using warm water baths. |
Thermal drift first became noticeable at about 15 K.
From that temperature upwards, the sequence of readings
consisted of measuring temperature measuring the specimen'
resistances 'remeasuring the temperature, remeasuring the -
specimen resistances, and finaily measuring the tempera—
ture‘a third time. This procedure took about thirty

. minutes (or longer at the lowest temperatures where
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. readings uere taken to the limits of thelvoltage-sensi—
tivity) and during that time the drift in temperature was
typically $0.02 K above 77 K and $0.003 K below 77 K.

The temperature drift was roughly linear inntime so that
by interpolating between the two sets of resistance
measurements,'it was possible to estimate the resistances
at the time the second temperature was'measured to about

2 parts in lO5 except'where voltage sensitivity uas the
limiting factor. Although by waiting longer one could
have attained a more stable temperature before measuring
gthe specimens, this was both_impractical from the point of

view of time and unnecessary for accuracy.

j,é Temperature Measurement

.,‘A platinum-resistance thermometer was usedlto
A _measure temp= atures above 77 K. This thermometer had been
calibrated against another platinum resistance/thermometer
which the National Research Council of Canada had cali--
brated. The calibration points of resistance versus
temperature were fitted to a Callendar Van Dusen equation
in order to’ determine intermediate temperatures. The
| . resistance was measured by passing the same electric
current of ‘about 100uA through both the thermometer and a -
Leeds and Northrup lOOOQ standard resistor, and measuring

the potential differences across each with a Fluke Model

8800A Digital Multimeter.
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Below 77 K, temperature was measured with a german-
~lum resistance thermometer which had been calibrated against
~‘an N:B;S. germanium thermometer from 2 K to 12 K and an

N.R.C}_platinum‘thermometer above 12 K. Temperatures for
resistances between the calibration points were determined
by graphical interpolation from 2 K to 12 K-and by a com-
puter least squares fit to anueleventh degree polynomial
above 12 K. The resistance of the germanium thermometer
was measured-by a D.C. resistance comparator (Seth '1969)
using a Guildline 9801T precision four- terminal variable
resistor for the comparison ‘

Both thermometers were inserted in Wells in a copper
'cylinder 1% in long and 1/2 in. in diameter, supported

in the middle of the array of specimens by two of the
'Tufnolf discs in the specimen holder. The thermometers
were:coated with Wakefield thermal compoundvto improve the
thermal contact with the copper cylinder |

Temperatures were determined to an accuracy of aboutv

+0.025 K. Temperature stability however was an order of
magnitude better i.e. the temperature at which the specif

men reslstances were measured was the 'same for all speci-

mens to within a few milliKelvin (mK).

- 3.3 Reslistance Measurement

{

RS\ Y

®~" . A Guildline Model 9920 Direct-Current Comparator

'Bridge was used to'compare the currents through an unknown
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‘resistance (a speCimen) and a four‘perminal stdndard
resistor when the‘petential differences across each were
balanced. The ratio of'the_unknoﬁn resistanee po the
standard resistance Rs couldathen’be read directly'tojl

7

part in 10' of Rs from seven dials on the'comparator.'

o~

The diffefence in pefentials'could be'zeroed with a
se'nSitivity of about 1nv using a Guildline Type 5214/9460
Photocell Gelvanometer Amplifier and a Guildline.Type /
9461-A Galvanometer;; A constant specimen curreat Of

N, 100 mAvmeént speeimen.resistances'couid be determined
to A 10780, | '

Abeve 77 K, the standard resistor was a caiibrated
Guiidiine four-terminal 1Q 0.1 watt standard- resistor with
a:temperatunemeoefficient ofr —l.ppm/°c. A four—terminalxo
0.01Q standard resistor was used below 77 K. This
resistor waé calibrated against the'lQ standard resistor
and found to be‘independent'of curfent'up‘%ole:to betﬁer‘
“than i part in 105. 'ForAroom:temperaturee between 22%°C.
and 28%°C,,the O;OlQ res;stor'hed constant resistance to

better than 1 part in 10"

. The two standard resistors
were compared twice eaéh~run>by measuringlthe specimens
vat 77 X againstfbeth. -

| Typical specimen resistances were O;Oéﬂ at 295 K

: and'ranged at the lowest temperatufes,from 0.0000022 for
.the pufe'specimens t0°0.001Q for some ef'the alloys.

Nanovolt sensitivity was utilized at low temperatures for



all specimens while the comparator's seven figure accufacy

was necessary only for.the alloy specimens at low,tempera—
S : Vo ,

tures/where Pao >> piT.and dpAT/dT was small.

iy s

3.4 Specimen'Preparation

 The cadmium used in all specimens was obtained from
Consolidated Mining and Smelting Co of Canada and bad ﬁp
59 grade purity The magnesium used in the dilute Cd-Mg
alloy specimens wasbobtained from‘Johnson, Matthey and ’

Co. and had impurities of less than 114 ppm.

3.4:1 Pure Cadmium Specimens

Long,‘thinbcadmium single crystals of ‘random _
orientations Qere gfown using a Bridgman techniquei
(Bridgman, 1925). | | -

. Cadmium 1ngots were placed in the funnel shaped top
of a Pyrex ‘mold after both the ingots and glassware had
been rinsed with dilute hydrochloric acid, distilled )
vwater and isdpropyl alcohol in successionvand dried
quickly by blowing helium gas over them. A loose fitting
lid covered the mold to reduce evaporation losses of the
cadmium. The mold itself was thin walled Pyrex .tubing
of approximately 1 mm'inside diameter and about 25 cm'

long,.closed to a'point at the bottom.
Thin walled Pyrex;tubing was readily available'and

could be dissolved relatively quickly (in about 2 hours)

234
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using small quantities of hydrofluoric acid..’The small
variatlions 1in cross-sectional area, A, typically +1%
along 4 20 cm specimen,’do not produce a significant
~error 1n f = l/A when an average value of A 1s determined

by welghing a known specimen—length and using known

vdensity values

VA vertical furnace was low rgﬁ over part of a vacuwum

system in which the Pyrex mold was supported. 1 furnace
‘consisted of a 20 in. length of 2 1in. diameter st:irn ss
steel tuhing arOUndlwhich’were wrappedAa layer of ez besuns
.paper for electrical inSulation;:a"Kanthql' ribbon heatirgz
element and several additional layers of asbestos paper
for thermal insulation. The top of the furnace was filled
with glass wool to reduce convective heat'losses.r. R
The resistance of the winding was. .about UOQ and a
0 lUOV.variac connected to the mains supplied the power
The furnace had been wound to obtain a steep thermal
gradient at the bottom of the mold and a gradual thermal
gradient towards the top. A variac setting of 120v
brought the bottom of the mold to approximately the melt-
ing point‘of'cadmium-(3él°C), the upper part of'the mold
being hotter; o ' R -' o S
A vacuum of about 10~ Torr was naintainedvfor
several hours while the cadmium ingots in the funnel at the_
top of the mold were gradually heated to near the melting

'point{ The variac was then turned up to lUOV and the
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Ingots melted in about ten‘minutes. ,This was done quickly '
to minimize evaporation losses of the molten metal.
Helium gas was admitted to the section;of thebuacuum
system inside the furnace,'forcing7the’molten‘cadmium
.down into the 1 mm diameter tubing. The variac was lower-
ed to 120V and the system approached thermal equilibrium
at that setting- with a time constan’t of about 30" minutes.
After about an hour, a small motor .was turned on. It
raised the furnace at a uniform rate of ~ 4§ cm/hour until
’the furnace was completely above the specimen

The Pyrex mold was dissolved in concentrated hydro—
fluoric acid and the specimen was .rinsed with dilute .
hydrochloric acid, distilled.water and 1sopropyl alcohol
‘in succession and then dried. | Each' specimen was Xx-rayed
at four points along its length both before and after
being measured in a run. Orientations were determined to
im t1° by analyzing the Laue back reflection patterns.
Nearly all of the specimens grown in. this way turned out
‘to be single crystals and with a few exceptions, the |
crystal orientations were constant within +1° along each
’specimen s length. The good variety of specimen orienta—
‘tions obtained this way, including the most desirable
orientations close to parallel and close to perpendicular,
'meant that growing specimens‘from seed crystals was not
necessary :' : 3

Although the resistance ratios R 95/R were typically
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Y 10“ for the pure cadmium specimens,.there was some
evidence of .strain in the single‘crystals. Some of the
Laue back reflection patterns were blurred, particularly
when looking along crystal directionS'perpendicular to_the'
¢ axis 1n which case the spots were often smeared out in
the direction towards-:he c/axis SeCOndly, the residual -
resistances of Cd #24 and cd #25, the two Specimens used
in all three reported runs, decreased by about U—S; in f
the three month period during whioh these runs were made.
These specimens had been grown about one month prior to
the first of these runs and except during the runs them-
seayes (of about a week to ten days each), the specimens
were stored at room temperature. -

Several possible specimens had been annealed for
12 hours at l2SAC'in an attempt to reduce strain.. Indeed,
'the7x—raylpatterns did appear sharper after annealing and
residual reSistances were reduced Unfortunately though
this procedure resulted in some recrystallization,
observed both visually as well as with x-rays, and some
of the best specimens were ruined. - None of these annealed
‘specimens are included ‘in the experiments reported here.

With the exception of one specimen (which had been
grown four years earlier and which 1is also not included
in the results presented here), there was no visual or
x~ray evidence that any of the Specimens‘measured in thee

-

three runs had recrystalliz- ° atsall.
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3.4.2 Cd-Mg Alloy Specimens

Three master alloys of cadmium with approximately
Q.76; 1.5, and 5.6 atomicvpercent magnesium were made.
For each master'alloy, the cadmium and magnesium ingots
were rinsed with dilute hydrochloric acid, distilled
“water and isopropyl alcohol and then dried. The ingots
were weighed and put into a Pyrex container consisting
of thin walled tubing apout_30 em long and N~6“mm inside
diameter with-a bulb of ~ U.cm diameter on one end. The
container was evacuated, then refilled with partial =
‘pressures of.about 10 Torr of hydrogen gas (to prevent
oxidation of the magnesium) and about half an atmosphere*'
of helium gas,’ and then sealed. Using the same furnace
‘described in Sec. 3.4.1 (as it could be easily removed
fromvthe.motorized,raising apparatus), the ingOts in the
- bulb were heated to above the melting point of cadmium
: The magnesium was initially observed floating in the .
molten cadmium The whole furnace was shaken- vigourously
for 15 seconds every three minutes and after about'tWenty‘
minutes no'solid magnesium could be seen in the'moiten
' alloy. To ensure complete solution and thorough homo-
genization, the above shaking procedure was continued
.for a further twenty minutes THEn the entire furnace
wasuinverted, allowing the molten alloy to run quickly
into the long, sealed tubing which protruded out_of the

furnace section. The alloy solidified within two minutes,



forming crystallites with dimensions of ~ 1 mm or less.
~After cooling, the Pyrex tuoing was dissolved in hydro-

fluoric-acid and theﬁmaster alloy rinsed with dilute
" hydrochloric acid, distf%%ed-water and 1sopropyl alcohol
and then‘dried.

To check that each master alloy was homogeneousg
| fourvpotential contacts (similar to those described in
Set. 3.1 but proportionételj larger) were attached along
the length of the master alloy splitting 1t into three
sections and the resistances of each sectlion were
measured at room temperature and at 4.2 K. For each
master alon,‘the values ' of F(295/Ru.2 were the'samg to :
within_0.5% for all three'sections (except for one section
of the Cdl.SMg master ailoy which was 4% lower than_the
other two sections and which was not used to make speci—
-mens)v indicating uniform magneSium concentration along
the length of each master alloy. o
Side cutters were used to cut off sections 1l to 2 cm

.long.from the master'alloy. These sections were rinsed
and dried and used to grow crystals in the same way
‘described for the pure cadmium specimens (Sec. 3.4.1).
The only difference was that the ailoy specimens were
‘ralsed .to’ the meiting point under.a pressure of about

5 Torr of hydrogen gas, :o prevent oxidation of‘the

magnesium, whereas the pure cadmium had been melted under N

vacuum.
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3.4.3 Speclfmen Analysis

Becouse of possible preferred evaporotion and/or
,inhomggeneitieslin the specimens, the. magnesium concen-\
trations in the alloy specimens should be checked against
some independent standard. The most rellable yardstigk
for thisfmeasurement was the set of residual resistivities
for Seth's (196§) polycrystalline gg—Mg'specimens. These
~are summarized in Table 1. ‘ |

According to Nordheim's rule (Meaden, 1965), the
,residﬁal resistivity p of a binary alloy 1s proportional
to x(ljx) or v~ x for a dilute alloy where x is the atomic
fraction of the solute 1. e. +the concentration Indeed,
Seth's po's for Qd—Mgvdo agree well with Nordheim's rule.
Because p295 does not depend strongly on concentration,
the resistivity ratio o /0295 is also nearly linear in x °
so that specimen concentrations can be determined by
interpolating values of ®he resistance ratios.

R /R o /;3295 and are thus independent of the /A

295 ©
determination (which itself depends on the density of the
alloy, the density in turn depending on the concentration).
For single crystals, the resistivities, Py and

~

0295, and thus the resistance ratilos RO/R295 also depend
on orientation according to Eq. 2.4. Sinqe the four
"single crystals grown from the Cd0.76Mg haster ‘@lloy do
show the expected variation with cos<8 (see Sec. 5.2

inclu:..ng Figs. 5 and 6),.this series of alloys was used



Table 1

po? Pagg> and po/p295 as functions of magnesium concen-

tration in cadmium for polycrystalline wires (from Seth,

1969)
Mg conc. Po Pog5 po/p295
(at. %) (uQ@ cm) (u@ cm)
0.0  0.0020 . 7.6090 0.00026
0.75 0.2217 7.7519 0.02861
1.5 . 0.4960 8.0U62 0.06167
- 3.0 0.9920 8.4221 0.11738
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to determine the orientation dependence of the resistance

ratilo. ‘ : .

