


ABSTRACT

ELECTRICAL RESISTIVITY OF ALUMINUM ALLOYS
AT LOW TEMPERATURES

By

Ronald Leon Carter

The electrical resistivities of aluminum and alloys
of aluminum with magnesium, copper, zinc, or gallium have
been measured from 2.5°K to 300°K. The importance of cor-
rections for change in volume upon alloying and thermal
expansion in determining the magnitude and temperature
derivative of deviations from Matthiessen's Rule at high
temperatures is stressed. Two hypotheses were found to be
consistent with the deviations from Matthiessen's Rule
measured at low temperatures. The conclusion that the
electron states on the third zone sheet of the Fermi sur-
face have an average relaxation time which is considerébly
different from that for the hole states on the second

sheet was drawn from the application of the two-band model.

h
ph’

were shown to be consistent with thermoelectric power data.

The relative resistivities of the two bands, pgh > p

The data were also found to be consistent with a theory
due to Mills, which considers the additional resistivity
for a process which involves simultaneous scattering from

an impurity ion and the emission or absorption of a phonon.



ELECTRICAL RESISTIVITY OF ALUMINUM ALLOYS

AT LOW TEMPERATURES

By

Ronald Leon Carter

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Physics

1971



PLEASE NOTE:

Some Pages have indistinct
print. Filmed as received.

UNIVERSITY MICROFILMS



ACKNOWLEDGMENTS

I would like to express my appreciation to Professor
Frank J. Blatt, who first suggested this study, and whose
advice and assistance on theoretical and experimental
matters was invaluable and cheerfully offered. And to
Professor Peter A. Schroeder, who heard many tales of woe
and experimental failure, thank you for your freely offered
help. I also acknowledge Professors Blatt and Schroeder
and the National Science Foundation for financial support
received during this study.

I would like to acknowledge Professor Carl L. Foiles
for his work in doing the resistivity at high pressure
measurements which were useful in the analysis of this
study, and for many helpful discussions on transport meas-
urements. Thanks are due also to Professor W.M. Hartmann
for providing the results of his phonon dispersion calcula-
tions for aluminum before publication.

The efforts of Professors B.H. Wildenthal and
W.H. Kelly in providing computer time on the XDS Sigma
Seven are greatly appreciated for the time their efforts
saved for me.

I would like to acknowledge the help of Mr. J.
Thomas and Miss G. Pucilowski in setting up the computer

programs, and to Miss Pucilowski for doing the drawings.

ii



I am pleased to also acknowledge the help of Mr. B.
Shumaker in the manufacture of some of the alloy samples.
My deepest appreciation is for my wife, Carole, who
accepted many things that were less than they might be,
offered encouragement when needed, typed this manuscript,

and who worked very hard to make this study possible.

iii



TABLE OF CONTENTS

Chapter
INTRODUCTION . . . . . . . . . .
Matthiessen's Rule . . . . . .

Deviations from Matthiessen's Rule .
Deviations from Matthiessen's Rule
in Aluminum e . e e .« . .

EXPERIMENTAL APPARATUS e e e e e .

Cryostat and Sample Mounting e e .
Current Control . . . . .. . .« .
Temperature Control e e e e e
Potentiometric Measurements . . . .

SAMPLE PREPARATION . . . . .. « .+

Manufacture of the Alloys e« e e
Forming of Wires e e e e e e
Resistance Ratios . . . . . . .
Annealing . . .« ¢ . « < < . .

Sample Characterization . . . . .

RESISTIVITY DATA o e e e e e e e

Introduction . . o e e

Room Temperature Re51st1v1ty
Measurements . .. ¢ ¢ ¢ . .

Temperature Dependence of the
Resistance . . . . e e e e

Calculating the Re51st1v1ty from
the Data . L] . L] L] L] . L] L]

RESULTS AND CONCLUSIONS . . . . . .
The Phonon Resistivity of Aluminum .

The Deviations from Matthiessen's Rule
in Aluminum Alloys . .« « « o

The Two-Band Model . . . . . . .
The Ehrlich Theory . . . .. . . .
The Mills Theory e s & s e s e

iv

Page

11
13
15
19
19
20
21
22
23
25
25
25
28
29
33
33
38
45

66
67



Chapter Page

SUMMARY AND IMPLICATIONS FOR FURTHER

STUDY « .« ¢ o« o o« ¢ o o o o o o 73
REFERENCES . ¢ ¢ ¢« ¢« o« o o o o o o o = 75
APPENDICES . « ¢« ¢« o o o o o o o o o o 78

APPENDIX
A. FORTRAN Listing of Computer Program
for Calculating Resistivities e e . 78
B. Typical Data Output e s e e e e e 90
C. Analysis of Errors . . . =« =« =« « 97



LIST OF TABLES

Table Page
1. Lot Assay for HPM 2404 . . . . . .. .« . 20
2. Coefficients of the T2 and T5 Components
of the Resistivity of Aluminum e e e e 35
3. Volﬁme Corrections . . . . .. . . . . 44

. Residual Resistivity of Aluminum Alloys . . 45

4
C-1. Standard Deviations for Measurements
Using Equation C.1 e e e e e e e 97

C-2. Phonon Resistivity of Aluminum at
273.16°K L] L] L] L] L] L] L] . L] L] L] 100

vi



10.

11.

12.

13-
14.
15.

16.

LIST OF FIGURES

Schematic Representation of the
Cryostat . . .« « .« <« <« .+ . .

Constant Current Source . . . . .
Temperature Controller . . . . . .

Schematic Representation of Experimental
Apparatus e e e e e e e e e

Spring Loaded Electrical Contacts . .

Temperature Dependent Resistivity of
Pure Aluminum . . . « .« + . .

Deviations from Matthiessen's Rule in
Al—Mg Alloys ° e ° ° . . . .

Deviations from Matthiessen's Rule in
Al—cu Alloys [ ] L ] [ ] L ] [ ] [ ] [ ] L]

Deviations from Matthiessen's Rule in
Al_zn AllOYS ° ° . . . ° . o

Deviations from Matthiessen's Rule in
Al—Ga Alloys . . . Y ° . ° Y

Low Temperature Deviations from
Matthiessen's Rule in Aluminum Alloys

Residual Resistivities of Aluminum
Alloys L ] L] L] [ ] L ] [ ] [ ] [ ] L] Ll

Fermi Surface of Aluminum . . . . .
Kohler-Sondheimer-Wilson Plot at 30°K .
Kohler-Sondheimer-wWilson Plot at 70°K .

Kohler-Sondheimer-Wilson Plot at 295°K

vii

Page

10
12

14

16
17

34

39

40

41

42

43

46
47
53
54

55



Figure

17.

18.
19.

20.

21.

22.

23'

Page

KSW Parameters a and b as a Function

of Temperature . . . . . . .. . . . 57
Phonon Resistivity of the Hole Band e e . 59
Phonon Resistivity of the Electron Band . . 60
Backscattering Event on Third Zone

Extremal Cross-Section . . . . . .+ . 62
Phonon Dispersion Spectrum for Aluminum . . 63
Fit of the Coefficients a and B to the

Ehrlich Theory . . .. =« « « « « « 68
Coefficients of the T3 and T? Terms

as a Function of P 71

viii



INTRODUCTION

Matthiessen's Rule

More than a century ago, Matthiessen (1,2) observed
that near room temperature the temperature derivative of
the resistivity of a dilute metal alloy is the same as for

the pure base metal. Thus, the Matthiessen Rule (MR) is,

dep _ dey 1.1
daT daT
where T is the absolute temperature, and pP and pA are the
resistivities of the pure metal and alloy respectively.
When temperatures near the absolute zero became
experimentally attainable, it was observed that the limit-

ing behavior of a "perfectly pure" metal was

and for an alloy
pA(T=0) = p . 1.3

Where Por the residual resistivity, appears in the inte-

grated form of the MR:



When Bloch (3,4) and later Gruneisen (5), formu-
lated early theories of the effect of the thermal motion
of the ions (phonons) on the electrical resistivity of a

pure metal, was identified as pph, the resistivity due

Pp
to scattering of the electrons by the phonons. The
residual resistivity, Por Was then identified as due to
scattering of the electrons by imperfections in the
lattice. Thus, the MR was given the more general inter-
pretation: the partial resistivities arising from the

scattering of the conduction electrons by different types

of scatterers are additive.

Deviations from Matthiessen's Rule

In practice, deviations from the MR are usually
observed in dilute metal alloys. The temperature dependence
of the alloy resistivity is not identical to the temperature
dependence of the pure resistivity. Thus,

(T) T)

-
pA—pph+po+A(T), 1.5

where A(T), the deviation from the MR, depends on the
nature and concentration of defects and impurities in a
complex manner.

Departures from the MR can arise for a number of
reasons. Some of the most important (for nonmagnetic im-

purities) are:



The addition of impurities may change the
phonon spectrum of the metal.
AZ: The electronic band structure may be altered

by the impurity.

Scattering from the thermally oscillating
impurities may give a temperature dependent
impurity resistivity (phonon-assisted impurity
scattering).

A4: Interference terms between scattering by the
vibrating impurities and the host ions.

A5: Two (or more) groups of electrons may con-
tribute to the conductivity, giving (as will
be shown later) an apparent deviation from
the MR.

AG: The simultaneous presence of thermally induced
Umklapp processes and impurity scattering.

In this study, dilute alloys were considered; the

maximum impurity content being less than two atomic per
cent (2 a/o). In this case, de Haas-van Alphen measure-
ments (6) support the assumption that changes in the
electronic band structure are negligible. Furthermore,
the results of MOssbauer experiments (7,8) indicate that
the phonon spectrum is little changed.

Extensive reviews of the theoretical and experi-

mental work on departures from the MR have been given by

Lengler, Schilling and Wenzl (9), Stewart and Huebener (10),



and Seth and Woods (l1l1). A brief discussion of the theo-
retical points important to this study follows.

