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In this work, recommended values for the elecirical resistivity as a function
of temperature from the crvogenic region to well bevond the melting point ave

In addition to the toial

given for bulk pure copper, gold, palladium. and silver.
electrical resistivity values for the solid state, intrinsic electrical resistivity values
are presented from cryogenic temperatures to the melting point. The values are
corrected for the change in geometry due to thermal expansion. The
recommendations are based on theoretical considerations and un the experimental
data found in the open literature. Those available experimental data together with
information pertaining to the specimen characterization and measurement
conditions are included in this work. The methods of data evaluation and other
considerations used in arriving at the recommendations are described. For the
solid state, an intcrpolation schemc is given to aid in the determination of valucs

between those supplied in the tables: for the liquid state, equations are given.
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Explanation of Symbols

Area; constant

Code for dc potentiometric method
Constant

Code for dc bridge method
Cuncentration

Constant

Code for ac potentiometric method
Constant

Code for ac bridge method

Code for eddy current decay method
(x) Griineisen function

V) A modified Bloch-Griineisen function
Another modified Bloch-Griineisen function
1 Code for induction method

A transport.integral

£ Length

AMMOO OO0t WA

J. Phys. Chem. Ref. Data, Vol. 8, Ne. 4, 1979

R. A. MATULA

Latent heat of fusion

Atomic weight; mass

Code for mutual inductance method

Power of a term in modified Bloch-Griineisen

function Go(T) -

Code for van der Pauw method

Radius; resistance

Code for rotating magnetic field method

Code for self-inductance method

Teémperature

Code for transient (subsecond) method

Melting point

Code for voltmeter and ammeter direct

reading method

Variable in Griineisen function and transport

integral Jyx=0/T)

A Deviation from Matthiessen’s Rule

A¢ Change in length

0 Constant; electrical resistivity Debye
temperature

[ Electrical resistivity

Po Residual electrical resistivity

P Intrinsic electrical resistivity

[ Electrical resistivity in the liquid state
at the melting point

Ps Electrical resistivity in the solid state at

the melting point

Griineisen function F(x) divided by »

TERr

3

<NHNY DX

®

D(x)

1. Introduction

The central purpose of this work is to present
recommended values for the electrical resistivity of bulk pure
copper, gold, palladium, and silver over the full range of
temperatures to the melting point and beyond. It includes
also a summary of all data found in an extended search of
the open literature for these metals with less than 1/2 weight
percent impurities as well as a complete characterization of
the materials to which the data relates, so far as it can be
determined. Some original data provided by authors of recent
papers have been included. In all, 621 sets of original data
from 188 references are provided. It is believed that
essentially all important documents in the open literature on
the pure metals have been located through 1976, and that
the coverage is 75% complete for materials with less than
1/2 weight percent impurities. This information has been
studied, correlated, and integrated with theoretical and
empirical knowledge to arrive at the recommended values for
the resistivity of the pure metals, corrected for the change in
geometry of samples due to thermal expansion at normal
pressures.

The organization of this work is as follows. Section 2
gives a brief discussion of some items from the theory of
electrical resistivity in order to establish terminology and
notation and to state equations of which use is 10 be made. It
is not intended to provide a survey of the theory. Section 3
indicates some general ideas and procedures used in judging
the experimental evidence and in - arriving at the
recommended values for the resistivity.
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Section 4, Data and Numerical Results, is the heart of
this work. 1t is divided into subsections relating to the four
elements, preceded by a discussion of items common to the
four subsections. Each subsection opens with a description of
the element and some of its properties. The scope of the
available information on its electrical resistivity is indicated,
and the selection of the sets of data used in arriving at the
recommended values for the resistivity of the pure bulk
material is discussed. Any special methods used in arriving
at the recommended are described, and the
unceriainty to be attributed to these values is indicated. The
full data are then presented. The recommended values in
tabular form are followed by a graphical display of the data
along with the curve of the recommended values. Then the
information pertaining to the specimen characterization and
measurement conditions for each set of data is provided in
tabular form. Finally, tables of the original experimental
data, either as stated by the original authors or as extracted
from their graphs, are presented.

values

Section 5, Summiary, contains a statement characterizing
the results of this work. In addition, a brief description of
the methods used in arriving at the final smoothed values of
resistivity is given. Also, a comparison of the ratio of the
resistivity of the liquid to that of the solid at the melting
point is made between a simple theory and the results of this
work.