To compa: the resistivities of polycrystalline

specimens and single crystals, Meaden (1965) uses

= (1, + (2 ' .1
Pooly ( /3)9” ( /3)_&3J~ ' (3.1)

The resistivity of a polycrystalline specimen ppoly is
the same as that of-a single crystal with an orientation

“such that cos®p = 1/3. We . assume with this formula that

there is no preferred orientatlon in the polycrystalline
specimen. Although Seth's specimens do appear to have
preferred orientations slightly closer to parallel than
expected (see Sec. 5.2), this will not produce a signifi-
cant error in the final’results

The magnesium concentrations determined.by comparing
the resistance ratios R /R295 to the ratios for Seth's
specimens and allowing for the orientation dependence of
the ratios are 1isted in Table 2. Also included in
Table. 2 are the specimen densities and the_specimen,
bubble factors (see Sec.'3.5 and Sec. 4.1.3). The
densities which are based on lattice parameters given. by
Pearson (1958) and which assume atomic masses of *112.41
and 24.305 for Cd and Mg respectively;’depend on the Mg

concentrationL The calculated bubble factors depend in.
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Table 2
Magnesium concentration (atomic percent), densities

,(g/cm3) and bubblg factors at 295 K for Cd-Mg alloy

specimens.
Specimen Mg Conqentration Density Bubble Factor
Pure Cd 0.00 _ 8.645 0.021-0.032

Cd0.76 Mg +
Master Alloy 0.90(+.04)

Cd0.76Mg #3  0.78(+.@4) 8.596(%.005) 0.028
Cd0.76Mg #5.  0.78(%.04) 8.596(+.005) - 0.030
CA0.T6Mg #6  0.78(:.0k) 8.596(+.005) . 0.022
©d0.76Mg #8  0.78(+.0k) 8.596(+.005)  0.029
ggiégggAlloy -1.‘73(;.08‘)3+
cdl.5Mg #1 1.34(+.08) 8.560(+.008)  0.033
Cdl.5Mg #2 1.23(+.07) 8.567(+.007)  0.031
| CdI,SMg #3 1.42(%.15) 8.555(+.012) 0.032-
| 8.556(+.009) - 0.029

- Cdl.5Mg #4- 1.40(+.11)
Cd5. 6Mg .‘ + -
- Master Alloy 5.0(%.5)

Cd5.6Mg #2%  1.63(£.11)’

8.542(+.009)  0.076
Cd5.6Mg #3*% 1.66(+.11) ~ . "8.5ud(¢.009) 0.089
8
8

Cd5.6Mg #U* 1.89(+.14) .525(£.011)  @R069

| Cd5.6Mg #5%  1.80(:.12) .531(%.010)  0.077
*These cqlculations assume the*alloys are homogenedus
which 1s not the case for the Cd5.6Mg specimens.

vfMaster,alloy concentrations were determinéd using

‘Ru.2/R295 ?ather than Ro/R295‘
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turn on the calculated densities.
For the Cd0.76Mg.and Cdl.SMg specimens, the calcu-
1ated.concentrations'ére reasonably close to the expected

concentrations based on the weights bf the Cd and Mg

‘Ingots before alloying (i.e. 0.76 at. % and 1.5 at. %).

The calculated concentrations for the Cd5.6Mg speciméns,

however, are significantly lower than expected, even -

though the Cd5.6Mg master alloy had close to the expected

concentration. The calculated bubble factors Which depend
on the density and coﬁcéntration célculéfions are élso
anomalously large for the Cd5.6Mg alloys. |

To look for small scale épecimen hémogeneiﬁy, an‘

xéray microanalysis with an electron pfobe-was performed¥*

"~ on one specimen for each magnesium concentration. Whereas

the Cd0.76Mg and Cdl.5Mg specimens did appear reasonably

homogeneous on this scale, the Cd5.6Mg specimen was

definitely not homogeneous. Although the results obtained

uslng this teéhniQue cannot be used -to determine accurate

absolute Mg coqcéhtrations, they 1ndicated that the’
Cd5.6Mg spécimen did éohtain‘siénificantly more Mg than
the other two specimens. ,These.fésults suggest that
during'the‘growth of the'singlé crystals much of the

magnesium went into some more ordered.state (a‘Cd3Mg

' %¥The author is grateful to Ms. M. Johnson of the Depart-

ment of Mineral Engineering, University of Alberta for
mounting these specimens for microanalysis and to Mr. D.
Tomlinson of the Department of Geology, University of
Alberta for performing these analyses.
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superlattice 1s a possibility) than a rardom substitution-
al alloy (this type of explanation would also account |
largely for the high calculated bubble factors), but the
phase diagram for Cd—Mg given by Hansen (1958) doesn't
show any other phase close to that magnesium concentration.
vBecause of the inhomogeneity in this specimen and the
absence of a good explanation for it, the Cd5.6Mg speci-

mens are omitted from the results presented in this thesis.

3.5 Experimental Procedure

The average cross—sectional area of each specimena
was determined by welghing a known length of the specimen'
and using assumed densities based on lattice parameters
(Dearson, 1958) " Average cross sectional areas were also
calculated from . diameter measurements using a micrometer

caliper and found to. be typically‘2%% larger for both
specimen diameters of ~ 1 mm and m'3 mm.

Assuming that the discrepancy in cross- sectional )
area 1s due to voids throughout the bulk of the specimen,
a travelling potential probe (Seth,. 1967) was used to
scan the specimen for large voids which did not appear
on the surface. By}measuring the resistance of 10 cm
lengths‘at vl em intervals along the specimen, a large
void would appear as an increase or decrease 1in the |
resistance as thevprobe moved along the specimenvto

include or exclude a void in the 10 cm length. Because
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of the uncertainty in the length, this probe could only
'see' Voids with dimensions of ~ 1/2 the specimen diameter
(n i/u of the specimen cross section) or 1arger. No
voids which were not alreadyvapparent visually on the
surface were detected. o

Specimens selected for measurement were mounted in
the specimen holder with the potentilal contacts positioned
on thé specimens to exclude any large volids, and'the
inner can was soldered on. The inner can was.then
immersed in liquid nitrogen to ensure that a good.vaouum
could be obtained and then warmed to room temperature so
the outer can could be -Soldered on. "Although this pro-
,'cedure effectively consti\\\Ed\thermal cycling no system—
atic change in the resistance of th\\specimens was
observed,"probably because the specimens mere\abie to
i expand and contract freely in the specimen hoider.

After the run, the specimens were~removed and the
length L, between the indentations made by the potential

»

contacts ‘was - measured by a cathetometer with the telescope
Jreplaced by a microscope. The ~specimen was cut with a
razor blade as close to. the indentation points as possible:
'This length, &' (m 2), was weighed and the average cross-
sectional area was . remeasured as previously described

The geometrical shape factor, f = L/A was calculated from

these measurements.
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EXPERIMENTAL RESULTS

4.1 Analysis- of Results
Electricai resistivities were calculated from the
meaéUred resistances and the measured geometrical shape
.factors ét 293 K.f293 = (2{A)293 according té
P ='RT(A/$)TA ' - (b.1)
. where (A/I)T has’béén correCted.for'thermai expansion-as
described in Sec. 4.1.1. ~Although 1t.wou1d also be
,appropfiate to correct experimental‘résistivities‘for
changes ih atomic volumey(Sec.ﬁU{l.2), this correction,
‘cannot'bé calcﬁ;ated with confidehcevand'has therefofe not
" been applied. In Séc. h.1.3, a borreétion.to'Eq;‘U.l due
_Eblbubblés in the speciméhsfis expléiﬁed,~ Spurces‘éf
error, priﬁarily 1in theggeométrical,éhape factor £ = &/A
are:discuésed,in.Sec. 4.1.4. ,Finaily, in Sec. 4.1.5 the
experimental resulﬁs with calcuiatéd values 6f reSiSfivi-
tieé, the anisotrppy'ratio'a = pll/pl and deviations
 from Matthieséen!s‘rule A are presented in tables.
Graphical presentation of the data 1s included in Chapter 5.

where the results are discussed.

36
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_U.l.l Corrections for Thermal Expansion

Thermal expansion affects. the electrical resistivities
of anisotropic single crystals in three ways:

(1) because thermal expansion 1s anisotropic the
crystal experiences slight changes in orientation with
changes in temperature. .

(2) the geometrical shape factor'changes’with
temperature and because thermal,expansion is anisotropic,
the correction for this change depends on specimen orienta—
tion. |

(3) the atomic volume changes on - thermal contraction,
an‘effect discussed in Sec. 4.1.2. ' I

McCammon and White (1965) gave a table of.linear-
vexpansion coefficients for cadmiumﬁinvdirections both
'pafallelﬁto~ano perpenoicolarvto the‘c axis'from 293 K to
3 K. From their data, values of (Lp/Lyg3)|) and
(Lp/Log3),
Table 3.

have been calculated and aye tabulated }n.'

Because of anisotropic&thermal contraction, the
orientation'eT at a temperature T differs slightly from
the orientation 9293 measured at 293 K. In Appendix by,
1ﬁ-is shown that

(Lp/Lyga) R | |
L 29371 . . ‘ :
tan 8, = tan 6293 | _ s (4.2)

T ZLT;L2933ll
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Table 3

(LT/L293) , (LT/293)l and correction factors for thermal

contraction (f|'293/f|lT) and f1293/f1T) as functions of

temperature (K) for pure cadmium.

Te@pi (LT/L293)|| (Lp/Tpg3), §f|1293/f|4i) (f 5g3/F,p)
293 - 1.0000 1.0000 1.00600, , | 1.00000
280 .99929 ©.99975 - 1.00021 .99929.
260 ©.99819 .99937 . 1.00055 .99819
2&0». .99709°  .99900 1.00091 - .99709
220 .99598 - .99865 "'31.00133 | ; .00 8
200 L99486 .99832  1.00179 v‘.... e
180 .99374 .99801 ©1.00230  .99374
160 .99262 . .99772 1.00285 .99262
150 . .99149 99745 1.00345 . .99149
120 .99034 .99720 1.00411 .99034
100  .98918 .99698 1.00484 ~.98918
80 . .98800 .99679 - 1.00566 . .98800
60 .98680 ©  .99665  1.00660 98680
4o .98565 .99660  1.00767 : ,985%5
20 98471 - .99665  1.00873 ' .98471

0 - .98451  .99668 1.00900 .98451 -
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This'change in orientation-is largest for specimen
orientations near 45° and at the lowest temperatures but
even under these conditions; the change 1s negligible

(BT - 6293 < 0.35°). Even so, thils correction has been
) _

applied in plots of p  versus cos 6 at low temperatures

,

" (Figs. 3 and 6 'in Chapter 5).

9

. The corrections to the geométricél shape factors
'f = 8/A which will depend on both temperature and orienta-
tion can also be calculated usihglthe data in Table 3.

FQr éxampié, the shape factor at temperature 'T for a

.specimen whose axis 1s parallel to the c¢ axis (8 = 0°) .
. ' : 1€ )

would be: o . .
(U 4 R & B X 0 I R PN
= ATy w2 |
7293 1772937,
|| (L /L293 e
: ‘ 293 2
o (L /L293)'1
similarly;
fiT'= i293 éi ;5293; (L V4 TP B - (4.3)
293 | | 293’1 |

For off-axls orientations:

T 2
(L (LT/L293)l|cos 8 ﬂ?(LT/L ) sin6.  (4.4)

293)9 = 2931

This result -assumes that the orienfation e 1Is 1ndependenf
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of temperature. In fact, the orientation does change
with tenperature; but as previously mentioned the change
1s negligible. AWhen the‘orientation change is inclpsed
in Eq. U.U,‘tne final resistivities change by less than 1
_part in lDu. iUsing Eq. 4.4, the shape factor at .

temperature T 1is:

2

2
fT(e) (L /L293)ll cos“o + (L /;293) sin 8 i
‘ (L /L293) {L /L293) cos“e + (L /L293)||sin 6}
x f293(6). o " (4.5)

Since.resistivities are calculated by dividing by
293, these resistivities navelbeen multiplied bﬁ a
correction factor f293(9)/f (8), a function of both.
orientation and temperature which can be found using

Eq._N.S. Values of the correction factor for specimens

in the two extreme'orientations (8 = 0° and 6°'= 90°) are
also included‘in Table 3. As cne can see, the orienta-
tion dependence 1s significant.

» Pearson (1958) gives lattice parametqrs above 293 K
for Cd and Cd-Mg alloys from which thermal expansion
- coefficients can be calculated By interpolating the
~thermal expansion coefficients to dilute alioys (the

‘alloys Pearson quotes have 9. 4, 22.0 and 24.8 at. % Mg),

they appear to be within 5% of the values for pure Cd.
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aThermal expansion data for Cd-Mg alloys are not available
‘below 293 K.and‘consequently, the same correction that is
applicable to pure Cd also has. been used for the alloys.

4.1.2 Corrections due to Changes in Atomic Volume

Theoretical resistivity calculations assume that the
_atomic volume 1s constant. . Because the atomic volume-
changes on both thermal contraction and alloying, the
electrical resistivities should be'corrected for this
rchange. Dugdale and Basinski (1967) calculated a correc-
ftion which is based on the pressure derlvatives of the
resistivitiesr'

The strains € x and ézz in the a and ¢ directions
respectively under uniform hydrostatic pressure p can be
calculated from the elastic compliance constants siJ

according to:

e ) (s s s 0 0 0 | (Ap |
XX 11 - 712 13
eyy JE Sll 313 0 04 0 P
e Is S S. 0- 0 0 b .
172z |_|"13 13 33 : ' (4.6)
eyz . 0 0 . O sl”l 0 ) 0 , 0 ) "
ax [ |00 0 0 0 sy 0 o
Xy O 0 0 ‘ 0 0 2(,811_812\) 10 ‘ \\\
\ J \ | - ’ L ‘

Using Bridgman's values quoted_by Alexandrov and Ryzhova

(1961) for the compliance constants of Cd, we find the



‘strain in the ¢ Qirection due to uniform pressure to be
nine times the strain in the a direction at room tempera~
ture. Changes 1n length due to the thermal contractlon
are not nearly as anisotropic, the ratioc in thermal ex-
pansion coefficients a||/d being about/three at room
temperature. Because the nature of the volume changes
“due.to uniform hydrostatic pressure and thermal contrac;
tion is different in anisotropic metals, any correction
which‘assumes tnese processes to be equivalent is
queStionable. Furthermore, precise data on the tempera-
ture dependence of dp/dp is not available (Seth, 1969).
For these reasons, the resistivities quoted here have not
) been corrected for changes in-atomic volume due to
thermal contraction.