Kagan and Zhernov (12) have developed a theory of
the electrical resistivity of a metal with impurities which
takes into account deformation of the phonon spectrum due
to the presence of the impurity ions and the electron
scattering by the thermally oscillating impurity ions. In
the low temperature range, scattering by the oscillating
impurity ions gives a term proportional to poTz, inter-
ference between scattering by the perturbed phonon spectrum
and the oscillating impurity ion gives a term proportional
to p°T4, and scattering by the deformed phonon spectrum
gives a term proportional to pOTS. The temperature vari-
ation was shown to exhibit an anomaly in the case of heavy
impurity atoms when a quasilocal level appears in the
phonon spectrum. At high temperatures, the impurity part
of the resistivity was shown to vary linearly with temper-
ature, the sign of the derivative depending on the relative
positions of the impurity (solute) and matrix (solvent)
atoms in the periodic table.

A theory for the phonon-assisted impurity scatter-
ing due to the average strain induced in the lattice by
the thermally oscillating impurity atoms has been formu-
lated by Klemens (13). Assuming the change in the impurity
potential to be proportional to strain, Klemens showed the

additional resistivity to be proportional to po<ez>. The



mean-square thermal strain of the lattice, <g?>, is pro-
portional to the thermal vibrational energy of the lattice,
so A,=p T%(T<<6)), and Az=p T (T26p).

Ehrlich (14) has calculated the low temperature
resistivity for the case for which the Fermi surface touches
or nearly touches the Brillouin zone boundaries, extending
the Klemens-Jackson (15) theory to include the simultaneous
presence of impurity and thermally induced umklapp scatter-
ing. Assuming an isotropic, temperature independent, im-
purity relaxation time, Ehrlich solved the Boltzmann
equation in terms of a Legendre series in the scattering
angle for current-carrying electrons. For the case in
which the phonon resistivity, pph’ in the absence of
umklapp processes is proportional to T5, the numerical

solution for the total resistivity is of the form
= 2 5
p(T) = o + a(P,e)T” + b(P,e)T 1.6

where P = 2po/pph and € is the angle of contact of the
Fermi surface on the Brillouin zone. The combined effect
of impurity and umklapp scattering processes introduces a
T2 term as well as enhancing the T5 term.

Mills (16) has calculated the resistivity for a
process which involves simultaneous scattering from an
impurity ion and the emission or absorption of a phonon.

3

Breakdown of momentum conservation leads to a T~ depend-

ence for this resistive contribution. Further, as a result



of the small energy difference between initial and inter-
mediate states for the process, this contribution to A4 is
weakly dependent on the impurity concentration.

Dugdale and Basinski (17) interpreted the results
of measurements on copper and gold based alloys using a
simple two-band model. Originally proposed by Sondheimer
and Wilson (18) and Kohler (19) the two-band model approxi-
mates anistropies of the relaxation times associated with
phonon and impurity scattering with two non-interacting
conduction bands with isotropic relaxation times.

Deviations from Matthiessen's Rule
in Aluminum

Aluminum was chosen for this study of deviations
from the MR for three reasons. First, there is reason to
suspect a priori that the sources for deviations 4,4, 4,,
AS' and A6 should be manifest in aluminum alloys. Second,
the cubic symmetry of the face-centered cubic aluminum
lattice permitted the use of wire resistance samples.
Last, deviations from the MR had been previously reported
in aluminum systems (11, 20-24).

The light aluminum ions should experience rather
large amplitude thermal vibrations, so the scattering
effects of thermal strain at impurity sites might be ex-
pected to be pronounced. The relatively light mass of the

aluminum ion should favor creation of in-band local modes

or quasilocal levels in the phonon spectrum upon alloying



with heavy solutes. This might be expected to give the
anomalous impurity resistivity anticipated by Kagan and
Zhernov (12). The reversal of the Hall field in pure
aluminum reported by Lick (25) and Forsvoll and Holwech
(26) from the low field electron-like limit to the high
field hole-like limit supports the hypothesis that aluminum
may be treated as a two-band metal. With this hypothesis,
the Kohler-Sondheimer-Wilson equation (18,19) may be used
to fit the deviations, AS’ from the MR, and thus infer the
relative relaxation times for scattering by impurities and
phonons for electrons in the two bands.

Alley and Serin (20) have reported departures from
the MR in alloys of aluminum with zinc, magnesium, ger-
manium, or silver from 4.2 to 300°K. This work did not
include dimensional measurements, so deviations could only
be inferred and not quantitatively compared with theory.
Van Zytveld and Bass (21) have carefully documented size
dependent deviations from the MR in thin foils and fine
wires of aluminum from 1.3 to above 40°K. Panova, Zhernov
and Kutaisev (22) have reported deviations from the MR in
alloys of aluminum with gold or silver solutes from 4.2 to
300°K, interpreting their results on the basis of the Kagan
and Zhernov (12) theory. Panova et al. did not, however,
study the effects of change in valence or of light solutes.
Recently, Seth and Woods (11) have reported deviations

from the MR in alloys of aluminum with magnesium or silver



from 4.2 to 300°K. Caplin and Rizzuto (23) report devia-
tions from the MR in alloys of aluminum with magnesium,
iron, silicon, cobalt, manganese, copper, chromium, or
vanadium. Campbell, Caplin and Rizzuto (24) later inter-
preted these deviations in light of the Mills theory (16).
In the following chapters, the deviations from
Matthiessen's rule are reported for aluminum with magnesium,

zinc, copper, or gallium solutes.



EXPERIMENTAL APPARATUS

Cryostat and Sample Mounting

The cryostat used was of the sample holder-within a
cannister-within a vacuum jacket-within an outer cannister-
design. A schematic representation of the cryostat is
shown in Figure 1.

The sample holder was made of aluminum to minimize
the effects of differential thermal expansion between the
samples and the sample holder. The inner diameter of the
hollow cylindrical sample holder was designed for a loose
fit on the oxygen free high conductivity (OFHC) copper
block (to minimize strains due to differential thermal ex-
pansion), with firm thermal contact insured by mechanically
bolting the sample holder to the OFHC block at a single
point. The outside of the sample holder was insulated by
cigarette paper attached with GE 7031 Varnish. Samples
were annealed in a coil slightly larger than the sample
holder diameter, placed on the sample holder, and held in
place by spring-loaded clamps. Thus, strains induced in
the samples due to mounting or thermal cycling were mini-
mized. Platinum and germanium resistance thermometers were
mounted in the thermometer well in the interior of the OFHC

copper block for measurement of the sample temperature.
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Potential and current leads for the samples and
thermometers were run through the stainless steel inner can
pumping line. These B&S 38 copper wires were thermally
attached to the OFHC copper block and the binding post in
the pumping line (which was provided with a heat leak to
the cryogenic liquid). A second variable heat leak could
be provided by introducing exchange gas into the vacuum
jacket between the inner and outer cannisters. Exchange
gas could also be introduced into the vacuum space in the

inner cannister.

Current Control

The sample and thermometer currents were held con-
stant to better than .001% during the period of a measure-
ment (about 30 minutes) using the constant current source
shown in Figure 2. 1In this configuration, the operational
amplifier output causes current to flow in the feed-back
loop (the load, Rl and SR) and then through CR, with such a
magnitude that the potential drop across CR matches the
offset potential of the mercury cell, RM-42R. Variation of
CR may then be used to adjust the load current, which may
be measured by the potential drop across the standard re-
sistor, SR.

The Analog Devices 1l18A is capable of supplying
currents up to 5 mA. For the low temperature resistivity
measurements, up to 100 mA was required. The current was

boosted using transistor Q1 by breaking the feed-back loop
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at X and making the connections shown in dashed lines. 1In
this way, the available current was limited only by the

power dissipation of Q1 and the +15 volt source.

Temperature Control

The temperature of the OFHC block was held constant
to within .01°K during a 30 minute period by use of the
temperature controller shown in Figure 3.

A Micro-Measurements Cryogenics Linear Temperature
Sensor (CLTS) was mounted on the outer surface of the inner
cannister with GE 7031 Varnish. The nominal resistance of
the CLTS is 2902 at 300°K and the sensitivity is nearly
constant at .2392/°K down to 4°K. The CLTS is used as one
arm of a bridge with the off-balance voltage amplified by
an Analog Devices (AD) 118K. The AD 118A is connected in
a standard differentiator-integrator control configuration.
The control voltage of the AD 118A is converted to a phase-
controlled pulse by the 2N1671B unijunction transistor
circuit. Large control voltages generate a pulse early in
the 60 cps line voltage half-cycle, while small control
voltages cause a pulse later in the 60 cps line voltage
half-cycle. These pulses are then applied to the gate of
the RCA 40485 triac which then conducts for the remainder
of the half-cycle. Since the triac is in series with a
bifilar resistance heater wound on the outside of the

outer cannister, the control voltage causes more or less
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average power to be put into the cryostat, causing heating

or permitting cooling of the samples.

Potentiometric Measurements

The sample potentials, sample current, thermometer
potentials, and thermometer current were measured in a
circuit schematically represented in Figure 4. In practice,
up to ten samples were connected in series for a given run.
Copper potential and current leads were attached to the
samples using the spring loaded system shown in Figure 5.
The insulated washers were made by attaching cigarette
paper to one side of a brass washer with GE 7031 varnish.
The insulating coating was removed from the end of the
current or potential lead and the bared copper wire placed
between the insulated washer and the sample. The nylon
screw was then tightened compressing the spring, which then
held the copper lead rigidly against the sample wire.
Creeping of the lead along the sample was not observed,
as inferred by the Fact that the resistance of the sample
at a specific temperature did not change upon thermal
cycling.

The distribution switch for the potentiometers was
made of three Chicago Dynamics Industries two pole-sixteen
position printéd circuit switches. This enabled connecting.
the digital voltmeter, K-3 potentiometer, or 6-Dial poten-
tiometer independently to any of the potential measuring

circuits. These switches are of noble-metal construction;
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and low thermal solder was used for all connections.
Spurious thermal emfs observed upon reversal of the current
were less than .02 uV.