The last two sections are for Acknowledgments and
References, respectively. The latter, section 7, contains
references to sources of data, as well as to other publications
referred to in the text. It is arranged to bring together
references to sources of information . on each of the metals:
first copper, then in turn gold, palladium, and silver. To
avoid multiplication of references to papers that deal with
mwore than vne of these metals, the references for each metal
except copper are of two types. First, there are full
references, arranged alphabetically by first author, to all
papers for which full references are not given elsewhere;
then, following the notation “See also,” are listings (again
alphabetically by first author) to preceding reference
numbers under which one will find full references to other
papers alsu dealing with this mewal. Each listing ends with
the numbers of the data sets for that metal derived from the
listed paper. The references thus provide an index to the
data tables and the associated measurement information
tables for each metal. Section 7 concludes with references to
publications not dealing directly with these particular metals.

2, Some Theoretical Background

This section contains a brief discussion of some points
from the theory of the electrical resistivity of metals to which
later reference will be made.

2.1. Matthiessen’s Rule

The elecirical resistivity of a chemically pure metallic
element with no physical defects is called its intrinsic
resistivity p(7°). It is the resistivity caused by the scattering
of the charge carriers (electrons or holes) by quantized
vibrations of the lattice (that is, phonons) and by their

114¢

collisions with each other. The intrinsic resistivity of metals
goes to zero at 7=0 K, roughly as some power of 7. When
impurities are present they also scatter the carriers, and this
increases the resistivity. To the extent that the scattering
from different impurity atoms is independent, the different
types of impurity will make independent, additive
contributions to the resistivity, each proportional to the
concentration ¢ of that impurity. The contribution of the
impurities to the resistivity is to the first approximation
independent of temperature and remains as the residual
resistivity p, at 7=0 K. To the approximation that the
contribution of the impurities to the resistivity is additive
and independent of temperature, one can write the total
resistivity as

ple, T) = polc) + P‘(T) (1)

This relation is commonly referred to as Matthiessen’s Rule
[219, pp. 7-8; 191, p. 433; 2187, though this is not the
form originally given by Matthiessen. The same name is
often given to the more general idea of the additivity of
resistivity contributions from different sources. In this form
it applies to the effects of other sources of scattering, such as
lattice imperfections that make coniributions to the resistivity
that vary with temperature, and it implies that the total
added resistivity is a linear function of the concentration of
each type of impurity and imperfection that may be present.
Here the name Matthiessen’s Rule will be applied to eq (1),
supplemented by the idea that p, is proportional to c.

The qualitative behavior of the electrical resistivity of
impure metals is illustrated in figures 1 and 2. In
constructing these figures, p(7') has heen taken to be. given
by the Bloch-Griineisen expression (section 2.2), and p has
been computed using Maithiessen’s Rule for several valies
of p,. Figure 1 uses linear scales, and figure 2 uses
logarithmic scales, as is much preferred with nearly pure
metals. For T below about 10 K the residual resistivity is
essentially the total resistivity, and the plots are all nearly
straight horizontal lines from which p, can be read. In
analyzing data on a metal containing various concentrations ¢
of a single impurity or dopant, ane can make such plats, read
P, from them, and then test Matthiessen’s Rule in two ways:

{a) by checking the proportionality of p, to ¢, and
(b) by checking that p—p, is the same for all samples.

in fact, deviations from Matthiessen’s Rule do occur and
in some materials are of major interest. When a single
impurity is involved, the deviations can be bronght ant, aven
when the impurity concentrations are not well known, by
constructing plots such as that in figure 3. Here p-p, for
various samples at the same 7 is plotted against log p, as a
(nonlinear) measure of the mpurity concentration. - it
Matthiessen’s Rule is strictly obeyed, such a plot-will be a
horizontal line corresponding to the value of py(7); if it is
not. the curve may deviate from a straight line as is indicated
in the high-concentration range in figure 3 by the dotied
line. In the latier case, p{7) can be determined from the

horizontal asymptote of the curve at the lowest

' Figures in brackets indicate literature references.
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concentrations, and the “deviation from Matthiessen’s Rule,”
defined as

A, T) = [ple, T) = po) - p(T), 2

can be determined by comparing the curve with its
asymptote.