IFOr-similar reasons; no correction has been applied
for changes’ - atomic volume on alloying Such a correc-
tion would also be based on pressure resistiv1ty data and
would depend on correlating two even more different
‘effects - the addition of impurities on Localized sites
and the application.of uniform pressure. " Beecause adding
Mg to Cd produces a decrease in ¢ but an increase in a
(c and a being the lattice parameter/_j the effect of
pressure on atomic volume does not even agree qualitative—
ly.in this respect with alloying. In addition, one must
also assume that the thermal expansion of the alloys and

the pure metal are the same, until accurate expansion
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data for the alloys becomes available below rooi. tempera-

ture. Finally, there 1s no pressure-resistivity data
\ :

~

available for Cd-Mg alloys. ,

Dugdale and,Basihski (1967) estimate their largest
correction to be about 1/3 of the measured DMR at room
temperature. Although.weAdo agree that corrections would
be approprilate 1f they could be calculated confidently,
these calculations require too many_assumptidhs and
abproximations to Justify that confidence. Since Seth
and Woods (1970) have also left out these correctlons for
many of the same reasons, our results on{DMR in single
.crystals can be directly compared with theirks in poly-

crystalline speclmens.

4.1.3 Corrections due to Bubbles

The cross—sectional'areas of the specimens calcula-
ted from weilghings were found‘to be systematically ~ 2%%
ldwer than micrometer measured cross-sections. This
discrepancy represents the 'bubble'factor' B, the
fraction of the specimeu volume which consists of vdids
or bubbles, many cf them‘visible.on the surface. Ther
bubble factors for each specimenlhave been included'in
Tables 2, H4a, 4ipb, Uc,ISa, and 5b. |

To correct the resistivities for the effect of
bubbles, we utilize an equation given by Landauer (1952)

for the electrical c0nductiv1ty'of binary metallic mixtures:

tolh

[



. o =% {;3x2—1)52 + (3x1—1)oi
' (4.7)
. 2 ok
+ [((3x2—1)02 + (3x1—l)01) + 80102] }

where © o, and om are the electrical conductivites of

1’ "2

material 1, material 2 and the mixture, and.xl and X,
~are the fractions of the.total volume’occupied by
materials 1 and. 2 respectilvely. To obtain this result,
Landauer Solved MaxWell's equétions for spherical inclu-
sions'of one,material embedded. in ?he uniform mixture.
If material 2 represents bubbles, then 0, = 0, X, = B,

x, = 1-B and Eq. A.? simgl;ﬁigs to:

/—/—\\

’ : . o
On = (1 - 1.58)01”, ' | (4.8)

%

Similarly,'in terms of resistivities:

Ffi\: (1 - 1.513_)pm'.7 ' - (4.9)

" The calculated resistivities based on cross-
sectional areas’found by weighing specimens 1is effectively

«
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sectional area measured wlth the micrometer”caliper.

" ‘each bubble as having two"shadows','small volumes of

material one dn front bf and one behind.thé bubble w"

45

Preale = (Ap/R)R

/%)R (4.10)

]

((1-B)Ay ta1

I

(1-B)p

where A, 1s the averége cross-sectional ‘area of material 1

1
only found by welghing (thus excluding the cross-sectional

area of the bubbles) and A ’ is the total cross-

total

/

" Comparing Eqs. 4.9 and 4.10, we see that the calculdted

resistivities underestimape the effect of bubbles. \

i

Resistivities have therefore been multiplied by a cédrrec-—.

tion factor (1-1.5B)/(1-B).

A crude way of interpretihg this 1s to think of

togeéther have a volume of one half the bubble volume and
which do hot conduct electricity.c"Although the welghing
procedure eliminates the non—conducting bubbles'from the

calculation of effective cross-sectional area (Eq. U.lO);

1t does not eliminate the non—conduéting‘ghadoys. T <he

bubbles had been either flattened or elongated the rv.a-
tive volume of the shadows and therefore the necessary
"“rr=2ction »>uld have been larger or smaller..

Bar 2r .zperimenters have also had problems with -
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bubbles. Bridgman_(192§) discusses thevimportance of
getting rid of occluded gas before making single crystals.
Unfortunately, molten‘cadmium evaporates qdickly under’a
vacuum so that Bridgman's technique of washing the molten
metal back and forth for up to an hour or more is
1mpractica1. This procedure would be particularly in-

: convenient for the alloys becanse.of'preferential evapora- -
tion of one of the two components. gEdwards et al (1952)
reported_a discrepancy of ~ 2% betneen the measured density
‘and the x-ray density for Cd-Mg alloys (but not for pure
cad), although'Ridley (1964) obtained consistent densities
for- ingots whose preparation included swaging ‘to ensure

freedom from porosity

4.1.4 Accuracy of Results

The major source of error was in determining
accurately the geometrical shape factor f = %/A for the
. specimens. Using the screw. type potential contacts, the
probable error in L/A was about 2 parts in 103: The
pointed brass screws Were set in far enough to make good
electrical contact (in the case of one specimen,
Cd0.76Mgk#6, electricai contact was lost from about 8 K
to 56 K butllater‘regained), thus leaving a finite pit and’
corresponding uncertainty. In spite of prior thermal
cycling, the resistivities and deviations from Matthiessen s

rule occasionally, showed small discrepancies when several
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measurements Qere taken at approximately the same tempera-
ture, usually 77 K of foom.temperature. Aé the nature
of these discrepancies were not systematic (Cd0.76Mé #5
and Cd0.76Mg #8 show opposite effects at 77 K), posSibiy
the exact point on the specimen at” which electrical contact
was made varied over the course of axrun.v”Another small '
error was introduced when the spécimens were cut priqr té.
weighing, In addition to the uncertainty in the lehgth )
measuremént, the specimens appeared to stretch slightly
during the,cutting'procedure..'The mass 6f a.specimenlwas
typically 1.5'g‘with an’uncergainty of #0.5 mg. ‘Aﬂfinal
error, applicable onl& to the(éliéy specimens, is the
uncertaintyvin density produced by thé uhcertainty in
magnegium'cdncentration. “All of thesé errors are included
in the uncertainties 1§ (Z/k)zgs which are qﬁoted‘for each
specimen in Tableé ba, 4b, Uc, 5a, and 5b:

An agditional error arises when the correctioﬂ due

to bubbles is applied to Ehe resistivities. ~Because of
errors in'the micrometer measurement ofdspec;men diameter,
the probable error in detefmining the buoble ractor is
*0.004 and the resulting probable error in the corrected
resistivities *0.2%. . Although this 1is effeptively anbther,
error in Z/A,‘it has been'indicafed separately in the

/tables.

£
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"4,1.5 Presentation of Data

The data in Tables 4a, 4b, lUe, 5a, end 5b include
the measured values of'eieetrical resistanee and the
e;ectrical resistivites,ip1 and Pa of pure and alloy
specimens, as well as calculéted values bf ideal resis-
tivity enisetfopy.ai = p”/pil and dev;ations fgem
Metthiessen's rule A for each alloy specimen. Both pi
and pA have been calculateq_with'the conrection for thermal
expansion of‘tpe geometrical shepe facton&(f'=ll/A)'
included; Although-tne correction facter fof bubbles
(1-1.5B)/(1-B) 1is not included in the £ = 2/A vaiues
quoted in the'tables, i1t has been'ineluded in the celcula—
tions of the resistivities: |

7 vFor the pure cadmium‘specimens, the residual
‘resistivities have been subtracted in determining pi;_

whereas, the residual resistivities have not been sub-

"tracted ‘in determining the alloy resistivities, Pp- pi||

and 'p, were determined at 273.15 K and 26.34 K (where.
the anisotropy ratio is near 1its maximum value) by fitting,
the 1deal resistivities of all 8 pure Cd specimens to |
cos?e (see Figs. 2 and 3 iIn Chapter S). The lines_whieh
pass %% below the point for Cd #24 (o = 88 3/u°) and %%
‘below the point for Cd #25 (6 = 8°) in each graph
represent best visual fits for these data. At other

utemperatures, o} and p were calculated using the
1| i1

resistivities of Cd #24 and Cd #25 only and assuming the
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_same fit. fhe anisqtrdpy rétio ay = pill/pii was then
calquiated. |
A speciél brocedure was used for Cd #24 because of

‘a reasonably‘large-bubbleliﬁ the middle of it.  Four
poﬁential'cahtacfs were attached along its length and the
electrical resistance was determined between three differ-
ent pairs of céntacts at each temperature. The section
which showed the least variation in resistance with thermal
cycling (this type of'smallldisérepancy has been discussed
in Sec. 4.1.8) over tﬂe cburée.of a run was used 1n the
céléulations of pill'and pi;. |

. Deviations from Matthiessen's rule were calculated

\/~£er-ea¢h'alloy specimen according to:

P
.

Bq(0) = 0,0(0) = p(8) ~pyp(e) T (2.82)

where 6 1s the orientation of the .alloy specimen and
pyp(8) 1is determined from the calculated axial resistivi-
ties according to ‘

o 2, 2. ' uy
pyp(0) = Py||T ©O8 8 + py,p sin”d (2.%)

o , : . o \

Resistances are acecurate to about 1 part in 10 at
high temperatures and about 2.005uf. at low temperatures.
'(Noté_that for the alloy Specimens, this is4considerably

better than 1 in 104) whereés resistivities are only
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accurate to ~ 2 in 103 because of unceftaintiesvin‘l/A.
Subscripted numerals in the following tableé are‘npt.
signifiéant in absolute magnitﬁde. However, the fourth
decimal place ih,A 1s significant in determining the
.temperature»vafiation above about,GS K. Also,bevén |
though.pAT and pAo ére,never'thémselves significant beydnd.
the fourth decimal point due to ‘the uncertainty in 2/A,
their difference Pap = pAo 1s significant to ~ 3 in 103

and 1s used to determine A. The extra flgures are quoted

in Ppp below about 19 K for this reason.

er

\\_A
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Table Ua
R(uf), bi(uﬂ‘cm) and ay as functions of Temperature (K)

for pure cadmium specimens used in Run #3.

 cd #24 (Bottom) R, = 1.410 (£.005)uQ
' 8 = 88 3/4° (21%°)

(2/8) 595 = 1388.1(+3) cm >
"B = 0.023(%0.004)
ca #25 Ry = 4.241(.005)ua
6 = 8° (£3°)
(z/A)295 =v3u5u.u(:u) em™ 1
B = 0.026(0.004)
Cd #24 (Bottom) ~cd #25
Temp. ‘R o, | R o, a,
2.18, 1.2 0.00000; .25 0.000003 -
2.99 1.44, 0.00002, -  4.29, 000001, 0.7
I - . ) : ‘ . . \4‘
413 7 1.56, 0.000104 4,59, 0.00010, . 0.9
4,20 1.57, 0.00011, u;56§ 0.00009; 0.8
6.09 2.69, 0.00089, 7.20, 0.00085, = 0.95
7.73 5.7h, 0.00303,  -15.76, 0.00331g  .1.10
9.89 14.56, 0.00921g 43.57, 0.01133 1.236
313,16 42.83, 0.02903 ~ 139.46 . 0.03894 1.352
18.86  136.46 0.09465  477.43  0.1363 1.452
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~ 'Table Y4a (cont'd)

Cd #24 (Bottom) - Cd #25
Temp. R p;, . R ey ay
26.34 322.87 0.2254 1145.13 0.3284 1.470
28.66 389.85 0.2724 1377.10 0.3952  1.464
36.92  651.36 0. 4559 2242.06 0.6439 1424
47.96  1031.5  0.7230 3431.25 0.9855 1.374
“62.02 ' ' 1533.8  1.0764 - 49u8.3 1.421 1.330
76.85 . 2057.4  1.446 6512.3  1.869  1.302
76.87 - 2058.1  1.4k6 ~ 76516.3  1.870 1.302
76.88' ~ 2058.1  1.446 6516.7 1.870' i.jo3
76.94 2059.9, 1.447  6522.6 1.872 1.302
77.15 12061.3  1.448 6524.4  1.872 1.302
77.16 . 2068.1 1.453 65447 1.878  1.302
93.67 .  2651.0 1.865 8285.3 2.377 . 1.263
129.90  3736.5 2.63%  11543.;  3.308 1.264
150.54 4621.8  3.263 14222, K.073 1.256
©177.69  5557.3  3.929 -.17067‘4 4.884 1.251
197.36  6236.15 4. 41k -19141.5 Cs.u76 1.208 -
222.27 7102.9  5.035 217925 6.231 1.245
251.51 8043.0 -5.711 o 2“666.2 7.049 1.242
273.20 - 8912.1, 6.335 27313.5 7.803  1.239
1293.88 . 9667.0  6.880 29612., B.457  1.237
294.71 9696.9° 6.901 29710.5  8.485 " 137
294.81 - 9700.7 -6.904 29722.5  B.488  1.237
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Table 4a (cont'd)

cd #23 ‘R, = 1.270(%.005)uR
| 8= 59%° (#1°)
. s JURS |
: (2/A) 595 = 2231.9(£3) em’
B = 0.022(£0.004)
- cd #7 : R, ='1.35h(:,02)un '

6 = 36%° (+2°) |

(z/A)295 - 1978.1(&4):cm—1

B = 0.032(+0.004)

cd #12° . R, = 1.137(:.005)un'
8 = 45° (:2°)
_ (4/8) g5 = 2617.8(xH) en™’
B = 0.027(+0.004) -
cd #23 Cca #T cd #12

Temp R : Py ’. R - Py 1. R» Py
.2.18. 1.28, o.poooq6 - - - 1.18, 0.000003
2.99  1.325 0.090023_ 1.40, ofoggggQ\\ 1.23; 0.00002,
413 1.52; 0.00011 1.59, o.&égiée\ 1.4k, 0.00010, |
4.20 ~ 1.54; 0.00011y . 1.60, 0.00012; 1.464 0.000104 -
6.09 . 3.25, 0.009869  3.‘115 0.00087 3.39, 0.00083;
7.73  8.10, 0.00299¢  7.68 o.oo;1u6 9.2l 0.0030:27
9.89  22.92, 0.009505 22.16, 0.01035  27.62, 0.00992g

13.16  71.97, 0.03103 71.38, 0.03482  89.91, 0.03331
18.86 238.63 0.1042 oh2.62 0.1200  305.79 0.11h4



Temp.