The Leeds and Northrup K-3 potentiometer was used
to measure the thermometer potentials and the potential
drops across the standard resistors in the current supply
circuits. The precision for this instrument is .015% or
2uV whichever is greater in the range used. The Rubicon
2768 6-Dial potentiometer was used to measure the potential
drops across the samples. The precision for this instrument

is .01% or .0luV whichever is larger in the range used.



SAMPLE PREPARATION

Manufacture of the Alloys

All of the alloys (except the Mg series) in this
investigation were made from 6-9 grade aluminum, lot HPM
2404, purchased from Cominco American. The lot assay is
shown in Table 1. The total impurity level was less than
one part per million (ppm). A piece of lot HPM 2404 was
also used for the pure aluminum sample, as well as some
Gallard Schlesinger B 3015 zone refined aluminum. The
doping level for the alloys ranged from .05 a/o (500 ppm)
to 2 a/o. The doping material used was 5-9 or 6-9 grade
material.

A master alloy (maximum concentration) for each
series was made by R.F. induction melting the solute and
solvent (pure aluminum) in a vitreous graphite crucible.
After about two minutes of mixing by the stirring action of
the induction heater, the molten alloy was poured into an
aluminum chill-cast mold. A portion of the master alloy
was melted and poured into the chill-cast mold a second
time, for better mixing, and then used for the maximum con-
centration alloy. The remainder of the master alloy was
further diluted with pure aluminum and chill-cast for the

more dilute alloy samples. In some cases (as described

19
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TABLE l.--Lot assay for HPM 2404.

Impurity Concentration (in ppm)
Ca .1
Cn .1
Fe .3
Mg .1
Mn .3
Total .9

below) chill-casting did not yield a homogeneous dopant
concentration throughout the casting. These samples were
given a homogenization period of one week at a temperature
of about 550°C in an argon atmosphere.

The magnesium series of alloys was kindly provided
in wire form by Dr. R. P. Huebener of the Argonne National
Laboratory. Spectrographic analysis on the least concen-
trated alloy of the magnesium series revealed <10 ppm
copper as the only detectable impurity. Electron micro-
probe analysis found copper and carbon present in amounts

barely sufficient for detection (much less than 100 ppm).

Forming of Wires

The castings were removed from the chill-cast mold,
a piece of the casting cut out and etched. This piece was

then passed through a rolling mill until it formed a wire



21

of 1 mm square cross section. This wire was then drawn
through tungsten carbide dies to 0.75 mm diameter. The
final drawing operations were performed using diamond dies
to a final diameter of 0.5 mm or 0.25 mm. After each pass
through the rolling mill or dies the wires were carefully
wiped clean using a lint-free tissue and ethyl alcohol.
Sufficient time was allowed for the ethyl alcohol to evapo-
rate before subsequent milling or drawing operations. The
dies and rolling mill were also carefully cleaned with
ethyl alcohol prior to use. Triple-distilled water was

used if lubrication was needed during the drawing operations.

Resistance Ratios

For characterization of the samples, the resis-
tivity ratio RR = R(295°K)/R(4.2°K), where R is the sample
resistance, was found to be quite useful. The procedure
was as follows: A piece of wire sample about 7 cm long was
fixed with current and potential leads. This sample was
placed in the room temperature resistivity apparatus and
given time to come into thermal equilibrium with the appa-
ratus. The resistance and temperature were then measured.
Matthiessen's rule was assumed to calculate the resistance
at 295°K. The sample was then placed in liquid helium and
the resistance at 4.2°K was measured. The ratio RR, thus
calculated, was then used in the characterization pro-
cedures. It should be noted that the resistance ratio thus

found is not wholly accurate (since this investigation is



22

indeed founded on the experimental fact that Matthiessen's
rule is not obeyed for aluminum alloys). This procedure
can be properly used to infer the effect of annealing on
residual resistivity and the homogeneity of alloy concen-
tration along a wire, since a decrease or increase in RR,
so defined, can be unequivocally used to infer a commen-

surate increase or decrease in the residual resistivity.

Annealing
A study of the effect of annealing on both pure and

alloy samples revealed the following: No advantage could
be found in annealing in an inert atmosphere as compared to
air. All samples were therefore annealed in an aluminum
foil "envelope" in air. After one hour of annealing at
approximately 500°C, the residual resistivity decreased (as
inferred by an increase in the resistance ratio) to within
1% of the minimum observed for a given sample. In the next
one to two hours the minimum residual resistivity was
observed to be reached. For further annealing no consistent
variation was observed, until ten to twenty hours elapsed
after which the residual resistivity began to increase.

This was probably due to contamination from the air or
aluminum foil. All samples were annealed in 10 cm diameter
coils for two hours, then the room temperature resistivity
was measured. The wire was then coiled to the diameter of
the sample holder and given one more hour of annealing time.

The resistivity ratio RR was observed to be constant to
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within experimental error before and after the second

anneal for all samples tested.

Sample Characterization

After formation into wires, and the initial two-
hour anneal, the samples were tested by resistance-ratio,
electron microprobe and chemical analysis to characterize
the usefulness for this study.

A wire 90 cm in length was required for the
resistivity measurements. Additional 10 cm lengths from
each end were used for resistance ratio analysis. The
sample was considered satisfactory for this study only if
the resistance ratio of the two end pieces matched to within
5%. Furthermore, when installed in the cryostat, the sample
from the central piece was required to have a resistance
ratio within 3% of the average of the end pieces. This
criterion was established to infer that fluctuations in
alloy concentration of the samples used were about 3% of
the average concentration. It was particularly difficult
to achieve a sample with zinc, cadium, or silver as the
solute which could pass this test. Even after one week of
homogenization, only two zinc and one silver alloy samples
were homogeneous enough to pass this test.

An Applied Research Laboratories electron micro-
probe was used to qualitatively analyze the least concen-
trated gallium and most concentrated copper samples for

impurities. The electron microprobe is not suitable for
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quantitative analysis of impurity levels below 300 ppm.
However, it is possible to detect the presence of trace
impurity levels to below 10 ppm. In addition to aluminum
and the desired dopant, carbon, silicon, manganese, and
copper were each observed at the threshold detection level.
The lot analysis for the pure aluminum used included copper
and manganese at below the 1 ppm level. It was assumed
that carbon and silicon were picked up from the vitreous
carbon crucible and vycor glass sleeve used in the melting
operation.

Chemical analysis for the quantity of solute mate-
rial was performed by Schwarzkopf Microanalytical Labora-

tories.



RESISTIVITY DATA

Introduction

The resistivities of pure aluminum and fourteen
aluminum alloys were measured from 4.2°K (as low as 2°K in
some cases) to 300°K. The specific resistivity of each
sample was determined at room temperature. Resistances
were measured for each sample as mounted in the cryostat
as a function of temperature. These data were then con-
verted to resistivities by normalization fo the measured

specific resistivity at room temperature.

Room Temperature Resistivity Measurements

The resistivity of a cylindrical wire sample of
resistance R, length %, and cross-sectional area A is

given by

The resistivity of each wire sample used in this study was
carefully determined at room temperature by measurement of
the resistance per unit length and the mass, m, of a known
length, %, of wire. The area was calculated from the hand-
book value (27) for the density, d, according to the rela-

tionship

25
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m
A = ET;' 4.2

Each wire sample was placed on an Invar scale
mounted in a channel milled out of a massive, thermally
insulated, aluminum block. Razor blades were used for
potential probes. Simultaneous position, potential, and
current measurements were used to determine the resistance
per unit length of the wire sample. The temperature was
measured using a platinum resistance thermometer which was
mounted in the aluminum block. Potentiometric measure-
ments were made with the circuitry described under Experi-
mental Apparatus, and shown in Figure 5. At the greatest
length, Lo’ the razor blade potential probes were pressed
down, cutting off lo of the wire. This amount of wire was
weighed for its mass, m, using a Cahn microbalance (if
microgram precision was required) or a Mettler model B-6
semi-micro balance. Corrections for the bouyancy of air
were made when the Mettler Balance was used, but were not
needed with the Cahn microbalance since the mass standards
used were aluminum alloys within .3% of the density of the
wire samples.

This procedure is applicable if the cross-sectional
area is uniform along the entire length of the wire. To
insure this, R/2 was measured as a function of the position
along the wire. The variation in R/%2 was assumed to be due

to variation in A rather than alloy concentration. This
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was assumed by the restrictions on the residual resistivity
described previously.

If any part of the sample had a variation of R/% of
more than .03% from the mean, an alternate procedure was
used. If the wire is supposed to be composed of segments
li in length with each segment Ai in cross-sectional area,

the mass of the length, zo = nzi, of wire is

The area of the segment may be inferred to be

_ R
Ai—p-R—-- 4.5
i
giving
n
m=as?p I = 4.6
i=1l1 i
Solving for the resistivity, we have
o = o . 4.7
2 T
das. I =
1 . R.
i=1 i
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In practice, then, the wire was divided into n
sections such that the values of R, from adjacent sections
varied by less than .03%, then Ri was measured for each Zi

and the resistivity calculated using the above expression.

Temperature Dependence of the Resistance

In practice, up to ten wire samples were connected
in series in the cryostat for a given run. One of these
samples was always pure aluminum. The data were taken in
the sequence: potential for the pure aluminum sample (for-
ward current), potential for alloy sample (forward current).
thermometer potential, potential for alloy sample (reverse
current), potential for pure aluminum sample (reverse
current). In this way, the resistances of the alloy and
pure aluminum were obtained for the same average tempera-
ture, minimizing the effect of uncertainty in temperature
measurement.