Comprehensive reviews of deviations from Matthiessen’s
Rule have been given by Bass [191] and Cimberle et al.
[199]. The latter authors include a presentation of
experimental data that is available for copper alloys {199,
pp- 647-9], gold alloys [199, pp. 649-51}, and silver alloys
[199, pp. 651-4]. They give figures similar to figure 3, thus
allowing a determination of the validity of Matthiessen’s
Rule for a given combination of temperature, residual
resistivity, and impurity species.

2.2. Bloch-Griineisen Formule

An important theoretical expression for the intrinsic
resistivity of a metal is the Bloch-Griineisen equation,

_C (T o 2
p|(T) - M 0 0 ) fO (8::—1)2 dzs (3}

which can also be written as

=56 e

with 7" the temperature, € a characteristic temperature of the
metal known as the electrical resistivity Debye temperature,
M the atomic weight, C a constant of the metal, and J; a
transport integral {219, 223, 207, 208, 194, 195]. The
Bloch-Griineisen formula is derived for a quite special
model: a monovalent metal with a spherical Fermi surface
and a phonon spectrum derived from a Debye model. It is
treated as having volume, Debye temperature 8, and carrier-
phonon all independent of
temperature, and the derivation is carried through with
neglect to Umklapp processes [233, chapter 1X].

Despite the special assumptions made in arriving at this
equation, it is quite useful to compare experimental results
with it as a basis for the further elaboration of ideas.
Experimental results for real materials are sometimes stated
in“terms of it: for instance, treating @ as the only parameter
variable with 7, one can determine € as a function of T so as
to reproduce the observed p{7), and then discuss the
variation of this € with 7 [219, section 4.3; 215; 216]. As
will be seen later, its generally appropriate form can also be
modified by elaborations that represent the effects of other
factors acting in real metals in order to make it represent
quite well the observed behaviors of real materials.

At limiting temperatures the Bloch-Griineisen equation
takes on simple forms:

interaction  parameters

£ (_T_)s ,
pT)y— 1242.43174{6 g/ 7— 0, (5)
) —_— T
Figures 1 and 2 were constructed for illustrative

purposes using a Bloch-Griineisen form for p,(7'), with values

1153

of the parameters generally appropriate for the metals
treated in this report: 8 was taken to be 200 K, the melting
point 1270 K, and C was chosen to make the intrinsic
resistivity 1.78X10% Q m at 293 K. Figure 4 gives,‘ for
this same function, a plot of the logarithmic derivative of the
intrinsic resistivity, d In p,/d In T or the *local power”; it
shows clearly the rapid departure from the fifth-power law at
low temperatures as well as the slower approach to the first-

power law at higher temperatures, which is nearly complete
at T=40.

2.3. Change of Resistivity on Melting

When a metal melts, the resistivity changes abruptly
[202] and generally increases [203]. A theory of the ratio of
the resistivity p; of the liquid to the resistivity ps of the
solid, both at the melting poini, has been given by Mott
{220], who finds

( Zi' )T = exp ( B;mLF > (7)

Here T, is the melting point in kelvins and L; is the latent
heat of fusion in kilojoules per mole. In deriving this
equation, Mott adopts the Einstein model for the atomic
motions in a solid and a corresponding model of the liquid in
which the atoms vibrate about fixed but imperfectly ordered
mean positions; he then assumes that the change in
resistivity on melting is primarily due to the change of the
frequencies of atomic vibrations or of 6. A comparison of the
results of the present work with Mott’s rough and simple
theory will be found in section 5.