26.34

28.66 6

36.92 + 13

47.96- 1
_62.8?1'«';

- 76.85

76.87

76.88 . 3519.2

76.94  3523.5
77.15  3525.0
77.16 3536.4

93.67  4517.1
124.90 63446
150.54  7839.4
177.69  9421.4
197.36 10572.5
222.27 120“3.9
251.51 13636. ¢
273.20 15102.65
293.88 16378.4
294,71 ‘16431.5
294,81 16438

TN N N oy o WU
L] . L] - . 1]

= = w
. . .

Tables lUa (cont'd)

= W W

- Py

-~ =N = =9 o Ur WU

. 2887
.3481
5714
.8839
.287
704
.705
.705
.706
.707 .
.713
<177
o4k
-755
510
.061
.765
.528 -
.230
841
.866
.870

54

cd #12

R P1
734.12 0.2752
885.10 0.3319

'1u57.uu 0.5467

2262.7 0.8490
3305.6  1.241
4385.5 1.646
4386.9  1.64T7
ﬂu387.; 1.647
'4392.6  1.649°
4394.0  1.649
‘4408.9  1.655
5611.5 2.107
7857.6  2.951
9698.1  3.644
11649.,  4.379
13070., 4.915
14883., ~ 5.599
16847, 6.341
18656.25 7.025
20228.7 7.620
20294. ¢ 7.645
20302.3 7.618



O ~N O = = N

13

18.

' Teﬁp;
.18
.99
.13
.20
.09
.73
.89
.16
86

Cd‘#29

- ca #2171

ca #28

N =

w

67.
229.

55

Table bUa (cont'd)

cd #29

R

.68

2

.707
- 8614
.86

0

.24

0

-1
21.

09
33,
06

5

Py

O.OOOOO5

0.000019

0.00010g
0.000106
0.00089,
0.00332;

0.01105
0.03736
0.1294

(,

-431.48 Y0.1226

R, = 1.67u(zf005)un
9 = 2U%° (£1°)

- 17u2 8( -1
_'(l/A)295 = 1742.8(%4) cm
B = 0.025(+0.004)
R, = 2.592(%.005)us |
6 = 34%° ($1°)
- -1
.(2/A)295 = 3456.0(%5) cm_ ,
B = 0.026(£0.004)
R, = 3.607(%.005)u@
B = 20%° (:1%°)
o aerE ~1
(2/8) g5 = 3565.1(+4) cm
B.= 0.028(+0.004)
cd_#27 © ca_#28
2.60g 0.00000; | 3.625.0.00‘0005
2.66, 0.00001, - 3.670_'0.000017
2.97, 0.00010g.  3.98, 0.00010,
- 2974 0.00010g 3.97, 0.00010,
. 5.58, 0.00085, 6.78,- 0.00088,
13.61, 0.00314, 15.564 0.00332, ’
39.30, 0.01049  43.715 0.01115

' 126.68 0.03546  139:71 0.03783

476.27 0.131h



Temp.

26.
28.
- 36.
.96

7
62

76.
76.
76.
.94
7.

77.

93.
124.

76

150.
177.
4197.
222.
251.
273.
.88

293

294,
294,

34
66
92

.02

85.

87

88

15

16

67
90
54
69

36

27
51
20

71

81 .

'1551u.0

Table 4a (cont'd)

cd_#29
. "91
548.91 0.3113
660.60 0.3748
1078.69 0.6125
1657.7  0.9414
2400.2 1.363
3165.8 1.797 »
3167.7, 1.798
3167.85 1.798
3170.85 1.800
3171.8 .1.801
3181.8 1.806
 4034.6  2.290
.5629-55 3.193
1 6939.3  3.935
8330.0  4.722
9343.4 "5.295
10637.9 6.027
12040., ~6.821
13335., 7.55M
;1uh5ga3§§,8;190
14508. 5 8.217
8.220

cd #27

.
1035.
1245.
20h2.
3151.
4580.
6057.
6062.
6062.
6066.

- 6067.
6086.
T73%.

10804.

o O

N [o N — I — S« N OV,

13323.,

16004,
17949.
20439.
23138.
25626.
27786.
27875.
27886.

Py
.2950
.3552
.5828

0

e

.8992
. 307
.729
.730
.730
731 -
.731 ,
737

.932
.958
.961

cd #28

1141,
1373.
2239.
3435.
4977.
6546.
6550.
6550.
6557 .
. 6559.
6580.
8339.
11628.

14331,

17199.
19290.
21963.
24859.

27527.

29845,
29941 .
29956.

= =N W0

o

o
=

S 9 O O & 0 0o ™

N

N O N W0 O

w

0.

o oo o =3 o)) [0, un

Eowow N

56

Py
0.

3161
3804

.6209
.9528
.380
.815
.816
.816
.818
.818
.824
.311
.220
.967

- 759
-337
.074
.873 .
.619/)
.250
277
.280



Table ka (cont'd)

cd #24 (Top)

Cd #24

Temp.

N
y
(o)

.99
.13
.20

£

.09
.73
.89
.16‘
.86
.34
.66

W N e .
O @ O . WV N N &

R =
0]
g =

(2/4) 595

B =

R =
(0]

B =

B =

cd #24 (Top)

R

Py

‘1.190 0.000007

1.

1.

1.

2.

5.
14.

h2.

136.

322.
390.

. 651.

210
36,
35,

u?g

214
3eg
575
27
85
20
68

0.000021

0.000126

Q.OOOllg

O.OOQ910

0.00303u

0.009212

0.02901

Vo.o9u68f§

0.2258

-0.2728

0.4563

1.180(+.005)uq
88 3/4° (+1%°)

0.024(0.084)

2.678(+.005)

88 3/4° (+1%°)
L . "
= 2863.7(%5)

0.025(£0.004)

ca 424
R .
'2.690
2.7“0
3.0”1‘
3.05O

5-365

= 1388.1(*2)

)

11.61,

29.860§

88.}45
281.52
666.56
805.30

1345.0),

ki

. Y V) "“\! 'L‘

o

o

o

.00002

.00012

57

.OOOOOu

.00012,
.00091,
.00303,
.009226»
.02901
.09465

. 2254
.2726
1560



Temp;‘
7.
62.
76.
76.
76.
76.
7.
77.
~93.
124,
150.
177.
- 197.
27
51
20
88

222

251.
- 273.
293.
294,
,-294;

96
02
85
87

88

94
15

16

67
90

T

69
36

71

Table Ua (cont'd)

Cd_#24 (Top)

R

1031.6

2057.
2060.
2059.
%2060.
2065.
2071.
2654,
3741,
4625.
- .,5565.
6247.
7115.
8057
8914.
9667.
© 9699.
9703

534 . 4

W NN H U O H ® H =~ - o W

)

o - - N - RS It

Oy OO [%;]

= W W

Py

.7232»'
L077
446
ug
y7
448
451
. 456
.867
.63
.26

N

.935
S22
.olY
.721 -,
. 337 -
.880
.904
.906

58

cd #24
R o
2129.5 0.7230
3166.7 1.Q76
4247.3  i.445
4251.6  1.447 L
4250.7  1.447
4253.9. 1.448
4259.4  1.450
42734 1.Usy e
5476.4  1.866 -
7718.6 2.635
% 9545.3  3.264
. , . ’3
11481.,  3.932
12886.35 4. 418 - L
14677.,  5.039 o
16620., 5.715 4 -
18401.,  6.336 -
. 19957.5 6.879°
© 20021., 6.902
20029 ,7,6.904



Table Ub
R(uQ), pi(uQ cm) and aiuas a functien of Temperature (K)

for pure cadmlum specimens used in Run #4

| cd #24 (Top) R, = 1.148(+.005)uR
g = 88 3/4° (+1%°) \
B o '(z)A)295 = 1388.9(#2) em™ L
.  2.;‘iﬁ  B - o.oaﬁfﬁﬁ;ﬁ%u)'.
. c#r#25  _'-A Rol= b.iss(i.oos)un
g T 6 = 80 (£39) |
| ,ﬁ;j'_-: ' (2/R) 595 = 3455.3(2H) em™t
e TR B = 0.026¥+0.004)
. ca_#24 (Top) ca #25 S w
Temp . ‘R Py I R Py o, ay
1.72 - 1.15, ©.00000, 4.17, 0.00000; . -
1.90 1.17, 0.00001, _ 4.17, 0.000004 -
2.21 1.17,  0.00002, 4.18, 0.00000 -
3150 1.204 0.00004, . §.23, 01?00021' o.g
4.18 1.325  0.00012, Cib.a8, 0060009, 0.7,
4.35 °  1.35, 0.00014; k.52, 0.00010, 0.7,
ﬂ s .
4.95  1.59¢ 0.00031, 5.02; 0.00024g  0.80
t§.qu 2.42, o.oooSgi j 7.00¢ 09000815 ~  0.914
7.18. h.174 0.00211, 11.803‘ 0.00220; - 1.0113
8.00 6.20, 0.00353g | 17.80, 0.0039;6 1.114

9



Temp .

19.
23.
27.
- 32,
3.
45,
56.
64,
76.

76

77.
.00.
125.
148.
173.
201.
223.
250.
273.
293.
297.

9

.92
13.
16.

17
16
35
09
42
36

09 .

21
01
55
92

.9l

24

11

31

T4
33
97
95
70
21

H3A

51

Table U4b (cont'd)

cd #24 (Top) cd #25

R ey . R
14.46 . .uu32 h3.93 0.
Q2.61 SNt oLy 139.35 0.
85.34 0.0»897 $291.36° 0
iu6;76A 0.1020 513.59 0.
235.47 0.1642 835.04 0
354.20. 0.2474 - 1251.9, O.
504.37 0.3527  1759.4; o.
691.10 ofu837,l 23%?.86 0
936.50 0.6560 3133.45 oO.
»f§19.13 0.9250 4299.6 1
1619.4 1.136. ~  5208.0 1.
2059.2 1.446 6519.9; 1
© 2060.0 1.h447 6525.2 1
,2080.0 1.461 '6§%§,ov 1
2875.55 2.023 - 8960.9 2
3748.T5 2.641  11587..; 3
ks57.1°  3.215 1uo3u,l y
'5u1;.5 3.823 16630.,c u'
6327.3  L.A4TT i 19416. 55 5.
7 7166.75 5.078 21971/, 6
.8023.85 5.694 | 2b575.3 7
8917.35 6.336 27312.5 7
9653.7  6.866 129558.5 8
9805.4 6.976 ~  30015.5 8

60

Py %4
01145 1.236 .
03892 1.35%
. 08269 #ﬁéﬁih‘ ‘
1470 1. 453
.2392 1.470
3591 - 1.464
5050  1.h44k
6796 1.417 .
8998 1.382
.234 1.385
495 1,325 °
.871 1.303
.872 1.303
.882 1.297
569 . 1.279
320 1.265Ai
.018 1.258
.758 1.253
552 - 1.248
.280 '}.2u5
021 1.241
.800 1.239
.439 1.237
569 1.236



61

Table lUc-

R(uQ), pi(ug cm) and ay as functions of Temperature (K).

fors pure ‘cadmium specimens used in Run #5

ca #24 (Bottom) R, = 1.360 (£.005)un
6 = 88 3/4° (x1%°)

(L/B) 5 = 1391.3(£3) em™’
‘B = 0.023(£0.004)
cd #25 R, = 4./060(%.005) g
’ 6 = 8° (x3°)
(/)5 = 3455.5(xH) cm?%g;
B = 0.026(£0.004) . YL
| | AR Y
 cd #24 (Bottom) . cd_#25 ’

2,07 1.3 0.00000, 4.07  0.00000; -
3.0 1.40  0.00002g 4.135 0.00802, 0.8
y.18 . 1.53 0.00011,  4.38. 0.00009 0.8

- _ 9 5 , 4
4.97 ©  1.78. 0.00029, 4.95 . 0.00025; - 0.87
6.11  2.68 0§.00092;  7.09 0.00087,  0.95
7.27 4.57  0.00224, 12.30  0.00237;  1.06
8.11 .  6.72  0.00374g 18.67,. 0.00k20g  1.13

10.21 16.50  0.01059  49.74  0.01315 1.256—

13.48 46.62  0.03165  152.37 ~ 0.4270 1.360

16.43  90.34  0.06222 308.44  0.08763  1.420

22,78  227.86  0.1584 ' 806.96  0.2311 1,472

N |



o . Table U4c (cont'd)

Ca_#24 (Bottom) cd #25
Temp. - R‘ Py R | "p-i ay
. 26.60 331.25 0.2308 '1i71.9é.o.3361 1.469
3147 477.03 .0.3328 1668.0, 0.4788 1.451
36.72 646.21 0.4513 2221.5 0.6378 1.425
43.08 862.39 - 0.6028 2904.25 0.8340  1.395
48.20  1042.1 0.7288% “* 3457.6, 0.9928  1.373
55.80 - 1312.6, 0.9187 . h277.2g 1.228 1.347‘
65.35 1651.6  1.157 © 5294.4 1.520  ° 1.323
76.95 | 2064.8;  1.448 | 6522.6; 1.871  1.302
103.61  3004.1. 2.110 932511 2.673 1.276
121.71 - 3632.2, 2.554 11211.05 3.212 ' 1.266
136.01 4127.8  2.905 12705., 3.639 1.261
150.75 - 4636.4 3.266 14243. 4078  1.257
168.07  5233.7  3.690 16055., 4.594 - 2.253
184.31 5796.4 u.o91/ 17765.7 5.08; | .«1.250
205.55  6533.3; 4.616 20012., 5.722 _1.éu7‘
| 221.64 7093.8  5.017 21722., 6.209 °  1.245
. 238.12 7673.6  5.432 23491., 6.712 1.244
.:“ﬂ%55;7b | '78298.2 f'5ﬁ880‘ - 25399. 5 7.256 282
. ”é%§f18 -8930.57 6.33%  27316.5 7.801 . 1.239
;297f50 'f??@;j;y 6.973 ,30013.7f 8.568 1.237
.:AQ§§8;3B “ 98w6i5l '6.993" 30111, 8.596‘ - 1.237
| 31436 | 16&49,;1;;?%?28 o 3193351~.9filu 1.235
326.95 . ,109;4!5”‘7(772 33378., 9.525 1.233

)



Table 5a

R(uQ), pA(uQ cm) and A(uQ cm) as functions bf Temperature -

« (K) for specimens made from Cd0.76Mg master alloy.