The cryostat was immersed in or above liquid
helium when taking data from 2°K to 65°K. The helium was
pumped for data points below 4.2°K and temperature control
achieved by regulation of the pumping speed. Good thermal
contact with the bath was effected by introducing a small
amount of helium gas into the inner and outer cannisters.
For data points above 4.2°K, the outer cannister was pumped
out and the temperature controller used to adjust the sample

temperature and hold it constant.
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The cryostat was immersed in liquid nitrogen when
taking data above 65°K. In the range from 65°K to 77°K,
the nitrogen was pumped and temperature control was
achieved by regulation of the pumping speed. Helium gas
was introduced into the inner and outer cannisters. For
temperatures above 77°K, the outer cannister was evacuated
and the temperature controller used to adjust the sample

temperature and hold it constant.

Calculating the Resistivity from the Data

It is not sufficient over the entire range of tem-
perature studied to simply normalize the resistance to the
room temperature resistivity by using a temperature inde-
pendent shape factor. Corrections must be made for change
in volume due to thermal expansion and alloying.

Dugdale (17) has pointed out that deviations from
Matthiessen's rule can be properly inferred only if the
resistivities are all measured at the same atomic volume.
The resistivity at a volume V was corrected for volume

change to Vo by the relation

'

Vap( ). 4.8

o(Vo) = p(v)[1 + o W

The volume derivative may be calculated from the pressure

derivative



viap _ _Ll3p._ 1y~ 1.9a
p oV p oP V 9P !
- -12301 4.9b
p 9P X'

where X is the compressibility of the sample material. The
pressure derivative for the resistivity of an alloy may be
separated into phonon and impurity resistivity terms. This

is suggested by taking the pressure derivative of

Matthiessen's rule.

+ 0 4.10

dpy  dp 3P, 4.11

Defining
1 %Pph 4.12
B='§g‘s§-'
and
9p
y = - 2 =2, 4.13
Po P
we have
1 %%, fpn_ P 4.14
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Bridgman (28) has measured the pressure derivative
of aluminum between 90°K and 273°K. This data was extended
to 4°K using the relation (29)

1l op
p 9P

1l 9p

305 high T = [p 3P]low T*

751

Bridgman (30) has also reported the pressure derivatives of
the resistivity of Al-Mg and Al-Zn alloys at 273°K. Foiles
(31) has measured_the pressure derivative at 77°K of the
Al-Mg alloys used in this investigation. For Al-Mg alloys,
Y is 1.5(10_6)cm2/kg, and is independent of temperature.
For Al-Zn alloys, Y is -3.8(10—6)cm2/kg. For pure aluminum
at 273°K, B is 4.03 (10 %)em?/kg.

Corrections were made to the resistivities follow-
ing the two-step program suggested by Dugdale (17). First,
ideal phonon resistivity, pph’ has been corrected for
volume dilatation on alloying. Thus

corr _

ooh )1, 4.16

éﬁ(a—ao
a

p.,.[1 +
ph o

where a, and a are the lattice parameters of the pure mate-
rial and the alloy respectively as reported by Pearson (27).
Second, the residual resistivity of the alloy, Por has been
corrected for the volume change due to thermal expansion.

Thus

= 3Y (o -
Po (T) = p (1 + X 3 (agma) ], 4.17
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where o and o, are the fractional linear expansion at
temperature T and 0°K relative to 293°K as tabulated
by Corruccini and Gniewek (32). The deviation from

Matthiessen's rule at the temperature T is then

corr

ph 4.18

A(T) = ot(T) - po(T) -p

Since y was known for the Al-Mg and Al-Zn systems only,
complete corrections have not been made for alloys in the
Al-Cu, Al-Ga, and Al-Ag systems. The maximum error thus
incurred is at high temperature. If we assume the y value

observed for Al-Zn is large, an approximate maximum for the

correction is

-6 2
}_(ao_a) po = 3(3-8) (10 1(6:“[ /29(.00415)00 4.19a
X 1.34(10"°)em®/kg
= ,045 p . 4.19b
o

Consequently, for the Al-Cu, Al-Ga, and Al-Ag systems, it
has been assumed uncertainties, Gpvol’ due to volume cor-

rections are
80,01 S +05 - 4.20

A FORTRAN listing of a computer program used to
calculate resistivities from the voltage data is shown in
Appendix A. A typical data run computer output is in

Appendix B. An error analysis is in Appendix C.



RESULTS AND CONCLUSIONS

The Phonon Resistivity of Aluminum

The temperature dependent resistivity, 6(T) =
p(T) - Por for three pure aluminum wire samples is shown
as 6/'1‘2 vs T3 in Figure 6. Reich (33) measured the resis-
tivity of three samples from 14°K to 20°K. The power
series fit to § = aT2 + bT> obtained by Reich for Py =
.068 ni-cm sample is represented by a solid line in the
region of data, and extended with a dashed line. On the
basis of the data of Aleksandrov and D'yakov (34),
Aleksandrov (35) proposed the fit shown as the dash-dot
line in Figure 6. Tﬁe coefficients a and b reported by
Garland and Bowers (36), Reich (33), and Aleksandrov (35)
and fit to the data of this investigation between 25°K
and 40°K are summarized in Table 2. Below 25°K, the data
deviates considerably from the straight line fit. This
feature will be discussed later in terms of deviation
from the MR. Above 45°K, the temperature dependence is
weaker than TS; eventually falling to a nearly linear
functional behavior for temperatures above 100°K.

The Bloch-Grineisen (3-5) theory for the resis-

tivity due to phonon scattering predicts

b « T2, T << 8, 5.1

ph
33
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TABLE 2.--Coefficients of the T2 and T5 components of the

resistivity of aluminum.

Wire p 6 10
. . o ax1lo0 bx1l0

Investigator D1?$;§er (nf-cm) (uQ-cm/°K2) (uQcm/°K5)
Present In-

vestigation .50 1.42 1.25 1.56
Present In-

vestigation .25 2.03 1.50 1.46
Present In-

vestigation .25 .97 1.55 1.61
Garland & Bowers 1.05 1.04 0.44
Reich 1.25 .22 0.64 1.18
Reich 5.22 .068 0.375 1.38
Reich 5.22 .055 0.511 1.22
Aleksandrov o .092 0.535 1.17

Such behavior is not always observed. The simplifying
assumptions of the Bloch-Grilineisen model are:
1. Elastic scattering of the electrons by the
phonons is assumed.
2. A Debye spectrum is assumed for the phonons.
3. The microscopic scattering cross-section for
the electron-phonon interaction is assumed to
be independent of the scattering angle. (The
relaxation time is assumed isotropic.)
4. Umklapp (U) processes in which a reciprocal
lattice vector is included in momentum con-

servation are not included.
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With these approximations, it is surprising that the re-
sistivity of a real metal would even approximate the
T5 law.

Pytte (37), Kaveh and Wiser (38), and Klemens and
Jackson (15) have shown that consideration of U processes
alters the phonon resistivity considerably. In calcu-
lating the resistivity of aluminum, Pytte (37) has shown
that when U process are included, a T4 term appears, and
for temperatures below the cutoff for U processes, the
resistivity falls off more rapidly than T4. Kaveh and
Wiser (38) calculated the resistivity for sodium, and
having taken account of U processes and the momentum de-
pendence of the electron-phonon scattering amplitude they
accounted for the observed change from TS(T > 9°K) to
T6(T < 9°K) in the temperature dependence of the resis-

5 behavior of the

tivity. They assert further that the T
resistivity of a metal has nothing to do with the Bloch
result, but is merely a fortuitous numerical accident.

The theory of Klemens and Jackson (15) predicts the U
processes will not affect the temperature dependence, but
will enhance the coefficient of the T5 term. In consider-
ing the effect of impurity scattering in the Klemens-
Jackson model, Ehrlich (14) derived an added term propor-
tional to T2 as well as an additional enhancement to the

coefficient of the T5 term. Klemens and Jackson and

5

Ehrlich assumed pph « T in the absence of U processes.
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Dugdale and Basinski (17) have pointed out that
presence of deviations from the MR due to the two-band
effect can also enhance the coefficient of the pph power
law term in the limit, Po >> pph’

Although there is little agreement among the
above authors as to what the power, n, should be for

P o« Tn, there is agreement on the premise that n is as

ph
large as or larger than the highest power observed in
§(T) = p(T) - Por and that it is difficult to underesti-
mate pph from the experimental data.

The resistivity due to phonon scattering in pure

aluminum has been assumed to be the smaller of

Pon = 1-56 x 10710 (ueem/ox>) T, 5.2

the low temperature limit, or at high temperatures,

- p_. 5.3

pph ppure o

The cross-over from use of Equation 5.2 to Equation 5.3
usually occurred at ~40°K. The T2 term has been associated
with electron-electron scattering (35, 36) but, as wiil be
discussed later is most likely a deviation from the MR.

The values for b reported by Reich (33) were rejected

since his data were taken in the region pph = Por which

as will be seen later, is the region where additional de-
viations from MR are large, thus affecting the apparent

coefficient of the T5 term. Aleksandrov (35) relied on
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data (34) from the region T > 50°K, the data taken in this
study indicates n < 5, so the T5 coefficient reported by
Aleksandrov was considered unreliable. The b value for
the sample measured in this study which had the lowest
residual resistance was not used, since it was relatively
small (.25 mm diameter) and size effects have been shown
to exhibit temperature dependent deviations from the MR
(21). The largest diameter sample (.5 mm) with the lowest
residual resistivity (po = ,0014 uQ)-cm) was chosen as the
most reliable, thus giving the value for b quoted in
Equation 5.2

The Deviations from Matthiessen's Rule
in Aluminum Alloys

The deviations, A(T), from the MR for thirteen
aluminum alloy wire samples are shown as A/po vs tempera-
ture in Figures 7 through 10. The Al-Mg system is repre-
sented in Figure 7, Al-Cu in Figure 8, Al-Zn in Figure 9,
and Al-Ga in Figure 10.