3. Evaluation and Synthesis of Data

3.1. Extraction of Data from the Literature

Extraction of data from the literature must, of course,
precede its evaluation. It is important that one extract not
merely the raw numerical data, reading it from graphs, if
necessary, but also the fullest possible characterizauon of the
measured samples, and an adequate characterization of the
method of measurement. While the author’s estimate of the
accuracy of the results is essential, a comparison of the
results and estimated accuracies of different authors will
soon undermine any uncritical trust in their estimates. Data
extraction has been carried out with the aim of minimizing
the need for a second examination of a paper, but this cannot
always be avoided. The results of data extraction are
summarized in the Tables of Experimental Data and Tables
of Measurement Information in section 4.

3.2. General Procedures in the Analysis
and Synthesis of Data

In beginning the analysis, it is very useful to bring all
data onto a single graph in order to make evident any gross
discrepancies and to facilitate the recognition of subtler
similarities and differences. In the present work, plots of p

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 197¢
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or @; against 7 were not useful for this pu

changes by orders of magnitude over the full range of 7,
while: the percentage accuracy of the measurements is about
constant; plots of log p against log 7 are required. These
bring out large discrepancies that can lead to the exclusion of
some work from consideration, and, in the low-temperature
range, make very evident the differing purities of different
samples. The general agreement or disagreement of results
obtained by different observers using different methods and
the fit of
measurements may send one back to an examination of some

low-temperature  to  higher-temperature
of the original papers.

The preliminary selection of what data to include as the
basis of the evaluated data depends on many factors
including the central purpose of this work, the explicitness
with which experimenters report their results, and how the

data are reporied. Since the central purpose of this work is to

generate evaluated data for the pure bulk material, data for
conditions not relevant to this central purpose were not
considered in the evaluation. In addition. abnormal values
were aiso excluded. The explicitness with which certain items
are reported enhances the quality of the reported data. Such
items- include purity, method and procedure of fabrication,
thermal history, specimen dimensione, method of
measurement environment. Data in
tabular form are given higher weight than data reported in a
figure, and datz over an extended temperature range are
given more importance than data over a limited range of
temperatures. The final decision of the data to be included in
the synthesis of information will include considerations such
as the method of measurement and the evidence of care with
which it was applied, the methodolology used in sample
preparation (in which there are sometimes dramatic steps
forward), and the consistency of the results of different
workers.

Before the final synthesic of data from different sources,

one must be sure that they are as closely comparable as

measurement, and

possible. Gne matter to be considered is the correction for
thermal expansion of the sample made by the original
author. Electrical resistivity measurements are ordinarily
made at constant pressure on samples with dimensions that
change with temperature. In deriving the resistivity p from 2
measured resistance R using an equation such as

p = R4/, @

where' ¢ is the length between the voltage probes on 2
specimen and 4 the cross-sectional area of the specimen, it is
common to use for 4 and ¢ the values measured at room
temperature. This is ot

inappropriate  in  reporting

measurements of limited accuracy over not-too-large a

temperature range, but the difference between

s(7, nominal) = R(T) 4(293 K)/ £(293 K) (S

and

is not full uniformity in the reporting of p(7, nominal} as a
substitute for p{T). In the present work, it has been
important to determine which quantity has been reported and
to bring the results to a common basis by use of a relation

such as

-
(7, nominal} = ;O(T)g

8
)

before making comparisons. (It should be emphasized that
not all methods of measuring p are equivalent 1o measuring
R, A, and &, and that the correciion for dimensional
changes with changing T may differ with the experimental

p.) It has been most convenient to reduce data reported
T} to terms of p(7, nominal)
arc in termas of P(7, nominal) and to then carry out the

synthesis of all data using p{7. nominal}. The final resulis

since most reported data

have, however, been converted to and reported as the true
p(T).

The values of p(7, nominal} were converted to p\i(T,
nominal) by Matthiessen’s Rule using values of p, provided
by the authors or deduced from the low-temperature values
of p(7, nominal). When measurements are made only above
room temperature, authors commonly do not provide a value
of p. and one cannot deduce it from the measurements of p.
For the purer samples one can then appropriately neglect the
difference between p and p, since the difference is smaller
than other sources of error.