Cd0.76Mg #3 R, = 361.355(%.005)uQ
| 8 = .89%° (:1°)
| ) - .
(/) 596 = 1399.6(+3) e

‘B = 0.028(+0.004)

Cd0.76Mg #5 RO = 715.590(+.010)uQ
‘ 6 = 83%k° (:1°) |
(4/8) 5g5 = 2754.3(24) em™L

B = 0.030(+0.004)

Cd0.76Mg #3 | . Cd0.76Mg #5 ' .
Temp. - R pA ‘ ’ 4 ’R pA A
1.72 361.36, 0;250525 0. - - S
2f21 361.39; O}?5°5u9 0. . - - -
-15 361.474 0.2506, 0.00005,, 715.79, 0.2519g4 0.00003.
-18  361.70, 0.25074¢ 0.000125 716.23, 0.2521), 0.00011,

.25  361.76, 0.250816 0.00015, 7;6.3u4 0.2521, 0.000135
195 362.143 0.2510,; 0.00025, 717.10 0.252l5, 0.00023,
-04363.335 0.2519, 0.00050, 720.08 0.2535¢ 0.00071,
.18 366.81 0.2543), 0.00169, 726.37 0.2557 55 0.00170,
.00 . - - - 733.49 0.258232'0.'002795

760.56  0.2677, 0.00655

O . ~N O s oW
daa
05

o
o
o
N
i —y
@

.92 384.05 0‘26628



- 125.
148.

Temp.

13.
16.
19.
23.
27.
32.
.38,
45,
56.
64,
76.

76

77.
- 100.

173.
201.
223.
250.
| 373.
3‘293-
297.

17
16
35
09
42
36

09

21

of
55

92

L9k
24,

11
31
74

33 -

97
95
70
21
43
51

R

_ h23.60

475.38
54344

636.Ué
757.11
- 907.79
1094. 5,
1338.3,
1720.6
2022.6

21463.1l

ou64.0 1.
- 2485.0
 3281.6

4157.5

4968.6 3.
© 5826.0

-7587.1

8447.5 -
9350.85
10095.
102#5.65

0.

0
0
o

0.

.l.

1.

l.

1.
2.

2.

Y.
.
5.
5.
6-',
7.
7.

»Table 5a (cont'd)

- Cd0.76Mg #3

Pa
2937l

-3296,
.3768
Sby
.5252
.6298
-7596

9292

7132
714
729_
286
900

471

075
725
322
935 -

578

109
216

195"
EE
’

0.

0.

r

01429
02042

0.0248

.024

.022

024

.0275
. 0285
.0284
.0278"%
.0259
0245

.0238'
.Q2;9

'0246,
;0228.

021, .
. 0204
.019,
-019,
.018
-023,
. 026

)
Cd0.76Mg #5
R pA
839.18  0.2954,
942.31  0.33174
1077.86 0.3795
1262.86 O.4b4y7
1502.7,  0.5293
1801.7, '0.6348
2171.9;,  0.765H
2655.1 - 0.9360
3411.8, = 1.203,
“4009.9 " 1.415
4881.6,  1.724
4883.7 1.725
4903.0  1.732
’6502.6; 2.300
.8236-35 ; 2.917
9842.2 3.490
11539.85 4.098
13357.5,  Bi751
15026.5  5.351
16727.8' 5.966
- 18521, 6.613
19994, 7.147
20298.  7.257 -

[en]

o

.028
.028
.029
-Q297
L0294
.036

.041

64 .

.01451
.02085
.0255 -
.0284
.0297
.0298
.0294
.0279
L0269
.0276,
50273
.027,
.020 |
'027ﬂ
027g

.040g°



—

65

-

Table 5a (cont'd) .

Cd0.76Mg #6 R, = 503.035(+.005)uq . .

6 = 29° (#1°)

(2/A) g5 = 2269.5(+h) em™t

B = 0{022(10.00U)

Cd0.76Mg #8 R, = 425.695(%.005)uQ
8 = 16%° (£1%°)
(/8 595 = 1976.8(+4) cm™*
B = 0.029(+0.004)

-

[N

€40-.76Mg. #6 - Cd0.76Mg #8

Temp , R . Pa _ A "R Pp A
172 - - - ke5.70, 0.2136,,

1.90  503.07; 0.2198,5 0.000004 925.726fo:%§;623.o.ooopoB
425.734 0.213629 0.00001,

w. . O

2.21  503.084 0.2198: 0.00001

.15 503.21, 0:2199, o.ooboh8 | 425.84, 0.21364, ofoooou9 
118 503.61; 0.22015, 0.00014,  1426.20, 0.213855 0.00015),
:25 | 503.735 0.220159 0.00019,  426.31¢ 0.21394 0.00020,
.95 505.00( 0.2207,) 0.00059; 427.03¢ 0.21h2,- 0.00041, -
-0b 507.56, 0.2218,5 0.00113¢  429.88; 0.21%;, 0.00126;
.18 514.15, 0.2247,, 0.00267,  435.95, 0.2187,7 0.00293,
.00 521.50 0.2279;; 0.00422g. 442.81 0.2221g, 0.00467,
92 - - - 46884 0.2352, 0.01034
ar - - L 5MA.7T 0.2733, 0.02150



Temp.

16.
19.
23.
42

27

- 32.
38.
s,
56.
64,

76

76.
77.
100.
125.

148

173.
| '201.
223.
250.

273

293.

297

16

35
09

36
09
21

01

55

-92
9b
24

11

31

T4
33

97
95
70

.21

43

51

Table 5a (cont'd)

19014,

£d0.76Mg #6
R DA
0 3719.3  1.623
4525.8, 1.975
4528.3  1.976
4553.0  1.987
6028.5 2.629
9645.9,  3.334
9151.5  3.989
10749 5 4.685
12464, 5.431
RECIERARRN IS S1.
15649. 55 6.818
17340.,  7.555
18730.u 8.160
8

.284

-0.

R
645.
778.
958.

1187.
1463.
1795.

2216.

2860.
3363.
4092.
4095.
4129.
5451,

 6916.

8280.

9728.
11283,
12713.
14175.
15707.
16968.

17224,

Cd0.76Mg #8

@ =N - o Ul

1.

1.

1.
2.

>~ W v

110

1135
.856
.629-

Pa

3238,
.3906
4808
5953
7339
.9001

LT
4326
684
048

050 -
066
726
156

.341
.067
829
456

.583

o

. =0

66

.02924.
.0332 |
.0333
.0305
.0260
.0208
.0149
.0071
.001
.004g
.OOl&8
002
.0156
4026,
L0354
.0u53
. 054
061,
.066
.Q733 
-0771

.078



Table 5b
R(uQ), pA(uQ cm) and A(uQ cm) as functions of Temperature

(K) for specimens made from Cdl.S5Mg master alloy

Cdl.5Mg #3. R, = 1&62.055(i1005)p9
9 = 29%° (£1%°) _
(2/) -1

295 = 3441.3(+9) cmv

B = 0.032(£0.004)

(0]
8 = 54°(x1°)

L Cdl.5Mg #4 | R_ = 1219.120(£.005)uQ .

(8/8) g5 = 2739.1(27) em™"

B = 0.029(20.004)

Cdl.5Mg #3 - Cdl.5Mg #4
Temp. R Py A ' i R oy oA

'2.07 1“62.08 o}u190 L= . 1219.1,

O

96 .435336 O'OOOQOU

3.04 1462.2, o.ulgfgo 0100002u 11219.3,5 0.4354,, 0.00004g
4.18 1463.0, 0.4193g, 0.00018, 1220.0, 0.4356, 4 0.099214
4.97 1464.8, 0.4198,  .00051; 1221.3g 0.4361,, 0.00053,
6.11 1470.55 0.4215 ., 0.091543 1225.7 0.4377,5 0.00148
7.27 1482.9, o.Azso52 o.003623 1235.1; 0.4410,, 0.00345,
 8.11 1496.6, 0.4289,, 0500579, 1245:4, o.uug7u3 0.00552,
10.21‘1553..65 o.u4531» 0.01369 '1288.02j 0.4599, 0.01317
13.48 1701. ,0.4876, '0.02851  1396.7; 0.4987, 0.02804
16.&3 188@2’iL 0.5403, 9.03960 1529. 64 .o.5u624 0.04002‘



«

Table 5b {cont'd)

Cdl.5Mg #3 | | Cdl.5Mg #4
Temp. | R pA | A R Py A
22.78 2384.7, 0.6834 0.0504 1885.8, 0.6734 0.0548
26:50 2727,22 0.7815 0.0512 $2129.34 0.7605 0.0583
31.47  3186.7, 0.9130 0.0497 2458.5, 0.8781 0.0600
36.72 3698.95 1.0594 0:0469 2828.65 1.0105 0.0600
g\u3.08 4333.6, 1.241, 0.0431 ; 3291.7; 1.
48. 20 4850.7, 1.389, 0.0400 3671.75 1.
55.80 5619.3; 1.608y 0.0357 h239.45 1.
65.35 & 6572.3 1.881 o.’02195 - h9ks.7. 1.
76.95 7734.8 2.214 0.024g 5808.4 2.
| 103;6;, . 10380.4 2.969 'of012§ 77684 2.
121.71 12159, 3.378 9;0052 39082.35 3.250 'o.ouos
136.01 13567.5 3.880 -o,ooog.f' 10120.'7 3.623 0.037,
150.75 ' 15017.g u,é§U'-o.oo65 ,i1188;05 u.od7; 0.034,
168.07  16726.55 4.782 -0.0125 .  12444.,  4.459 0.031,
184.31 18340, 5.242 -0.0185  13629., 4.886 0.028
205.55 . 20460., 5.848 -0.025, 15186.5 5.447 0.026,
221.64 22077., 6.310 -0.0295  16373., 5.876 0.025,
238.12 23752.4 6.788 -0.032, 17604., 6.321 0.025,
" 255.70 é5563.5 ,7.3o6 -0.0353' 18933., 6.802 0.027,
273.18. 27388., 7.827 -0.0364 20274.,5 7.287 0.028,
297.50  29968., 8.565 -0.035; 22170.; 7.974 0.034,
298.35  30065.55 8.592 -0,0335 - 22238, 7.999 0.035
1314.36  31806.5 9.090 -0.033, 23523., B8.465 0.040,
L 326.95 433195.c 9.M87 -0.030,  245M3.5 8.836 0.0k



Table 5b (cht'd

Cdl.5Mg #1

Cdl.5Mg #2

Cdl.5Mg #1.

U29?33
.04 1215.6, 0.4293.

0.4295

"2.07 1215.4 0.

.18 1216. ol

4
.97 1217.8 0.43010

-11 1222.7,  0.4318

;2771232.

. [@a) = = W

7
.11 12&3.685 o.u39220
1288.4 o.usso2
11}00.2O o.ugasl
1533.86‘ 0.54173
1883:uu 0.6653

10.21
13.48
16.q3
22.78

26.60 2119.9, oO.

R =

5 .

, 0.4353,

7489 0.0750

RO = 1215.&10(:.005)u9

B = 68° (+1%°)

(-11/1\)295 =,2749.8(26) cm™

B = 0.033(+0.004)

o = 1352.615(%.005)yq

9 = 870 (+1%0)

C(4/B)pgs = 5203.0(7) on”
B = 0.031(:¢. 0h)
Cd1.5Mg 42
vAri R . Pa _f
1000015 1352.65 0.3967,,
-00007, '1353.035 0.396880
.000265  1354.3, 0.3972¢,
-00060g | 1356.6, 0.3979,,,
.00168,  1363.9, 0. 40009
{00388, 1378.8, o0.koul,,
-00621)  1394.6g 0.4091
-01490 145735 0.42Thy
:03222 1 1604.9,  0.4708,
L0696 1772.1, 0.5198,
L0680 2189.84 0.6425
2466.5;  0.7238

1

1

O o o o

.00010:.

-00547;
.008641‘

69

.OOOOlu

.000398
.000912
-00243,

.02021
04256
06116
.0880
.0972



Temp.

31.47 .

36.72
43.08
48;20
55.80

65.35

 76.95
- 7103.61

121.71

136.01
150.75

168.07

184.31

205.55

221.64
238.12

255
273.18
297.50

98,3
314.36
'326.95

‘Table 5b (cont'd)

Cdl.5Mg #1

R
2438.
2797.
3206,
3éi6.