The qualitative behavior of the deviations ob-
served was the same in all cases. The temperature depend-
ence is characterized by a sharp rise from zero for low
temperatures (T < 40°K), a peak or saturation plateau in
the region 40°K < T < 100°K followed by a region with
dp/dT > 0 as 300°K is approached. Figure 1l shows the

deviations from the MR for the same alloys as log A/po Vs
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log temperature. The dominant feature of Figure 11 is

that for T < 20°K
A(T) = cT 5.4

for all alloys.

Table 3 shows the relative corrections at 295°K
due to volume change on alloying (dpph/pph) and thermal
expansion (Gpo/po) for the most concentrated alloys of
each series. The measured deviation from MR at 295°K for
the 2 at/0 Zn alloy before the volume corrections was much
smaller and displayed a negative temperature derivative.
Thus, without volume corrections, information derived from
the magnitude or temperature derivative of deviations from
the MR is unreliable, particularly for the more concen-
trated alloys.

The residual resistivities as a function of alloy

concentration for the Al-Mg, Al-Zn, Al-Ga, and Al-Cu system

TABLE 3.--Volume corrections.

p
o
Alloy (u92-cm) 6p°/po dpph/pph SA/A
Al + 1.03 Cu .604 - -.013 -.73
Al + .66 Ga .142 - .001 +.06
Al + 1.5 Mg .759 .013 .015 +.84

Al + 2.1 2Zn .401 -.034 -.003 -.34
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are shown in Figure 12. Table 4 lists the residual resis-

tivities per atomic per cent for each of the systems.

TABLE 4.--Residual resistivity of aluminum alloys.

Alloy System po(uQ-cm/atomic per cent)
Al-Mg .52
Al-Ga .21

From Figures 7, 8, 9, and 10, it is apparent that
the deviations from the MR in the Al-Mg, Al-Cu, Al-Zn,
and Al-Ga alloys are not linearly dependent on the resid-
ual resistivity, Pyr OF in other words, the concentration.
It will be shown that the data are consistent with a much
weaker functional dependence. The data will be discussed
in terms of the theories appropriate to such a weak func-
tional dependence--the two-band model, the Ehrlich Theory,

and the Mills Theory.

The Two-Band Model

Figure 13a shows the single OPW construction (39)
of the Fermi surface of a trivalent metal such as aluminum.
The pseudo-potential model of the Fermi surface, consistent
with de Haas-van Alphen data, generated by the calculations

of Ashcroft (40) is in topological agreement with the
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single OPW model. The essential features of the Ashcroft

model are:

l.

The first zone is full.

The fourth zone is empty.

The second zone hole surface is constructed
from remapped segments of free electron
spheres. The density of states is about one
hole per atom and the effective mass m* = mg -
The third zone surface is multiply connected
and significantly distorted from the single
OPW construction. The third zone "monster"
surface is reconnected to form "rings of four"
lying in the {100} planes as shown in Figure
12b. The density of states is * .02 electron

per atom and m* = 0.1 m,.

This resembles the heavy hole-light electron con-

figuration of the semiconductor. One distinctive differ-

ence remains between the trivalent metal and the semicon-

ductor.

tor,

In contrast to the energy gap of the semiconduc-

the Ashcroft model predicts 24 points of contact onto

the third zone from the second zone at points identified

as R by Ashcroft, lying near the symmetry point W.

The reversal of the Hall field for aluminum and

aluminum alloys has been reported by Luck (25) and

Forsvoll and Holwech (26). The Hall coefficient is con-

sistent with an electron density of three electrons per
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atom in the low field limit, and one hole per atom for the
high field limit. The model proposed by Forsvoll and
Holwech follows: The electrons on the second zone Fermi
surface will behave approximately like free electrons as
long as they are not undergoing Bragg reflections. The
probability for Bragg reflections is small in low fields
and for short mean free path, because then the electrons
only travel a small part of a closed orbit on the Fermi
surface between collisions. Under these conditions one
would therefore expect the Hall coefficient to be close to
the free electron value. In high fields most of the elec-
trons will undergo reflections in their normal lifetime,
and because the second zone Fermi surface encloses a hole
region, the reflectioné will tend to change the sign of
the overall curvature of the electron paths. The elec-
trons will then tend to drift towards the "wrong" side of
the specimen, and give rise to a positive Hall coefficient.
In the high field limit, when all the electrons travel
several times around the orbit, the Hall coefficient is

given by the simple formula R, = l/ec(nH-ne), where n_ is

H H
the number of states enclosed by the second zone surface
and ng the number of states enclosed by the third zone
surface.

In light of the evidence provided by the Hall

measurements it may be appropriate to treat all transport

phenomena in aluminum as two-band in character.
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Sondheimer and Wilson (18) have pointed out that
the MR does not hold if the electrons are considered to be
independently distributed in two bands in order to approxi-
mate the anisotropy of the relaxation time. The conduc-
tivities of the two bands are additive, while the phonon
and impurity resistivities are separately additive in each
band. Thus, denoting band number by superscripts and con-

ductivities by o:

otot = ¢t 4+ o7, 5.5
where 1 = i = i + i 5.6
oi P pph Do: .
and lv = pi = pj + pj. 5.7
oI ph o

At the absolute zero of temperature,

Di DJ
_ _ o "o
pt(o) pO - pl + pJ 5°8
o o
and for the ideally pure metal (po = 0)
Pon P2
p, = RO PR 5.9
ph 1, 3
ph ph

For an alloy, the resistivity as a function of temperature

is then given by
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(G’B) 2p0pph

Py = P(T) = pyp + 0, + 5 5.10

2
o (1+B8) Po + B (1l+a) pph

where the last term is the apparent deviation from the MR.

The parameters o and B are defined as:

i i
o o

a = —%ﬂ, and B = —%. 5.11
odn oJ

Kohler (19) obtained a similar result based on a varia-
tional solution of the collision operators for the im-
purity and phonon scattering. Kohler pointed out that
the deviation represented in Equation 5.10 could be zero
only if relaxation times could be unambiguously defined
for both the phonon and impurity scattering and if their
ratio is independent of electron momentum.

The expression,

2
(a=-B)“p _p
A(T) = 5 o ph " 5.12
a (1+8) Po ¥+ B(l+a) pph

or the equivalent expression,

m
pph

oo

po + bl 5.13

q(1+s)2
(a-B) 2

where m =
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- B(l+a)2

and b ’
(a-B)2

are referred to as the Kohler-Sondheimer-Wilson (KSW)
equations. If the deviations from the MR can be shown to
fit the KSW equations, then this constitutes an element
of evidence that two-band effects are responsible for the
observed deviations from the MR.

The deviations from the MR in alloys of aluminum
with magnesium, copper, zinc, or gallium fit the KSW
equation. Figures 14, 15, and 16 show the A(T) data for
T = 30°K, 70°K, and 295°K respectively, plotted in the
form of Equation 5.13. The fit in Figure 16 is not par-
ticularly good, as the accuracy of determination of A may
be as poor as 50 per cent. The effect of the volume cor-
rections to the phonon and residual resistivities on the
calculations of A is shown in Figure 16. The data reported
by Seth and Woods (11) is also shown. Using the slopes
and intercepts of the straight line fit for each alloy
series on the KSW plot at a given temperature, the param-
eters a and B required for a fit to the KSW equation
were calculated from 8°K to 100°K. Above 100°K, uncer-
tainties in measurements and volume corrections did not
permit unequivocal determination of o and B.

Equation 5.12 shows that A > 0 for all s # 0.
Consequently, a non-zero deviation from the MR is implicit

in the phonon resistivity calculation of Equation 5.3.
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In the temperature regions for which Equation 5.3 was the
appropriate definition for pph' corrections were made to
pph to insure the inferred deviation from the MR in the
pure sample was consistent with that observed in the alloy
samples. A KSW plot was generated using the uncorrected

p.,.. The average intercept

ph
b= i 2.
o
was used to calculate a pph from the pure data consistent
with the alloy data, pph(T) = pP(T) - po(l + 1/b), which
was then used to generate another KSW plot. Usually one
more iteration yielded self-consistency to within the ac-
curacy of the dimensional measurements.
The parameters a and B are shown in Figure 17.
The parameter o is strongly temperature dependent varying
from ~104 at 8°K to ~2 at 100°K, while B is relatively in-
sensitive to change in temperature in this range. Two in-
consistencies with the two-band model are apparent in
Figure 17. The variation in B with temperature is not
anticipated since pi and pg are assumed to be temperature
independent. The two band approximation may not fully repre-
sent the relaxation time anisotropies, or additional mechan-
isms may give a temperature dependent Po for one or both of
the bands. The KSW scheme for extracting o and B, however,
rely heavily on a constant impurity resistivity. Below

20°K the value for B is quite sensitive to the choice of
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intercept in the KSW plot, which in turn is quite sensi-
tive to deviations in the MR implicit in Equation 5.2.

If the T°

coefficient were about 20% smaller, B = 4 + 2
would fit to within the precision of the experiment. A
flaw of an even more serious nature is evident at about
90°K, where Figure 17 shows a = B. This would be consis-
tent with the two-band model only if deviations from
Matthiessen's rule were zero at the temperature for which
a = B. This is the region where thermal expansion begins
to be important, and the error bars implicit make a choice
of o > B possible up to 300°K.