Reduction of the selected values of p(nominal) to a
smoothed curve must. ultimately depend on a draftsman’s eye
supplemented by a physical understanding of the behavior to
be expected. To improve on the precision atiainable by
smoothing on a large-scale plot of log p(nominal) against log
7. an intermediate numerical fitting to 2 suitable analytic
function has been employed. In this connection & suitable
function is one that can easily represent the general hehavier
of the data at high, low, and intermediate temperatures, that
does not tend to mishehave seriously outside the range of the
fitted data, and that involves only a small number of
parameters that can be adjusted by a computer fo achieve an
optimum fit to the data. ordinarily in a least-squares-error
f the fractional deviation of the data from the
itted curve or of lag [p{data

naminal}/ p (fitted,
against log 7 then gives a conveniently enlarged

presentation of any svstematic deviations of the data from

the fitted curve on which are superimposed the erratic
deviations due to experimental errors. Using this, one can
consiruct a smoothed curve from which to read fractional
of

deviation

wn

mmended values from the fitted curve at

-~

‘s that are o appear in the table. Values of py{neminal}

ained were corvected to get values of g, using eq
t rmal expansion of
consiructed for a

G

¥
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3.3. Fitting Functions

Two functions have been used in the present work in
unifying high- and low-temperature data. Both are variants of
the Bloch-Griineisen form that preserve its generally suitable
character for the representation of the intrinsic resistivity of
pure metals, but which also permit representation of
behaviors known to occur at high and low temperatures
because of faciors neglected in derivation of the Bloch-
Griineisen form.

The first of these forms is

6u(T) = A(l +'%) ® (9—TC—Z) (12)

where 4, B, C, and 0 are constants, and

D@x) = Flx)/x. (13)
where xt=0/T and F(x) is the Griineisen function
4 r 2¢ R
Fo) = [ g de. (14

Griineisen [207] has given a good table of this function, with
asymptotic approximations, and a less accurate table of its
logarithmic derivative [208]. (A simple routine has provided
the values needed by the computer in the present work: #{x)
to 0.02%, and its logarithmic derivative to about 0.1% with
hoth percentages hased on a comparison with Griineisen’s
tabulated values.) Replacement of 8 in the Bloch-Griineisen
form by 6-CT provides for representation of changes in the
effective Debye temperature due to anharmonicity of the
atomic vibrations and the thermal expansion of the material.
The factor involving B helps to represent the effects of
anharmonicity and thermal expansion on the effective
coupling of elecironic motions to lattice vibrations, as well as
the difference between p(nominal) and p. At high 7, this
factor provides for a quadratic term in the dependence of G,
on 7, which corresponds to the upward and downward
curvature ubserved in many plots of intrinsic resistivity.
Preliminary smoothed plots of intrinsic resistivity for 15
metals have been fitted by this function from around 50 K to
near their melting temperatures, with rms {ractional
deviations ranging from 0.015 for Fe to 0.0024 for Li, some
of this deviation being due to roughness in the preliminary
plots.

When it is desired to include data from very low T in the
synthesis, the form of G, may not be sufficiently flexible,
since it always gives proportionality to 7° in the limit of low
7, whereas some scattering processes (such as carrier-carrier
collision) may tend to introduce terms varying with 7" for n
as small as 2. In such cases use has been made of the form

-CTV -
GAT) = A[l + eizr + D< 6TCT) ]Q)( GTCT), (15)

where p and D are new constant parameters. If p is positive,
the added term is dominant at sufficiently low temperatures,
and the form approaches proportionality to 7°%. The search
for a satisfactory choice of p when making a least-squares-

error fit to data has been carried out by performing
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calculations for a series of fixed values of p, with the other
parameters optimized by the computer. A fairly careful
determination of the optimum p to within about 0.1 is
required if the fit is to be kept good at the lowest
temperatures.

For smoothing at thc lowest temperatures it may be
sufficient to fit the data to a simple
Extrapolations to exireme low temperatures using a power
law depend on the availability of data at temperatures so low
that the effective power has become essentially constant.
Figure 4 suggests that such temperatures may be very low
indeed.