- 4169.
4858.
5700.
7609.
8886.
9886.

10931.

12150.

13301.

14811,

15962

17155.

18445,

39744,

2]1583.

21645,

22895.

23884,

05
05

4= = W W W

T oo o ~ -~ -~ (@a) o (92} i

0

0.
1.

1.

Pa

.8616
9885
11177

2787

.M7M8

.719
.018
697
.152
.509
.883
.319
732
274
.688
117
.583
.052.

.717'

.739

.192

551

.089
.091

0803
0835
0855
0864
L0870
086
10873
.0873
087,
084
087,
.088

L0944
098
.10k
.108

119,
120
.1284
135

3.

Cdl.5Me_#2
°A

23 ’0.8328

-4 0.9556
b 1.1094
-9, 1.2364
13 1.&273

3 1.665

.9 1.956
35 2T616
25 3.058

-7 3.408
1 3.767
"0 4191
., b4.590
g 5.116
-g  5-517
.y 5-934
¢ 6.385

35 6.8&3

g 7488
-g5 7-510
.o T-950
.8.299

70

0.1045
0.1093
0.1126

0.1142

0.1157
0.116

0.117,

0.118

0.118
0.119
0.1;98
0.120
0.123
0.125;

10.1291

0.13Mu
0.138
0.11488
0.11499

.0‘1576
0.164,



CHAPTER 5 |
DISCUSSION OF RESULTS

1

2.1 Electrical Resistivity of Pur~ Cadmium .

We present new resulgs for the eleét?icgf‘resisb&vity‘
of Cd which represent the first systematic invest;gation
since 1932. Our values‘for the ice point (273,15 K)
resiStivities ére pill = 7.81(10.@3)uﬂ cm and
Py, = 6.30(10.03)uQ/cm, fhe uncertainties being primarily
due to the scatter of‘pointslon the piot of p1273(3) '
- versus c0528 shown in Fig.-2.  The various values of ice’ .

poiﬁt resistivities of Cd  are summarized'below:

PR 4
\

Author ) . 3295/Ro P1]273 o P11273
. » (pR cm) - (pf em).

‘ﬁgis work , o ‘ 1x104 7.81 03) 6.30(10.03)
Briééman (1925) 7.6&(29.1);_16;30(10.1)
‘Bridgman (1929) | 7f62(to.05)  6.32(¢0;05)
Graneisen and Goens (1§23) 7.19 - 6.55 ’
Griineisen amd Goens (1924) 7.79 6;5&

Goens and Grﬁneisén (1932) 7.73 . 2.365

cited in Meaden (1965) 7.73 ¥ 6.35

Bridgman's measurements were made at 20°C and*have been
‘adjusted to the ice point. His uncertainties have been

inferred from the scatter of his points on a graph of p

‘Lhy
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Fig. 2. Ideal resistivities Py versus cos
~at 273.15 K. e- this work, A - clited in Meaden
(1965), m- Alderson and Hurd (1975), * &-
polycrystalline values from Seth (1969).°
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2

‘versus cos.e. A1l three of the studies by Grineisen and

¢ A&
Goens appear to be based on two or more-of the same four

single crystals The values cited in Meaden can. be traced

back to a review article by Gruneisen (19“5) who in,turn

43
~.'attributébi se values?to Goens and Griineisen but does

not glve cific reference.

Alders%n and Hurd (1975) appear to have done a

)

graphs of pill and ﬁi _as. functiona of temperature

sys;eg::éc study of the resistivity of Cd but although
Y
pl

they

'and they do quote a value’for thg%gigh temperature limit

”of the ideal resistivity anisotronf&& <J aiu they do not

R =
quote actual valuesygfor. pi!|273 and* pii%g3 This is an.

unfortunate omission if in f%g} “they did”dhlculate accue

¥

- rate Values (We also note that qualitatiﬁe conflusions‘

'l&hawe orientations close

A,

“

tw

they draw do not depend on highly accurate registivity

&
measurements). They do howeverﬁfive ice point resistivities

for two of theinrsingle

-

¥ 7

have been included in Fig 2. Recent compangle data for
the axial resistivities ‘would, however, have been valuable.
In Fig 3, electrical resistivities at 26 34 K are
plotted against cos?Q; Here, the anisofropy ratio - -
aysg = 1.470 is considerably'larger.than.its ice.point
value a1273 = 1.239: Note that ‘the positions of*these
points relative to'the straight. 1line is‘aimost identical_ :

to thelr relative positions'in Fig.12;"indi;§ting that the
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Ideal re‘si'stivities Py versus cos<@ for pure Qd.
at 26.34 K. ®- this work, = ¢~ polycrystaliine -
‘valugs interpolated from tables in Seth (1969).
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e

‘by the hcr-izontal error bars) a

in the  sistivity values:”: %&

) L 75
o~

s

scatter of the points about the line 1s largely due to
random errors 1in the de@ermination of orientations (shown

_:opused to random errors\

L

b

126xhas been plotted against p¥273 for each pure

cd specimen~in Fig. b for two reasons'

,Q - First this graph also helps to ascertain whether

. or not there are significant random errors in the electri-

cal resistivities Ir the resistivities are accurate
all points should lie on the same straight line independent
of their orientation determinatiﬂns; » (Actually, the. very

small change of orientatien on thermal contraction causgﬁ

- the line to be slightly concave upwards ﬁhe maximum

7

deviation frof linearity bedng approximately equal to the

Awidth of the ?ine) The position along the line should

g

b& proportional to cOs 6, so that an errorwin 8 would
ek

‘cause a point to lie in a slightly different position

L
than expected but still on the line. Because of the

different aﬁfrbtropies however randem errors in tHhe o
(7 .

resistivities produce ‘a scatter of the points about the

T -

lgﬁa. Cthging an /A value by 1% for example would cause/

',a point to move* about 1.6 mm off the line in Fig . ?he~y

'
low sdatter of our points indicates that the random errors

in the resistivigies were, O 5% or less as expected.._
Also, allowing for the probable error in determining 8's,

all specimens were in their expected positions along the
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-

. : o~ this work
~u$:y¥;§?£rom Seth - (1969),

' calculated polycrystalline values using equations
5.3 and 5.4 respectively.
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Ideal resistivities at 26. 34 ‘K (0126) versus
ideal resistivities at 273. 15 K (91273) for. pure
¢- polycrystalline values
| A, are
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o line except Cd #7 which was just outside the expected
& ' )

range.

.

Secondly, Fig. 4 is a useful tool for comparing
single crystal elﬁ&trical resistivities to polycrystalline

values Alstad, Colvin and Legvold (1961) tested four

= | | &
different formulas comparing pp ly ( IZQPW%{)_QR pl,
(= l/ol,) and P, (" l/c ): ST
S e Y .'Q‘??.
, | poly = <1/3)oﬂ~+ (2/3)0 L
E ‘ [o (p“ 5,017 ) ' |
) 5 = (5.2)
{[(Dl ,-—p )/p ] } '
SR fﬁli‘ ¥ Lo (8o + >J*} o
.. . :: ’ 3 ’ > g ?0” U . ?. ‘.
e E - .t' ‘-’ V 3
T Ppoiy =.(1/3)of‘; + (2-/3,)‘),1; L (57’&')
Although theyhconclude that forlhighly anisotrogic
Yttrium (p, /oi” = 2.07 at 300 K) Eq. 5.4 1s the wpst,

o thespurity of their specimens was th good (p3oo/p range

'from 6 tp 28). It would be worthwhile to repLat this tedt

>

withe¢a metal for which\high purity material is available

such as Sn, even though its anisotrepy ratio a = p,l/p

B . ’

is not as extreme. K S R

£y ¥ poly has been calcuIi%bd hsing all four of the above
B N
'formulas with our values of p,l an& P, at-both 273 K and

26 K. Those four polnts have been plotted in Fig b, s b
i Y I '

- ©
T
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_well as polnts for Seth's (1969) two polycrystalline ca

_specimens Although o morﬁivalidycomparison would be
"possible by measur- £ the pclycrystal and single crystal g
’ nesistivitias simultanonnsly (ppoly26 was determined by‘°

interpolating resistivities Seth has given in tables),

both of Seth's specimens appear to have preferred orienta—

-¥lons closer to parallel than- expected for any of the
“lfv ) ; \\/ ‘ )

four formulas L i PR A
g

r*If we assume that Eq 5 &‘is correct then a poly— , .
3 d
crystalline specimen would have the. same resistithy as' - "

“, ¥
EX R N
-

.a‘kingle crystal with ‘an orient&tion such that
2
_cos 6293 g 1/3 (Ehd c@s 926 = O 338) The resistivities

of Seth's specimens have therefore been plotted in

Figs. 2 and 3 using the above values for the abscissa..
-These points all lie significantly above the line, indi—

cating again preferred orientations closer to paral%el

'th"an‘ expected. R e
We ultimately wish to compare our’ values of DMR in

R

single crystals to thodE of¥setn and oods (1970) for :}
pol crystalline specimens. Because Seth and Woods
suspected the unusual behaviour in their cd and Cd-Mg
specimens;may bey due to different preferred orientations

%n different specimens, it is valuable to determine

: whether or not preferred orientations do exist.

[
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|
5.2 Electricalqﬁesistivity of Cd-Mg Alloys

The electrical resistivity of single crystals of
'an alloy with fixed concentration sﬁsuld also vary as |
c0328 Figs. 5 and 6 show the good fits of the ice point
,resistivities and the resldual resistivities to cos26 for
the Cdo. 76Mg specimens pA is -also plotted against pA273‘ ﬁ;
for these specimens in Fig 7 and as in Fig. 4 for pure ' ‘
Cd, a straight line ﬁs expected providing the resistivities
‘have no large random errors’ and in’ the case of alloys pro-i'

viding the impurity concentratﬂ%n does not vary randomly

ﬁpgdint is. plotted for Seth's Cd4o. 75Mg A
“u

among specimens.

polycrystalline S and it is considerably below the"
line. This is’ caused largely if\¥0t totally by its lower
Mg céncentration (v 0.73~at. % based on the fit to’ x(l x) L
'of data in Table 1) compared to our C4O0. 76Mg specipens

(w 0. 78 at z, Table‘2).. An increase in Mg concentration
‘would move that point primarily vertically ‘although also
slightly to the right on- Fig 7#} With the adjustment I‘or"\k ;
codcentration Seth's point lieswte the right of the three .
points_@#@#angles) calculated using Eqs; 5.1, 5.3 and 5.4,
indicatiné_again a preferred‘orientation closer to parallel
than eXpected. This preferred orientation is confirmed in '
Fig. 5 where the polycrystalline point lies above the

line for the single crystals. s -

The residual resistivities for the Cdl 5Mg single

T :crystals (#hich have not been plotted) do not fit well on

g
)
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78 - cd 076 Mg & 1
| T(273K) )
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i

cos 9
F;.g; 5. Alloy resistivities pA versus c0326 for CdO. 76Mg
at 273~.15 K. e- this work, ¢- polycrystalline

‘value from Seth (1969) for Cd0.75Mg. |

»
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'a‘plot against cos26, probabl§ because of variation from
specimennto specimen of the Mg concentration in solid
‘solution. However, the fit of the Cdl.5Mg ice point
resistivities (which'are relativelyvheakly dependent on
concentration) to cos2e is good,'similar to Fige 5‘(the
Cd1.5Mg plot is also not shown explicitly). :lhe'position‘
of Seth's Ccdl.5Mg polycrystalline';pecimen, adjusted
slightly for concentration differences, is-again.above the

line for the Cdl. SMg single crystals%;again indicating a’

preferred orientation somewhattcloser ta parallel than‘

" !
' m%, A

expected.
-4
‘E'

e
4 . LT '

£

5.3 Resistivity Anisotrdpy Ratios.

For "pure Cd . the ideal resistivity anisotropy ratio '

!
described in Sec. 4. 1. 5. As Rowlands, StackhouSe and

= pi||/pi was calculated at all tempefatures as

" Woods (1975) have shown, the 'fit of these data with -the
. . ‘/ o . ' -

theoreticalhcaﬁculations of White:and Carbotte (1975) for - e

Zn‘(which~has a {imilar c/a ratio and Brillouin zone
S ' s o - .
structure to cd) As good. ‘Fig, 8.alSO shows this compari—,‘

<

son, this\time including points plotted from ‘three differ—'
ent’ experimental runs and” including the correction to |
f = 2/A for thermal expansion (this correction leaves

_4293 unchzrged while, increasing a26 by - about 2. U% but does .

not change the basilc shape of'the‘cunye). _Ehe,temperature

,dependence Of’ai agrees'well with values measured by Goens

AN



0 100 - 200 . 300

//;igt 8. Resistivity anisotropy ratios a = 'pH/pl versus
' ~,temper%$ure T. e= ai = Pill/pil for pure Cd,

A= A, = pA”/pAl for Cd0.76Mg, n- (pAIIT .
--.pAIIO)/(pAlT pALO) for CdO.??Mg, Po v Pyp at 6x
~» for pure Cd, Pro ™ piT .at 23" K for €dO. 7T6Mg.. -The

solid curves are the theoretical calculations by
White and Carbotte (197&) for Cfrom top to bottom)
(a) a Py|]/Py, TOT pure . zn' (b) ("AI[T pAHO)/

) for a Zn alloy with pA = 0.5uQ cm

1

(OALT OALO

& f‘,n\ = z & !
And ( | o .pAI]T AT for ‘the. zame n alloy.

<
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and Griineisen (1932) at 21.2 K, 83.2 K and 273.2 K as well
as values of Alderson and Hurd (1975) from 3 K to 590 K.