Figure 18 shows p; = (a+1)pph/a as a function of

5

T, showing that for T < 60°K, is of the form bT~. The

=N
total phonon resistivity pph follows the same power law

for T < 40°K, but follows a weaker temperature dependence
at higher temperatures. The error bars shown indicate the
magnitude of the uncertainties for the points representing
pph and pgh. Below 30°K, a >> 1 and pgh cannot be dis-
tinguished from pph. In contrast to pgh, p;h(T) = (a+l)pph
is linear in T as shown in Figure 19. Below 20K the in-
determinant nature of a makes the caiculated values for
p;h quite uncertain. Using the evidence summarized in
Figures 18 and 19, it is proposed that the bands i and j
represent the states on the third zone electron and second

zone hole surfaces of the aluminum Fermi surface, respec-

tively.
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Phonon resistivity linear in temperature is usu-
ally associated with segments of the Fermi surface with
dimensions such that the phonon wave vector, ab’ necessary
for large electron wave vector scattering angles has a

population density, n(ab) 1. Where

VvV

Jhw/kt_g4y-1

( 1) ~. 5.17

n(q,)

The characteristic temperature for which n(ab) = 1 is de-

fined by

- hw
T(qb) = =5 5.18

where wq is the frequency of the phonon ab' Figure 20
shows such an event scattering an electron from the state
ii to Ef on the external cross-section of an arm of the
third zone of the Ashcroft model of the aluminum Fermi
surface. Hartmann (41) has fit neutron diffraction data
to a dynamical model of the aluminum lattice giving the

phonon dispersion shown in Figure 21. The phonons ab

(= 107 cm_l), which are appropriate for the scattering
event shown in Figure 20 have g = 40 x 10! sec”l. Thus

Msec™h) 5.19a

-1 ’

(10-27)e;g-sec(40x10

1.4 x 10-16 erg °K

T(qb) =

giving

T(qb) = 30 °K. 5.19b
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Since the phonon wave vector Eb crosses a Bragg plane, a
reciprocal lattice vector also enters into the momentum
conservation for this event. Phonons such that q < g can
also participate in similar backscattering events. If
T(qb) = 30°K then T (g < qb) < 30°K and the population of
phonons capable of resistive backscattering is large
enough to expect a linear temperature dependent resistivity
even below 30°K. Thus, it is reasonable to interpret the
linear temperature dependence of the resistivity, p;h, in-
ferred from the KSW equations as associated with the third
zone electron states. We set

i e

ph = pph‘ 5.20

p

This leaves the interpretation of the resistivity

p; as being associated with the second zone hole states.
Ehrlich (14) has calculated the low temperature resistivity
of monovalent metals whose Fermi surface touches or nearly
touches the Brillouin zone‘boundaries, extending the
Klemens-Jackson (15) theory to include the simultaneous
presence of impurity and thermally-induced Umklapp scatter-
ing. The second zone hole sheet of the trivalent aluminum
Fermi surface when considered alone and in the extended
zone scheme, is analogous to the case considered by
Ehrlich. The application of the Ehrlich theory to devia-

tions from the MR in pure aluminum will be treated

later. 1In this case, however, the resistivity, p;h, does
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not exhibit the T2 component which Ehrlich predicts for
the case of U processes in the presence of impurity scat-
tering. The T5 component is compatible with the Ehrlich
theory, assuming, as does the Ehrlich-Klemens-Jackson
approach, that pph x T5 for no U scattering processes.

5 formal-

In presenting the Bloch-Griineisen pph « T
ism, Ziman (42) asserts that the fifth power of T, or as
has been pointed out (14, 15, 37, and 38) some other high
power of T, is a characteristic quantum effect in the
limit of phonon momentum too small for effective large-
angle resistive backscattering. Phonons capable of direct
resistive backscatter on the hole surface must extend to
the region of the {100} and {110} planes in reciprocal

space (see Figure 21), so 350 x 1011 < wg < 600 x 1011

h
b

considerably removed, in terms of available phonon momen-

rad./sec. giving 250 < T, < 430 °K. This band then, is

tum, from the region where single event, large-angle

scattering is anticipated. We thus set

pph = pph. 5.21

Since o > 1 at low temperatures, the phonon resis-

tivities of the hole and electron bands are in the order

e
ph
the low temperature phonon drag thermopower he has ob-

h
ph

P > p:h. Huebener (43) has applied a two-band model to

served in aluminum alloys, and concluded that p;h > p

is consistent with the data.
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Although the data fit the KSW equations, applica-
tion of the two-band model to the deviations from the MR
in these aluminum alloy systems cannot be carried out
without the ambiguities previously discussed. The phonon
resistivities inferred for the two bands are consistent
in temperature dependence with the dimensions of the
third zone sheet of electron states and second zone sheet

of hole states in momentum space.

The Ehrlich Theory

The parameters a and b, of the Ehrlich (14)
Theory, in Equation 1.6 are related by
a(P,e) 3/5
b(P.e) = Pq 5.22
for € (angle of contact of the Fermi surface with the
Brillouin zone boundary) held constant. This can be shown

by dimensional analysis. The quantity a/b must have di-

mensions (temperature)3. Now the only variable parameter

p = —2 5.23

must be fixed in terms of o and bo’ where boT5 is the

phonon resistivity in the absence of U processes. Thus

3

2p
3 = (—9),3/5 5.24

boP
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so

o (90)3/5, 5.25

ole

Figure 22 shows log(a/b) vs log o for the data in Table 2

3/5

and one Al-Ga alloy. Slopes corresponding to o , the

2/5 have been drawn. Al-

theoretical relationship, and Po
though the Ehrlich theory predicts the correct temperature
behavior for deviations from the MR for relatively pure
aluminum or very dilute aluminum alloys, the coefficients

3/5 2

do not follow the predicted Po law. Further, the T

term could not be detected in the low temperature resis-

tivity of the more concentrated alloys even though the T2

3 term which was

term should be about as strong as the T
observed for T < 10°K.

Although the processes which the Ehrlich Theory
considers are certainly appropriate to aluminum and

aluminum alloys, the data do not support the predictions

of the theory.

The Mills Theory

Mills (16) has calculated the additional resis-
tivity A(T) for the second order process involving scat-
tering from an impurity and the . subsequent emission or

absorption of a phonon. The result is the form

o« O
A(T) 6;—:f;7571 5.26
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where Y (T) is proportional to the electron-phonon inter-

action relaxation rate, and Yy (T) ~ In the limit

pph'
by >> Y(T),

A(T) = eT3, 5.27

which is consistent with the data below 20°K as shown in
Figure 11. The form of Equation 5.26 is also consistent
with the situation that T3 behavior is followed to higher
temperatures for the more concentrated alloys. For larger
Por higher temperatures must be reached before the ¥y (T)
term becomes important, thus altering the T3 temperature
dependence.

In order to determine the dependence of A(T) on

the residual resistivity, y(T) must be included to first

order. In the limit Po >> pph ~ v(T):

3
T
A(T) —lTYﬁT' 5.28a
o
« 3 (1 - XDy, 5.28b
Po
« - 3 1nD), . 5.28c
Po

Thus, for the T3 region of the data,

3 3 3

A(T) = ¢cT” « T 1n po-T In T 5.29
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so,

c « 1n Por 5.30

Figure 23 shows the value obtained for c from a fit of
A(T) to Equation 5.27 as a function of log po. The dashed
straight line was taken from data reported by Caplin and
Rizzuto (23) for 14°K.

The points for Ekin and Maxfield (44) were taken
from their published data from 1.2°K to 7°K for a mono-
crystalline wire (po = .85 nd-cm), a polycrystalline
ribbon (p0 = .42 n-cm) and a polycrystalline wire
(DO = .40 nQ-cm).

At temperatures above 20°K the pure samples have a

T2 deviation from the MR. Yet, as shown in Figure 6, the

T2 deviation is replaced by some higher power of T below

20°K. Figure 11l suggests that the deviations follow a T3

law below 15°K. The T3 at low temperatures--T2 at high

temperatures behavior is not consistent with a simple
power law composition but may be understood as the effect

of the coefficient of the T3 term modulating the tempera-

ture dependence from the T3 low temperature limit to T2
at higher temperatures. This is consistent with the re-

sult in Equation 5.26 if pph ~ Py and

Po t Y(T) = T. 5.31
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If this were the situation, one would expect the
coefficients a, of the T2 term, and b, of the T3 term, to

be proportional, and thus

a « 1npo. 5.32

The coefficients as listed in Table 2 and for the least
dilute Al-Ga alloy are also plotted as a function of
lnpo in Figure 22. The change in scale was calculated

from the average experimental ratio, c/a = 0.105°K—l, for

the T3

and T2 terms observed in the three pure samples
measured in this study. The agreement in functional de-
pendence upon o indicates that it is consistent to con-

2 and T3 terms to be the intermediate and low

sider the T
temperature manifestations of the same effect. As pointed
out in Equation 5.31, the relaxation rate must have a
nearly linear temperature dependence for such a modulation
effect to take place. 1In the pure matrix, one expects (45)
that the relaxation rate y(T) « T3 for T << BD. Conse-
quently the assumption of Equation 5.31 is not consistent
with theoretical anticipation.

The Mills Theory is successful in predicting the
concentration and temperature dependence of the deviations
from the MR in aluminum alloys at low temperatures. The
theory is not successful at higher temperatures, since the

observed temperature dependence is not consistent with

that theoretically anticipated for Yy (T).



SUMMARY AND IMPLICATIONS FOR FURTHER STUDY

At low temperatures, the two-band model and the
Mills Theory are both consistent with the deviations from
the MR observed in the resistivity of aluminum and dilute
aluminum alloys. Both theories (Equations 5.12 and 5.26)

predict deviations from the MR of the form

oo £ (T)
A(T) = WT—T 6.1

so it is necessary to weigh the relative merits of the two
theories on the basis of the functions f(T) and g(T). The
o and B parameters of the two-band model and the Y (T) and
T3 terms of the Mills Theory have all shown inconsistencies
between the experimentally-determined and theoretically-
anticipated values.

Two-band effects have been used in considering
Hall field reversals (46) in aluminum and phonon drag
thermopowers of aluminum alloys (43). A coordinated effort
of resistivity (and associated pressure measurements),
thermopower, Hall effect,vmagneto resistance and thermal

conductivity measurements on the same high purity aluminum

and well-characterized dilute aluminum alloy samples could

73
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provide evidence as to the relative importance of the
Mills or two-band theories.