The functions G, and G, are useful in extrapolating high-
temperature data to still higher temperatures, but marked
deviations due to the rapid increase of vacancy concentration
may appear well below the melting point.

It should be emphasized that this smoothing procedure
does not depend on getting an accurate fit between the
analytic function and the data: the deviations are smoothed,
not neglected. Nor should special physical significance be
attributed to the values of the parameters that appear in the
fitted function, the character of which is suggested by
empirical fact and mathematical convenience rather than
fundamental theory.

In analyzing resistivity data for the molten metals it was
sufficient to fit the best data to a linear form,

power law.

p =4 + BT, (16}

using the least-squares-error criterion.

3.4. Estimation of Uncertainty

The estimates of the uncertainty in the smoothed,
recommended values of p, were made with attention to each
author’s estimate of uncertainty for the data sets employed,
to the differences hetween the data sets employed, and even
to the differences between the data sets employed and other
sets of data for the same material obiained by the same
measuremeni methods when these other data sets appeared
to be of reasonable quality. Consideration also had to be
given to the accuracy of the thermal expansion data used in
correcting p(nominal).

When a chosen p, was added to p(T) to obtain a value
of p(T} according to Matthiessen’s Rule, the addition was
regarded as a formal change, and no increase was made in
the estimated uncertainty in the recommended values of the
oral resistivity, i.e., the residual resistivity is considered to
he exactly specified.

3.5. Types of Evaluated Data

Two types of evaluated data are presented in this work.
When the estimated uncertainty is 5% or less, the term
“recommended value” is, by CINDAS usage, applicable to
the results; when it is greaier than 5%, the term “provisional
value” is applicable. Both of these terms are applicable to a

well-charactarized material.
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4. Date and Numerical Results

In this section, which is the heart of the work, the
recommended values of the temperature dependence of
electrical resistivity for bulk pure copper, gold, palladium,
and silver are presented together with the reasoning and
which these based. Four
subsections, each relating to one of the four elements, are

information on valucs arc
preceded by this summary of matters relevant ' to all
subsections. ’

Each subsection starts with a description of the element
and some of its properties. The scope of the available
information is next indicated, and the selection of material
for use in arriving at the recommended values is discussed.
Any special methods used in arriving at the recommended
values are described, and the uncertainty ascribed to these
values is indicated. The recommended values are then
presented in tabular form. This is followed by a presentation
of the full data extracted from the open literature. First, the
greater part of the data is graphically displayed, together
with the curve of recommended values. Information on the
specimen characterization and measurement conditions for
each set of data is provided in the Tables of Measurement
Information. Finally, tables of the original numerical data,
either as stated by the original authors or as extracted from
their published graphs, are presented in the Tables of
Experimental Data.

The data collected as potentially useful in this study and
reported here are for samples with weight percentage of total
impurities less than 0.50 and weight percentage of any single
impurity less than 0.20. It thus includes some data on
materials that were deliberately doped or alloyed with small
amounts of another metal. As is indicated in the
Introduction, coverage of the literature on dilute alloys is less
complete than that for the purer samples for which coverage
is believed to be essentially complete through 1976.

The reported data may consist of values for the
“nominal” total resistivity as discussed in section 3 or of
values corrected for thermal expansion of sample dimensions;
if it is the latter, it is indicated in the Tables of Measurement
Information. In a few cases, intrinsic resistivities indicated
by p, instead of the usual p have been reported.

The Tables of Recommended Values contain two columns
for the solids, one for the total resistivity and the second for
the intrinsic resistivity, both corrected for the change in
geometry due to thermal expansion. The tables also contain
recommended values for the molten metals.

The figures presenting the data are of two kinds. One is
a log-log plot, which gives a better display for the low-
temperature region; the linear-linear plot is better for the
high-temperature region. In both figures the recommended
valies for the total electrical resistivity are shown by heavy
lines. Lighter straight lines connect data points in a single
data set. Each data set is labeled with its number in the
Tables of Measurement Information and Experimental Data.
The data set numbers are enclosed in squares if the set
consists of a single point; otherwise circles are used. When
data points would be too close together on the figures to be
distinguishable, some are omitted. Those entire data sets not
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shown on the figures are indicated by asterisks in the Table
of Measurement Information and in the Table of
Experimental Data. Other data points not plotted in both
figures are indicated by asterisks to the right of the values in
the Table of Experimental Data.