Our measurements show reasonable qualitative agree~

ment with the predictlons of Case and Gueths (1970) (see

Sec. 2.1) for any Yaxial metal except at the loWest-tempera~

tures where the measured‘values of aiT'drop well below¥

Ay Indeed Case and Geuths' measurements on Sn lacked
the accuracygnggESsary to test their own Low»temperature "’

r

o rediction | . T
P %% /
White and Carbotte (197U) also: calculated the

“

resistivity anisotropy ratio for dilute Zn alloys Thair

<2

vanisotrogy curves for a Zn alloy with a residtal resisti—
vity of 0.5u2 cm and‘our experimental anisotropy ratios
for Cdo. 76Mg with residual resistivites of v 0, 23un cm .m‘
1are also shown inQFig 8 both with and without the. résidual
resistivities subtracted from/the total resistivities*A'

' The axial resistivities for Cgp 76Mg were”determined uging
the method escribed in Sec oy, l 5 ﬁgr gure Cd. The '

; straight l%ges in Figs 5 and 6 pas\ throﬂ!h qhe innt for

e CdO 76Mg #8 and half way between the points for CdO 76Mg

' #3 and Cdo 76Mg #5 The . vertical intercepts,o} these

~ s
A

elines determine the axial resistivities. At other S
l'temperatures, pAllT’ pAlT and hence aAT'= b;}{f/pAAT and_ 5

- pAlo) were calculated assuming

¥

the same fit for these three specimens. .

BN

©

- The agreement between experimentai~and theoretical
p wh ¢ ' D -
W

} : ) .!'

-



anisotropy ratios is not as good for the'alloy:”as v the
pure metals. For example the maximum value of'(pll—po)/
(pl—po) occurs at a slightly lower température than a

imax

for the Cd alloys (experimen?& but at a slightly higher
temperature for the Zir alldys (theory). Admittedly, White
and Carbotte have obtained an iso?ropic residual resistivity
which is not the case for Cd0.76Mg alloys (Fig.76), so one
cannot expect to compare these curvé% in too much detail.

Note that the temperature dependence of alllthreé
calcuiated anisotropies'is largely independent of‘the fits
of p to c0526 shown 1in Figs.-2, 3, 5 ahd 6. Erro;s in p'l
and/or ol'could affgct the absolute values of the aniso-
tropy racios Sut ey would not affect the shape of thése_
cgrves.; Even the ition of the maximum of <QA|]T - pA[lo)/,
(pAlT - pAlO> (which ;s the same as (pilIT + AIIT)/ |

(py,p *b,p)) relative to ay .. will be roughly independent

of these fits (Figs. 9 and 10 im the next section show

thath|| énd Al arg not strongly dependent o? cgncentration C el

and hence bo)" \ ‘ |
White and Carbotte emphésize‘that the anisotropy

curveé for-the metal'and (pll—po)/(pl—po for the alloys

are not coincident, indicating that DMR exist. Because

they are s=so sensitive to sméll changes in p,'DMR offer

a particu.a .y rigorous test of theoretical calculations.

DMR are discussed in the following section.

<

a | L
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5.4 Deviations from Matthiessen's Rule

Deviations from Matthlessen's rule (DMR or A) have
been calculated for each single crystél alloy specimen as
deseribed ln Sec. 4.1.5 and are plotted against tempera-
ture‘ln Fig. 9 fof CdO.76Mg|specimens and in Fig. 10 for
Cdl.5Mg Specimens;' The bold t ske.. 'ines enveloping the
triangles in Fig. 9 indicate th~ > »c .Dle error. Because
DMR. are calculated by subtra'tinu c .ntities which are
nearly equal (piT = pAT - pAo)’ relatively emall'errors
in PaT> pAo and Py produce much latger relative errots
in A. ‘ . |
The values of A at 273K for all eight alloy crystals
are plotted against cosze_in Fig. 11. Because Par> Pao
-and Py are all linear in cos2e, A should be lineau in
cos’8 as uell (Eqs. 2.8a and 2.8b). Although greatef
accuracy-would make these results more convincing, Fig. 11
does lndeed show that lineaf relationship with the line
for the Cdl.5Mg alloys s1ightly higher than,the line for
the Cd0776Mg alloys. Because A was evaluated separately
for each alloy'specimeh, the fit of A to cos8 will, not
depend greatly om a good fit of Pao to 00328 (which is not
good for Cdl.5Mg).’ o .

At the lowest temperatures, T<10K, A follous a power
law, & = T" and n was found to be 5.25(£0.2) for the
parallel orientation and'u.75(10.2) for the perpendicular

orientation. These values are consistent with the value
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ofound by Seth./(1969) of n ~ 5 for A of polycrystalline

specimens. - . '

The ideal resistivities of pure Cd were also found
"to have power law dependence in the same temperature range,

,vpi « Tn where n = 5. 7(+0 2) for oi|| and n = 5.0(%0. 2) for

Py, - These values are consistent with those of 5.9 and

5.0 found by Alderson and. Hurd (1975) although Alexandrov"
and D'Yakov (1963) ﬁind p1 o T5‘for both crystal orienta—

tions. Seth (1969) reports an exporent n = 4.8 for_poly;"

crystalline pure Cd specimens

©

At SOmewhat higher temperature T ~ 25 K there 1s a

hump in A (Figs 9 and lO) The hump occurs where

3" and is more pronounced for the dilute alloys.

Pip ™ Pao
Neither the hump nor the power law dependence is unusual‘
and both have been discussed briefly from a theoretical:
'point'of view in Sec. 2.2. lhese, however, are not ‘the
features of - central interest in this ‘thesis. h

. At high temperatures, A is expected to be linear in
T and may be either positive or negatiVe (Bhatia and
Gupta, 1969) ngs. 9:and 10 do show a linear region

)

from about 75 K to- 200 K but - at higher temperatures yet,

the slopes of the A£T curves increase to more positive

+s values. Damon and Klemens (1965) predicted this type of

;feature would,abise as a result of local phondn modes in

P

binary alloys where the;solute atoms are much\%ighter than

the solvent.atoms. They'searched for this effect themselves

|
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in gold alloys but- failed tb see 1t. Seth and Woods

(1970) show a.similar increase in'slope of ﬁheif A-T curves

ép about 200 K‘fop Cd-Mg polycrystalline specimens.
Because. of thelr céncern for possible preferred orienta-
ltions,lhowever, they did not interpret this behaviour : .
ag arising from loéal'modeéf

-r

The iqcreasi)}g‘éiobe should occur at "~ ©_/2 where
see

@
13

(M, /M )Lﬁ 0. T _ 5 Eqs. 2.10 and 2.11). For Cd,
i o D ) ‘

@
n

170 X, éoleov=.j65 K.and‘the.increase 1n_slbpe dhé
to a!local:ﬁode would be expected ?t about 180 K. Indeed,
'thié agfees roughly}with oufvexperimental results.

pLocal mode frequencies (ahd henbexeo's) parallel
and'pérpehdicular to the c axis‘shoﬁld be proportional to
the sduare roots of the atomic force cohstants-which are
'qu;fe anisbtropﬂﬁ in Cd. 'Becéuse-tﬁe elastic constants-i
033‘and Cll are pfoportional to the étomic force constahts*;
1b¢al mode characteristic tempefaturés<6; should be rouéhiy
‘pfoportional to the équare roots of the elastié constants

‘aévwéll. Indeed, the ratios OOH/OOl (= 175/250 = 0.70

ffom Fig. 9 - this i;ﬁceqﬂis not as,pronounced in Fig. 10)

p3

¥The elastic.consta ts, also depend on the lattice para-

meters, a and c.: Ir¥a tetrageonal lattice, for example,
c = k. /cand C = k,;c/a“ where k and k are the
11 ” K 33 = ¥/ e K, ||

atomic¢ force.constants and we assume only nearest neighbour
interactions. Because the c/a ratio for Cd (1.889 at-293 K) -~
is only 14% greater than the close-packed value (1.633) a
the anisotropy of the elastic~constantsgcil/C33A= 2.35 must

arise primarily from the anisotropy in the atomic force

constanﬁs;//’\\\\_

>
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. |
and /T o//C ] (= /D.g(:o.éT//11.5(:o.57v= 0.65(+0.03) from

Alexandrov and Ryzhoﬁa (1961) are relatively close. Thus,
the relevant fbrce constant for the local mode reSistivity
is'in.the direction of the applied electric fieid. Thils

is expected sinée thé prbbability of scattering aﬁ electron

IO
l =
i

f?Qm.state k to E';,P(K,K') « laf(ﬁ—kﬂ where U is the
lenic displacement (see Ziman, 1969, p. 173).

The magnitude of the increase 1n slope is}roughly
propoftiqnal to Mg concentration in this work and in that
of.Seth and Woods (1970). .This too 1s expected. We make
a'preliminary estimépe‘ofvthe locél mode resistivity above
Gowby multiplying the 1deal resistivity piwofﬂthe host by
the atomic fraction of light impurity atqms X:

7

Ay v xpy | , ' . (5;5)

Estimates of 4), based on this formula,ﬁre in rough agree-
. . . - 3 .

&

-

ment with experiments.
Thus, eléct#on scéttering from a local mode can

account for the magnitude, the concéntration d&pé%génce,
the temperature and the anisoctropy in femperature of ‘an o
otherwise unexplaired feature of thehresigfiviﬁy of- Cd-Mg
‘alloys. Although Damon and Klemens (1965) failéd to see
~this effect in gold allgys,,the ideal resistivity of gold
ié much lpwer,thanlc%dmium's so that according to Eq. 5.5,

they were Jookin~ for a much smaller effect. Secondly,
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for thelr alloys Pyp = Pao =t a temperature much higher
and closer to 00/2 where Au becomes signif{?ént. Under
these‘conditions, Au could have been masked by other
contribqtions to A discussed in Sec. 2.2 (e.g. the hump
in A is often locéted at temperatures where piT u pAO).
Qe Sﬁggest‘further experiments to search for this local
mode effect in other alloy systems.
We emphasize tha§ theltemperature dependence ol our
A-T curves (Figs. 9 and 10) 1s largely.independent of
errors in 2/A. These errors do not significantly affect
the shape of the A-T Curves and in particular, they do not
‘affect t%e slope change which we associate with local modes.
Looking again at‘Figs. 9, 10 and 11, we also see

qual;tgp}ve>agreément of our data wigh'both the theoretical

.calculations of'Toussaint_and Pecheur (1973) for single

crystalsjand with the expériméntal A—T‘curves of Seth and
Woods'(IQTO) for'polycrystalline Cd-Mg. Seth and Woods

did not expect thé high temperature slopes of their A-T
curves ﬁo be negative (See Ch.vl) and éuggestéd thelir |
épecimens may- have préferred orientations. Although 1t now
appeafé that.their specimens did have preferred brienta— -
tioné (see(Sees. 5.1 ana 572), both pufe and alloy speci-‘ﬁp
mens appear to have roughly the same preferred orientation%;
sbmewﬁat closer to parallel‘than expected, and COnsequéntly

their A-T curves are roughly valid for that preferred

orlentation. Indeed, the similar shapes and magnitudes

-
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. of thiir curves to Flgs. § and 10 confirms 'this interpre-

tation. %
22

In the\meantlme, Tgussaint and echeur calculated

/ \“
o J’/ <

A3 in Cd-Mg slngle crystals whiqh*‘§§§ negative at high

temperatures, thus paftially\explaining Seth and Woods'

results, and were an onﬁer of ma@nitude larser in the ¢

- direction than the a direct}on. Although they appear to
have used pure metal paeudopotential matrix elements

de and wMg in their'calculations/as opposed to pseudo-

potential matrix elements for the diluce alloy, the

agreement of thelr theory with our experiments is remark-

ably good.




CHAPTER 6

CONCLUSIONS o \\\‘

We have measured the electrical resistivities from
2 K to 300 K for eight Cd singlé crystéis and twelve
Cd-Mg single crystals 1nq1ud1hg three different concentra-
tions. The measured densitiles of our specimens were

typically 2%% below the accepted x-ray densities. This

we have

we attribute to small bwbles in the speclmens and
madeban appropriate correction tp oﬁtéin the resistivivy
values. The fce joint resistivities F&r Cd were found
, beAp|1 = 7.81(t0.03)uQ cm and p, = 6.30(+0.03)uR? cm. .
The resis%ivity,anisotropy ratio a = p||/pl’ for Cd as
a function of temperature 1is in'éood qualitative agreement«’
with the.simplertheory of. Case and Guéths (1970) except at
the lowest temperatures where a falls well below the pre--
dicted value of a_ and where Case and Gueths' own Qbrk
lacked the accuracy to test their low temperéture predic-
‘tion. That even a partiél agrekment exists 1is surprising;
cor ide-ing Case and Gueths' simplified model of the Fermi
surface and their complete neglect of any effectsvdue ﬁ&

anisotropy in the phonon spectrum. A better fit is to the

calculated curve of Wi.lte and Carbotte (1974) for In,

o) : , : . ‘
perhaps a permissible comparison because of the similar
c/a ratios and Feymi surfaces bf ¢d and Zn. The aniso-

tropy ratios for the alloy spedimens'do not agreé as wefl

96
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a5 for the pure sanples Bt o whiite and Coarbotte hove
L Iy h 3

) : )
cttalned fotroric rosidusl PvSL?}ivitios {n thetr \

(i

calculaticons whereas oxprerimental residusl resictivities

Deviations Trom Muttxxessén‘s rule were calcuiated
2 In the hope of clarifying

~ -r ~ T ayv o= A
for the T3d-¥Vp s3ins-i2 crysta

the peculiar hi~h terperature rosults in the Ti-Mg poly-

crystals of feth and Woods (1970). By comrarine thelr
polycrystal‘ffsistivities‘tb ours for single crystals, we
nave shown that the polycrystals probatly did-have prefer-
"red orlientatlons but the preferred :?iontafions for bcth

, /
prure and alloy specimens were very slmilar. Thelir DMR

L

qualitative agreement
with theorgtical calculations by Toussaint and Pecheur
¢

(1973). In addition, the increase in clope of the A-T

» e
curves at about 200 K show 211 the szlient but otherwise
. L]
un=xplained features for electron s;éttering from a local
y .