There is a further, more specific test. The Mills
Theory may be construed as implying (see Figure 22) that

2 and T3 terms in the resistivity

for o ~ lo-suQ-cm, the T
of aluminum should be negligible. The two-band model
(Equation 5.12) predicts that for all pure samples in the
region, po >> pph, the deviation from the MR is proportional
to the phonon resistivity. An experimental measurement of
the resistivity of pure aluminum (RR > 105) would be par-

ticularly useful in weighing the relative merits of the

two theories.
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APPENDIX A

FORTRAN LISTING OF COMPUTER PROGRAM FOR

CALCULATING RESISTIVITIES
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APPENDIX B

TYPICAL DATA OUTPUT



90

o 397 eenz N 5
i B 0 1) sZvsT
03961 00gzen1 Ouggell
Qs9g+E1 0525401 O9gEes
ge45t hars ey -
004991 Otgges Och2en
004gel2 01305 Ogglez
001Tec 0c0oad Schcal =
00L6e82 Ocgeee 05021
00LTe 1y Ozgeee 2118
004604 0 1al Oecs -
0Ts6e2 CCG0ege Ocgee2 uwmm.
Oggge 000€es/1 Otese2 OnEGS
0gcge2 000£eg0G 0 22 000G -
Ohege2 0CO2e%86 Oztge2 C9Lne
Oghge2 100Tegy4l2 Og9ge2 Ogghe
HSA 1A 4SA S

vo O/zy GEQe+Ty /% ol 34LYS Slk

E—HIERANSIV



e

- ﬁ! : = NY
00000+ 0Tsg 2822€¢  6G*68E 495200+ 140404 10004 0000« g0gg10s 22020+  g2eg200
00000+ 6EVE €Lh62%  EL*92H €4£200¢ Oglsge 10004 0000+ 224010+ 948110+  £1£0204
00000+ LE+h 4#0gaas €1e64S 1281004 698+82  1000s 0000+ g1en00s 2476004  0g0410e .
00000+« E£EsG 65487 94079 267100 487492 1000 0000+ 482004 2924004 1822104
00000 o7y tegmiv  BoTAWE_ WEIIU0T  CEZfEe  1O0UF  OO0OT — TRplUov  GUEEDOS  9Z0110%
00000« g2+l 92540+ 8141491 865000+ 028481 1000, 0000+ 568000, 61£2004 #h4500
00000« 0Ls22 GOy 40e 2145682 0ge000+« 106451 1000+« 0000+« 945000+« 0/6100¢ (48800
00000¢ g0 361+ 16600+ gO 342+ 2400000  OTT+6  1000s  0000s  T11000s  cegl00s  gOTg00s
00000+ 40 342¢ 14000 90 3Tes £00000¢ 2.8+ 1000 0000+ 6200004 EG4100. €86£00¢
0000+ H0 Jnle Nﬂccc. 90 uN—. gou00U+ 13=1>00 TUCU+ oooUe TIOUUVs GERLO0 T96,00+
00000+ #0 3g2+ 9£000¢ 90 3ge¢  €£00000+ 10Te¢ 1000+ 0000+ £00000s  7z24100s  £g6£00e

NENE—— S
¥¥82 ¥¥6I ALALS3y ALALS3Y ALALS3Y
XYWe¥13g 493geHy¥  8Hy¥13Q  ANILA3g viq3a dW3l Lovay Lovyd NENBHd 3ynd A8V
-
2l S0l oo 2 .-y 2
sl da s1 @
T AYIN3T 863 03sn VA It
000000+ SI YWWY9 He4 a3sn 3nTVA 3HL
427100  S1 dONON %84 43sn 3INYYA 3HL
F564£808 STSeNtEge gIon A3t
‘¥010v4 w484 3NIWY3L3g el g3sn 38 o4 3yv squvy O Lsyld Wl
010¢ sI IN3N¥ND 3dWYS

—————————————————————————————————————————————————————————————————33<4wWo gl s adosovu 3 dugu i 3oy

YO 0/Y ceoteqy fou ol 394 .ve oty




o~
o
Val 2 b & PN O £ 12200 Sode . 0000 faVa¥aVal 2 S0 O rx-1
TEYT ST [ = 7 e - | T78 3 re 1513
00000+ g0s€ 6082Es  HEWESE 609200+ 66Lshn 1000 0000 G6hCEDe  £TGTED 950140



3
(Y

A,
A

0C¢geecls Cl3y2e%9¢ CLCletTxgy cllievos 129%e5¢5
GC0eelyc 102358 ClCleizean EclyesGe Tl2%eCyg
(ofesery aeas oy |Spuavaee Ron o SpvavReE EoA=Ros 2o Sow T TF T STHGVO9E
1C1Te52¢ 6eIlealg Tl0Tezglex SozeetTs TleLe%2E
Coegeccr CEEERRAS QUEER T CuzgesTs Tinle222
LTty SV AFA AR SRS A AR PO AR B orAr] IR AR R I
QCaCeT CChye C30T eyt 0/ ea/ 4 rolwel
L & 3 L3 ol ¥
A AN g~ - - . S0 e

GELToE LN TCCTeggy COCleggy 0y T21lezay ciglegy s
o ‘ Oy S 3oz = £y
LA AR 1o AR T ANAAS GoCt ety toiovyrze S EReIBE
ClCeechy Clynezhr Cl0T e gy Te/Cec 1027 ecse

2eChe 5R€) LA LGt el $ 1h e
1CaTely2 GcElelye CLOles330s 1 AXATRVE
S TAE T SIS R T 12X AL F
O00/xecH2 O0Cfzech2 0l0%+3071¢1 Clg T-9%e2H2
Clep ol cc o (£ CLOCenlCqg1 Cly ; Tlgxel

4 ¢ < 2 xelh
Saorase & 2T, L,.UUN-«,?\.W _.m,.,...O”.\-!\u,\.n« mw.ﬂm-rﬂﬁ« (WIM.JO&
Clgaelyl Cimgelst TlloceL2red Closetsl 2igZeTyl
0Tg2esst Culpex3t SlC0elzgnnl Cowgexncy 2U90esgT
ol Vad L3 Favs o3 3 J oS VaVal x VaVd - < i o
ISR 1 IS A CASERAIR G SEACATRE N 2 P SIGT LR SRR IR A
Clggezzl 0ChTen2l CLCCTenyezl Sl OlUgezal
o - - = o oo -

Py Clagel11 Qlg2¢111 QoCleinell Cutcettl LT
Or e ol 0T O a1 O a1 ooy : ol S ata ¥,
oo A~ am 7 A= G Syt an 4 ACE A= A T SoR> e o2 v -z LAY AN 3
CiUlnele SL3TezE TUlhenGguly JuLTeve Dlzzens
0Tgzewe 0lzue33 CTullezeig Clgiegy CTgleng
O Y T a3 AVl S NN e 1~ - S 4 x - ASat T
A E-] AR S i1 R RS A SR -4 R SR AR 4
Clelels 0C/Le23 Cilgelgey Colge2s ClegLeg
e -~ - . - ~r falte -
Cllees9 0C32eg9 CUllelgny Clytez9 CllzeGg
00 4 4 el L2 655 alsanal I -~ I P S et e O
Al S Sl o e | TTIT Y jolr g e |~ ~Lh o7 [ S|

Lo i s p 7 . 7
CCgegg Juclegg TI0Tezsyt Clirent 2LELe95
ClgEecH Ouxyels CoCleisly Slinels Suelegh
CoGasii OO a2l [aNATETAY W I s G AR B DA
~ FAY LA A e} 7T ~ v o7 R 7 B v o wor
CCghely 0CGsent CLlleihsg 0Ll egH SLTge2h
~ ) NeYa - e ~
Clgeeln Clu/szonh Col0ley25y Clwoege ZlgEe2y
CllEals o e o )
ClleEecE QUCTesE CoCleyyxg JuEZesE 2lCGgecE
A~ A - NP .~ ~ - ” -
02g/enE ClgweyE Clllecsysg SugEeyE Tlgwent
2t ~CA LA 3S A 34 A

IS A S P S B b




94

00£2+88¢

666E49L6

00008156

66Ch*9L6

1048e£86



00000+« ghe2 £6804H 9g+,Cg 15200+ 0ze98, 0000+ 0000+ #8022 g0g0ga. 962042
00000+ Ggge2 9hTgEs  ggeLSE :mnmoo. 48€sLL 00004 0000+ #0g022s  g2£222¢  gG9lE2e
00000 744 JSEGET glveNt BR¥C VECvIT hbbddd bbbbdd VAL Nh«wjﬂﬂﬂN.—.l.
00000+« 69+2 12,60 96 e LEE mmmmoo. 25242, 0000 0000+ 410647 To40gTe mmmmnﬂ.
00000+ 2842 E9HGEs  G9ehSE mmmoo. mmo os 00004 00004 €2629Ts  EGLE9Te €T

- 5 8 SEVTS 5
00000+ 2942 99TgE #G462E mmomoo. mﬂﬁ.om 0000+ 0000+ LLHEET 10gHET 29hhhTe
00000+« £Le2 6899E 0ge2he 116200« c00uhg 0000+ 0000+ £9,61Te 181121 LEGOET
06608~—t7zve———twEger W TOWE ——Z€6200v———wzEvEy ——90008+——6606+———¢eictiv—7goyitv—gedgeiv——
00000+ 9942 109.€¢ Qe hEE 06200+ GRl+E9 0000+ 0000+ 16041t Gloglte LEOgGZTe
00000+« 6942 THTLEs £G4 8EE £56200+ c0ge29 0000+« 0000+ 669111, HZEETTe 08221
Jejejejojo gy E-Er4 GEGHE S L6%6CE T4 TA%E E90+ 0T oooUs CooUT UZCCaY Wee96 FUEGUL e
00000+« gLe2 1659€+ 2LVEHE 606200+« £2L+6S 0000+ 0000+ 6Thee0e Eh8he0e 4824074
NEN ST G163y
¥y82 ¥¥03 ALALS3y ALALS3Y ALALS3Y
XYW8¥13g 13g6H¥  8H¥93Q  ANIL3q viq3g dw3l Lovy4 1ovad NBNGHd 3und A877Y
n
o
=301 051 ro=356996LS
S1 da S1 @
960665 ST AT AT YA—IHE