The Tables of Measurement Information contain for each
data set the following informalivn: the data set number,
reference number, author’s name f{or names), year of
publication, experimental method used for the measurement,
temperature range covered by the data, name and specimen
designation, and, finally, specimen characterization,
measurement information, and pertinent remarks (column
labeled *“Composition, Specifications, and Remarks”).

The experimental methods used are indicated by code
letters as follows:

A dc Potentiometric Method

dc Bridge Method

ac Potentiometric Method

ac Bridge Method

Eddy Current Decay Method
Induction Method

Mutual Induction Method

Van der Pauw Method

Rotating Magnetic Field Method
Self-Induction Method
Transient (subsecond) Method
Voltmeter and Ammeter Direct Reading Method

<= n@mUZE-=mgOOw

’”

The symbol “—” used in the column headed “Method
Used” means either that the method described by the author
is not sufficient to assign a specific code letter or that the use
of a code letter would not convey enough of the information
reported in the document. For additional information and for
references to - the literature pertaining to methods of
measuring electrical resistivity, refer to Appendix 1.

The column of the Tables of Measurement Information
labeled “Composition, Specifications, and Remarks” contains
the following information abant the specimen and its
measurement if it is available in the document containing the
experimental data: purity or chemical composition, method of
determining composition and associated inaccuracies,
crystalline properties, specimen homogeneity, state, final
shape and dimensions of the specimen, manufacturer and
supplier of the material, method and procedure of fabrication
of the material, heat and other treatments of the specimen
before measurement {(especially annealing), relevant physical
properties such as density, concise description of a new
experimental method, measuring environment, and special
features of the apparatus or of the measuring technique. An
additional remark includes an indication as to whether the
data were corrected for the change in geometry due to
thermal expansion: unless there was explicit evidence that
this correction was carried out, it was assumed that, in
accordance with standard practice, it was not. If the
correction was carried out, it is noted what data on the
thermal expansion were used, if that information is available
in the document. If measurements on a sample were made
for other than a monotonely increasing sequence of
temperatures, this is noted.

J. Phys. Chem. Ref. Data, Vol. &, No. &, 1979
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When information on a specimen and its measurement
has seemed inadequate, the data set has been given less
weight in our analysis or omitted entirely.

The column labeled “Composition, Specifications, and
Remarks™ also includes a statement of whether the data as
given were presented in numerical form in the paper or were
extracted from a figure. In the latter case there is an
indication of the error that may be introduced in this
extraction, which invelves computer digitization of settings
on the figure that are reproducible to =#0.01 in. The
estimated extraction error for data plotted on a linear scale is
reported in the form i(y)XlO'8 ) m, while our data
reported on a logarithmic scale the extraction error is
reported as ==(z)%. The estimated extraction error is an
important piece of information in making an evaluation of
the data. In the few cases where no explicit statement is
given as to the form in which the data appear in the original
document, the data were extracted from a table..

Electrical resistivity is reported in different units in the
literature. For uniformity, the reported data are converted to
a standard unit, 10° & m. This unit is used in preference to
the n{) m of the International System of Units, because so
much data in this field have been and are being reported in
units of wQ cm (=10° Q m). For & listing of the various
conversion factors and their justification, see Appendix 2.

Abbreviations used in the Composition, Specifications,
and Remarks Column of the Tables of Measurement
Information come from the following List:

Abbreviation Meaning
ac alternating current
approx approximately
at.% atomic percent

R. A. MATULA

Abbreviation Meaning
Co. company
coeff coefficient
comp composition
de direct current
diam diameter
DPH diamond pyramid hardness
emf electromotive force
fee face-centered cubic
Inc. Incorporated
lab. laboratory
Lid. Limited
max maximum
min minimum
mp melting point
no. number
p- page
Pp- pages
ppm parts per million
wt% weight percent
X by
% percent
SN 99.999%
6N 99.9999%

Some authors report the same data in different
publications such as, first, in the proceedings of a conference
and, later, in a journal. These data would be treated as the
same data. If, however, there is doubt as to whether data in -
one document and data in another do in fact represent the
same daia, the data sets are presented as distinct.