¥

phonon mode. Although Damon and Klemens (1965) predicted

and . scught for this effect in ~cld alloys, it has not
treviousi, tfeen recornized. - In re2tricrect, J2inoand weods!
results can also be explained in terms of Toussaint and

Pecheur's ¢allulaticns plus the effect ¢f 'the local mode.
We emphasize that errors in the geometrical shape
- OC‘"

factors 2/A for our specimens and in the ~- o1 for

bubbles do not significantlv affect the temperature
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dependence of oiLher}A Soar nopactioglar, they do not

arfect our relusione o ot antsotrop¥ ratle nern da

they affect our conclusic: at ot the local mode reslstivity .
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| J \ APPENDIX 1
L~ o |
NOTATION . ' o

~ Below 1is a 11st of freqlently used symbols and

definitions -in this thesis:

8 (lower case theta) - specimen orientation, the angle

between ¢ axls and the speclmen axis. 4

T

tion on temperature T.

6, — denotes explicitly the dependence of orienta—

eo'— orientation as T + 0 K

6293 —'orientatiOn at T = 293 K |
-0 (upper case theta) - characteristic temperature
OD - Debye temperature "

0, - Local mode characteristic temperature
‘O|1'— Characteristic temperature.for yibrations.
parallel to the c axis. ‘
'Gl ~ Characteristic temperature for vibrations
perpendicular to the ¢ axis.
w - frequency, or characteristic frequency, appears with
the same subscripts as O above. .QV* l
p - electrical resistivity |
p(8) - denotes explicitly the dependence on o
fhorientation Up to three subscripts are also used
‘to denote explicitly the dependence on’ composition
(pi, pA), axial orientations (DIJ’ pl) and temperature
(pT, Pos p273)'in that order. Up to threé subscripts
may be included in a single'symbol (e.g. pilITXi
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‘(pij) - the resistivity ?@nsor

Py (often appearing as giT) the "ideal" resistivity

of a high purlity metal after its small residual
resistivity has been subtracted.

Pp = the total resistivity of a "pure" metal

specimen including the residual resistivity, _

therefore Pyq = Ppp pﬁo'

Pp ~ the total resistivity of an alloy specimed

including the residual resistivity.

&‘ pT._ denotes explicitly the dependence. of resistivity

on temperature

pel

p273>— ?esistivity at T = 273 K.

Py ~ extrapolated residdal‘resistivity at T = 0 K
ppOly'_iresistivity of a polycrys?alline §pecimen.

Pl = p(0°) - resistivity parallel to the c axis.

P .= 0(90°) - resistivity perpendicularlto the ¢ axis.
Preas the megsured value of résistivity |

P ~ the resistivity of a mixture-
We denote similarly in o, A, a, R, £ = £/A and L the

dependence on composition, orientation, and/or temperature.i

‘g - éléctriéal conductivitj

A J\the total "deviation from Matthiessen's rule" (DMR)

1
‘

for ah alloy épecimen

; A3 - the contributiqn to A due to the interference

term _
'Au - the contribution to A. due to localized phonon

modes
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a = ell/pl —\anisotropy retio
a_ - the extrapolated value of a as T + ®,
aax " the meximum value of a.
R - electrical resistance ”
ﬁ mr ) Rs - resistance of a standard resistor.
Cdo. 76Mg #5 - specimen number 5 made from the master alloy
of host Cd with 0.76 atomic percent Mg -
gg—Mg - a dilute binary alloy of host Cd with
impurity Mg. | |
Cd-Mg - a binify alloy of Cd and Mg.

concentration, the atomic fraction of solute metal in

X -
a binary alloy (in eq.'218 only, ¢ is used ‘for
eoncentration);

B'—,"Bubble factor", the fraction of the total specimen

volume occupied by bubbles or.voids. —
- B also denotes one Qf the constituents in a

binary.(A-B) .alloy. N
c;— ¢ direction or c axls - the crystal direction‘(axis)
perbendicular to 'the hexagonal planes of six-fold
symmetry 7 U
¢«. ¢ - the lattice parameter in the ¢ direction
a - a direction or a axls - a crystal direction from an

atom towards. a nearést neighbour atom in the same

hexagona}/plahe.
a - the lattice parameter in the a direction.l

f =~fK - electron distribﬁtion function (appears 1n

Chapter 2 only).
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~)
s - — [
f = /A - geometrical shape factor forlSpecimens (ast§/§
" in Chapters 3 and )
2 - the length between“p%%ential éoﬁtacts on a specimen
' — the length of a-specimen after it is cut for welghing
(2" = 2).- . '
L - appears 1in the form'(LT/L293) which represents the
fractional thermal contraction (or expansion),
usually in a given difection. . The subscripts ]|’ L

and'e denote orientation.

A - usually in the form (£/A5, is the average cross-
sectional area of a specimen.‘ ’
-as a subécript e.g. éAT‘denotes an alloy specimen,
_A'| and Al‘in Chapter 2 only denote areas on the

Fermi surface.

LY

- also denqtes one of the coﬁstituents in a binary
~ (A-B) alloy. - o o
Mi and Mél— masses of the hos@’ahd impurity atoms ‘-,
;respectively ih a’dilute binary alloy.
E —'electfié field. Ei' i ;f1,2,3 are components df E
¥ - eléctrié current density. Iy T = 1,2,3'are4
components of ¥ o
b ~le between'elgctric_fiéld £ and current density J .
anisotropic crystals.
.ppears in Apnendix 2 énly.

'n weve number

Y
|

@

'

W

- .-arest neighbour atomic force constants '
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Ciy (C33) - elastic stiffness constant;.

'

-

Other less frequently used symbols are defined in

the text.
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APPENDIX 2

TRANSVERSE ELECTRIC FIELD IN ANISOTROPIC METALS
In the long thin specimens used for resistivity

measﬁrements, the electric current density 3 is uniform
and parallel to the specimen axis except near the current
contacts. Even in metals with the simplest anisotropic'
cryetai structures (hHexagonal, tetragonal, and trigonal),
‘the electric field, E, isrégrallel to J only for speclmgns
with parallel (6 = 0°) or perpendicular (6 = 90°) orienda-

tions. In general, for a specihen of orientation 8, the

components of E can be found using:

f E i [, o 0 W [ JsinB W
1l Py . » ' :
E, | = |0 o, 0 | 0 (A2.1)
E. 0 0 Jcosh
3 1] |
L J L : P, \ ‘A .

The angle ¢ between J and E 1s

¢ =06 - tan-l t(pl/pl|)tan0]. .
| (A2.2)

=9 - tan~t [(tand)/a]

Q ) N
For a cadmium single cryetal(pll/pl = 1.237 at 295K) -of
orientation 6 = ys5°, ¢ = 6.05°.  The transverse component

of E is not negligible and could be measured.

<
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For a given orientation and current density, the
transverse electric fleld (Esino) depends. only on the
anisotropy ratio a = p||/pl'and islapproximately propor-
~tional to (a=-1). Tables relating ¢ and a are easily
constructed. The transverse electric field 1s thus a
measure of the anisotropy ratio. Since an average

resistivity

p(6) »p‘llco‘s2e + p.l-sin26. ©(a2.3)
. - _ :

" can be measured in the conventional method using the
longituq&nal field (Ecos¢) both p|| and p, can be found
by two measurements on the same specimen. N

'The specimen geométry suggested for this type of
| measurement is a rectangular prism with 2>>w>>h, typically
20 cm x 1 cm X 0.2 cm, and with the c- axis lylng i. the
Lw plane. Such specimens could either be cut from ‘é"ger
crystals or grown from seeds in molds of the desired
shape. In order that the transverse potential contacts do
not sample a small part,of the longitudinal potential
difference5‘it'will be important tnat'these contapts are
located accurately. Opposite each other. An'uncertainty
~of #0.02 cm would produce an uncertainty in a of *19%
for a cadmium crystal of orientation 45° and the above

.typical geometry. Unlike Hall effect ‘measurements where

the external magnetic field can be turned off while the



unwanted Ionéitudinal potential 1s adjusted to zero,
there is no way of."turning of f" the transverse fleld
without turning the longitudinal fleld of f too. A
épecimén-holder could, however, be che®ked or éalibrated
using an'isotfdpic.metal; This method of resistivity
measurement does offer some advantages, particularly for
anisotropic allby crystals where concentrations may vary

among specimens.

109



110

APPENDIX 3
SUGGESTIONS FOR FUTURE RESISTIVITY MEASUREMENTS

The largest errors 1in thls work are in the measure-

' menté of (&/A) which are the culminatlion of many small

7295
errors. FEven though the 1mprovement in accuracy due to
the suggestlions below ﬁ@y seem almost trivial, maximum‘
precision at all stages is vital in obtaining A with
reasgnable accuracy.

(1) Specimen diameters sbould be tripledito about
3 mm. ‘Size éffects at the l@w?st temperatures would be
less important, the accuraciéé of the cross-sectional '
areas determined by‘weighing and by micrometer measurements
wouldibé«ipcreased and sbecimens would be both easier to
handle and strong?r. Alﬁhough sharper x—rayvdiffraction
patternS'for thicg specimens are probably dﬁe in part to
the smaller radius of curvature, I suspect there 1is also
less strain in thick specimens. Whaﬁever the cduse, the
accuracy of the orientation determinations could be
increased somewhat. Althougﬁ the resistance and thus the
IR drop,is inveréely'proportional to crdss—sgctionél area
our Voltége sensitivity haé increased by an order of
magnigaﬁe with‘the acquisifion of ghe current comparator
since Seth and Woods' (1970) work so that we can afford to
5lose an ordervof magnitude -in the vélueﬂof‘R. In fact,

the ‘current could also bé tripled wifhout increasing the

o

’
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5 .
Reat dlisslpatfon IR in the specimens thems ¢lves, beyond

Ul

at presently disslpated, and consequently,‘the loss in
voltage IR would only be a factor of three.

(2) Speclmens should continue to b2 mounted In a
'~ﬁfholder which 1llows free expansion as well as contraction ’;
and the current ¢dnnections should continue to be soldered
to the“specimens. Potential contacts, however, shiould be
redesligned to be spring-loaded, such as the knife—edge
contdcfs-shown by Case and Geuths (1970). These wouid
'ensure electrical contact throughout the run end &ould
hopefully avoid the small resistance changes we occasion—
ally observed due to thermal cycling. ‘hnife-edges trans-
verse to the specimen length are probably preferable to
point contacts as the indentations tney meke in the
snecimen are likely to produce“smaller uncertainties'in L.

(3) Alloy spect ienc should be dilute with.inpurity
concentrations of about L atomic percent or less..- This
should‘both,reddce uncertainties in qensities (which 1in
Cd-Mg, for example, 1is fairly strongly dependent on con-
centraticn which, 1in turn, 1is difficult to determine with
great precision) and minimize the possibility of atomic
ordering in the lattice.

-(ﬁ) Specimens should be cut prior to weighing with
a spark cutter, for example, to ‘maximize the accuracy of &',
M(S) Densities of all specimens enould continue to

to be measured and compared to x-ray values to determine
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the sice of Lhe bubble Factaf, 0oy gffkrts.shnuld_hn'ﬁ
made to reduce or ellmlnngc bubtbles., In s;itcvcf ;apia J
eviporation, It would probably be worth trying Hridfman'gj
(1925) technlque of washling molten motxls,hﬂbk anil forth
under a vacuum to gep rid of occluded gay. Althougsh the

mo 11 mntnrial\mﬁy nnt play a role Ln thiq prooess, hphglv
faztonrs shouldl be compared forlspecimens Frewnoin ufuss

and ﬁqaphito moidsf [t Is5 also poséib]e that rraphite
molds produce less strain Iin the specimen.  Alderson and
Hurd 01975) measured 3 mm dlameter specimens grcewn in
grﬁphite molds up to 587 K with only a small change 1in
rosisﬁivitics on returning to room temperature. Alexandrov
(1963) also used graphite‘moids for Cd even though glgss
molds ‘and hydrofluorié acid were used for other metals

(In, Pb, B1) in the same study. If glass molds and HF are
used, the écid'should not be used until excessive amounsts
of p;me are required to,dissolvé the glass and the sbeci—
mens should be rinsed thoroughly after the HF 'etch'g In
preliminary runs, some specimens show an unusual decrease .-

in resistivity below about 4 K which we attribute to a

black residue left on sc~= specimens after the,HF etch.
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APPENDIX 4

CHANGE OF SINGLE CRYSTAL ORIENTATION DUE TO ANISOTROPIC
THERMAL CONTRACTION

In Figure 12(a) it can be seen that:

tan 6293 = Ny35g3 /n ¢€293 (A4.1)
where 6293 is the angle between the specimen axis and the
c axis at 293 K (i.e. the crystal orientation), 593

(c...) is the length of the a (c) lattice parameters at

293
293 K, and n, (nc) is the number of a (c) lattice vectors
going from one side of the crystal to the other in a

direction parallel to the a (c) axis.

‘Similarly, in Figure 12(b)

tan GT = naaT/nCcT | (Al4.2):

1%

where 0 and c., are the crystal orientation and

T2 @ T

lattice parameters at temperature T. Eliminating na/nC

from Eqs. A4.1 and A4.2

tan GT = (c293 293)(tan8293)(aT/cT)
(a /a )
293 : .
= tan 8 (A4.3)
c /0293 293
(L /L )
= 293 + tan 8
ZLT7L2935|| 293

«»
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Fig. 12.
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Change of orientation due to anisotropic thermal
contractioh., The above diagrams represent a
single crystal showing atomic s. es at (a) 293 K

.and (b)) T < 293 K where there has been a decrease

in ¢ of 20% and a decrease in a of 1u%.
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Values of (LT/L293)||,and (LT/L293?l~ape given in Table 3

’

so that 8 cah be calculated knowing T and 6

T 293.