000000« SI VWWYD de4 03sn 3nVA 3HL

h2h100¢  SI dONBN ¥84 093Sn 3INYA 3IWL

1664004 1 o
T

ang
TR TSR

‘40Lav4 w04 3INIW¥3L3g el q3sn 38 oL Juy Squvs O L1syld ML

010* g1 INI¥¥ND 374WVS

34uv¥e otul witu

ade VIVERIL- Kk FOP- VOO 100 Loy g
< 9 WERESH o v

¥O _0/y CPQesy ¢sx S 20Juus STy




o a
]
))))JQ‘ FN- JNUNF 9€ d“ﬁ “FUMDD MUJ = - 0000 aTa¥ a [}
< < €T + ol
wmwmw. g2l 9lgels  gEvLET #5E900+ #G2s962 0000, 000C. mmmmmm.m wmmmmm.m ”mﬂmmm.m
+ g2 260g¢ 014681  582900¢  0/0ehg2 00004 0000.  oegg9g9e2 12077942 988E8942
143 vert Se2RLY  ©LvOvT 1 haad tasvige o096+ 8608 SI2Inove Htychyte LENGGYTE
00000+ m:.w mnmmm. mﬁ.me m:mnmw. wnm.mmm mmoo. 0000+ SEehnGs2 OZwohasd heD9Ge2
. g9 69 L7500 +8G2 0000 0000+ .
Mmmmm MMru 2 mwdim- 30 022 NWPDD Mmr mmu 0000 0000 mmmmmm 5 Ouwmmm.m hmﬂﬂhm.w
. 602 EO0gshe Gge292 momnoo. 289+9,1 0000« 0000+ oomme.a ﬁ 15 rumrur 4
mmmmm. 10s2 0/8ghs om.mmm 596€00+ ETgsh T 0000 0000+ 12¢962+1 omwmwm“ﬂ mwmmmmnﬁ
OOOOO ,\m~ N ﬂud“- ﬂﬂ MM” 05“”)\/ WDD n’u‘. 0000 00500 UMJJJ) 1. u%ﬂd - U‘JNJ" ﬂ
. 6E GELTHe 26400g €2E€00s €ELeh4T 0000 0000+« 221gH6e . 2
00000+ £942 800gEs  0geOEE 220g00+ 0024221 0000+ 0000 awmm“n. wmmmum. mwmwmm“
wmwmm £542 1c0g6s £c+0EE 2000 12ca521 0000 0000, Qccoo Wy —aoc
. w92 9hg Es  2€42EE  OOE00s £8€+021 0000 0000+ £E499 e165/5
99+ 19,599+  GIEGL9e
00000« #04E Oggzes 4L428E €£15200 1 T 0000 §
00000 £2+E £560€ cw.:ar uamuaan mum“mMa DDDD“ wmmm. wm«mmwo ummmmm. mmwmom.
00000s  gzs2 #gT9Es  8Ge/wE  ,,8200s  E02e50T 0000 0000 0/£Se %+ 91290g
000 . LESEhe % 0
00000+ gLe2 T109€s G2e6HE £92200¢ 2€cegg 0000, 0000+ 2L6 Ehe ommmm“” mwmw:m”
Mwwww- 204E £0CIE . £6A98E £2C2004 H£EQahe 0000, 0000, QCEoE Jocao 1lecs
. LTl 26458+ 094941 128900+ G6L+68 0000 0000+« ©6ZGEE 1 00
00000+ 8842 08L4Es  T19418E 592200+ 20249 0000 000 Secodes . ggoties
T T LT PR G E i G D
= e 5%
00000+ 842 991gEe G9eLSE 96£200¢ 192+08 0000« 0000+ 1209420 Shhh2e 81149520



APPENDIX C

ANALYSIS OF ERRORS



ANALYSIS OF ERRORSl

Resistivity Measurements

For most samples, the room temperature resistivity
was calculated by substituting Equation 4.2 into Equation

4.1 to get

where m is the mass of a wire sample of length lo' resis-
tance R and density d. Table C.1l lists the variable, the
assumed standard deviations, s, approximate magnitudes, and
the fractional standard deviations, § of the variables.

TABLE C-1l.--Standard deviations for measurements using
Equation C.1.

Variable (units) Approximate s )
Magnitude

m (grams) .100002 .00001 10-4

m (grams) .050000bP .000001 2x10-5

R (y ohms)€ .50000 .00007 1.4x10°4

d (gm/cm3) 2.69844d .0003 10-4

Lo (cm) 80.000 .008 10-4

3When using Mettler B-6 semi-micro balance.
bWhen using Cahn microbalance.

CMeasured by comparing voltage drop with that
across a 10 ohm, .005% standard resistor.

dThe value for pure aluminum.
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The density of an alloy was calculated using

d (alloy) = 2.6984 + %% c. c.2

where ¢ is the alloy concentration, and 9d/dc was calcu-
lated from data tabulated by Pearson (27). The data for
dd/dc values is reliable to about 5%. So, assuming the
reliability of ¢ is 1% and since for copper, zinc and
gallium as solutes, 9d/d9c = .01 gm/cm3-at%, a one atomic
per cent alloy has a fractional standard deviation for
the density of about 3 x 10_4. Using these data, the
anticipated fractional standard deviation for the room

temperature resistivity of a dilute alloy is

8, = (12 + 1% + (1.4 + 2)2)1/2 x 1074 C.3a
= .04%. C.3b
And for a concentrated alloy,
5, = (12 + 3% + (1.4 + 2)2)1/2 x 1074 C.4a
= .05%. C.4b

The errors in measurement of 20 and R were assumed to be
completely correlated, and as such were added linearly.
The former estimate is more appropriate for the concentra-
ted magnesium alloys, since 3d/dc is << .01 for magnesium

alloys.
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The analysis of errors for the cases in which
Equation 4.7 was used is more easily done if the denomi-

nator of Equation 4.7 is rewritten such that

Now since nli = 20 as defined for Equation C.l, the frac-
tional standard deviations for all terms except the summa-
tion are the same as in the above case. The fractional
standard deviation of nli was kept the same as for lo by
"leap-frogging" the potential probes in the formation of
the separate li. The standard deviation of Ei is the same
as for 20, so the fractional standard deviation for the
summation is

§. =n 12 (ns

5 + GR), C.6

L

noting again that Ri and Ri are correlated. Assuming the
correlation between 20 and the summation to be weak, for

n = 6 (the usual case), we have

2

1/2
(12 + 1° + l2 2)

x10~4 c.7a

o>
I

1.4
+ (2.5 + 5730

[}

.04%. C.7b

If n had to be chosen much greater than 6 or 7, another

wire sample was used.
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Temperature-Dependent Resistivity

The resistance of the wire samples as mounted in
the cryostat was determined by voltage comparison with a
standard resistor. Since only the resistance and the room
temperature resistivity enter into calculations of the
temperature-dependent resistivity, the fractional standard
deviation for errors in the temperature-dependent resis-
tivity were assumed to be = .05%. Table C-2 compares the
room temperature resistivity reported by other investi-

gators with that measured in this study.

TABLE C-2.--Phonon resistivity of aluminum at 273.16°K.

Investigator p (U2=-cm)
This study 2.429
This study (two-band correction) 2.427
Seth and Woods (11) 2.429
a 2.44

ar,.A. Hall, Survey of Electrical Resistivity
Measurements on 16 Pure Metals in the Temperature Range
0 to 273°K (U.S. Natl. Bur. Std. Technical Note 365, 1968).

Errors in measurement of temperature were .01°K
in the range of the platinum resistance thermometer and
decreasing from .01°K to .001°K at 4°K for the germanium

resistance thermometer range.
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Errors in Calculations of Deviations
from Matthiessen's Rule

Deviations from the MR were calculated using
Equation 1.5. We examine the error at 295°K, 70°K, and in
the very low temperature region.

At 295°K, + .05% of Poh is + .001 ufi-cm and the
error in the term, pA - po, ranges from + .001 pufi-cm for
dilute alloys to + .002 pf-cm for the concentrated alloys.
Thus errors in A(295) are about + .002 uQ-cm. Now from
Figure 16 it may be seen that

p

o _ _ -1 .
O 1 + 14 (uQ2-cm) po. C.8

The fractional error in A/po is given by

+ .002pficm Py .002uQcm

Po A p

[1 + 14(u@em) Yo 1.  C.9
o
For the most dilute alloy, Po = .008 ufi-cm, so the frac-
tional error is 25%. For the most concentrated alloy,
po = .76 ufi-cm, so the fractional error is 3% which is
the order of magnitude of the agreement with Seth and Woods
(11) indicated in Figure 16. As derived in Equation 4.20,
the errors due the pressure corrections may be as large
as 5%.

At 70°K, A is as large or larger than it was at

295°K. However pph has fallen to about one-sixth of its

room temperature value. The net result is that A has
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error bars from 3% for the concentrated alloys to about
8% for the dilute alloys.

At low temperatures, Equation 5.4 shows that

A = T3, c.10

Since this is in the region where pph is increasingly neg-
ligible with decreasing temperature, one can calculate the
temperature at which A has an anticipated error of 100% as

the temperature where

since this means Pa = Po equals the standard deviation of

both. Solving for T from C.l1ll and C.10, we have

5 x 1074 pg|1/3
T(100%) = c.12

(o]

=17

For Py = .10 uem, ¢ = 3 x 10 uQcm/°K3, so

E x 1074 x 10711/3
T(100%) — | ek c.13a
L 3x 10

R

5°K. C.13b

The error decreases to the values discussed for 70°K as

T3,

lY. Beers, Introduction to the Theory of Errors
(Addison-Wesley, Reading, Massachusetts, 1958).