This jntroduction ‘to the data and numerical results
concludes with table 1 that brings together values of some
properties of the four metals considered in this work.

Tarik 1 Physical characteristics of copper. gold, palladium, and silver®
Debye‘l

Element Relative” temperature, K Normal
{chemical Atomic atomic Density," Crystal Metting boiling

symbol) number mass Mg m™® structure at 0 K at 298 K point, K point, K
Copper (Cu) 29 63.546 8.933 fee 342+2 320 1357.6 2840
Gold (Au) 79 i 196.9665 18.88 fee 16541 178+8 1337.58 3135
Palladium (Pd) 46 106.4 12.02 fee 283161 275 1827 ‘ 3243
Silver (Ag) 47 107.868 10.492 fec 228=+3 221 1235.08 l 2440

* Information taken from Touloukian, Kirby, Taylor, and Desai {228, pp. 39a, 41a. 42a] unless otherwise stated.
* Relative atomic masses are based on 2C=12 as adopted by the International Union of Pure and Appied Chemistry in 1971.

Applies to material of terrestrial origin.
" Density values given for 293.2 K.

4 From Gschneidner [209, table XV] as obtained from specific heat data.

L Phys. Chem. Ref. Doiq, Vol. §, No. 4, 197¢
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4.1. Copper

Copper is a reddish metal. It has an atomic number of
29, a relative atomic mass of 63.546 (see table 1), and is the
first element in subgroup IB of the periodic table. There are
two stable naturally-occurring isotopes; one with mass
number 63 has a natural abundance of 69.09%, and the
other with mass number 65 has a natural abundance of
30.91% [232, p. B-286]. The crystal structure is face-
centered cubic. Copper has a melting point of 1357.6 K and
a normal boiling point of 2840 K [228, p. 39a). It has a
density of 8.933 Mg m™ at 293.2 K [228, p. 39a]. At 300 K
it has a thermal conductivity of 4.01X10° W m™ K™ for
well-annealed high-purity material [211, p. [-243]. At 293 K
it has a coefficient of thermal linear expansion of 16.5X 107
K! {228, p. 77]: Copper has a latent heat of fusion of 13.05
kJ mol™' [214, p. 227]. High-purity copper, 99.999%% pure,
is available commercially.

There are 290 sets of experimental data reported in this
work  for the temperature dependence of the electrical
resistivity of copper. Information pertaining to the specimen
characterization, measurement conditions, and method of
data extraction for each of the data sets is given in table 3.
The data themselves are tabulated in table 4. The data are
shown in figures 5 and 0; the former figure has logarithmic
scales, which highlight the low-temperature region, and the
latter figure has both scales linear, which emphasize the
high-temperature region. Data for the electrical resistivity
exist over the temperature range from 0.035 K to 2275 K.

Among the data sets for the electrical resistivity of solid
‘copper there are many sets obtained before 1940, The
carlicst measurement found, reported in 1881, is the work of
Lorenz [39] (data set 162) who took data at 273 K and 373
K. Other measurements up to 1940 include the 1900 report
of Jaeger and Diesselhorst [27] (data sets 134-7) who made
measurements at 291 K and 373 K, the 1908 report of
Niccolai [52] (data set 188) who made measurements on pure
material from 84 K 1o 673 K, the 1914 report of Northrup
[53] (data scts 62-4) whosc data
temperature to well above the melting point, the 1918 report
of Tsutsumi [83] (data sets 194,195) who also took
measurements well above the melting point, and the 1927
report of Grilneisen and Goens [21] (data sets 6-20) who
performed measurements on numerous copper specimens
from 21.2 K to 273.2 K.

There are

went  from  room

several noteworthy measurementis at
intermediate or high temperatures in the solid state. Laubitz
[34, 35] (data sets 36-8) in 1966 and 1967 reported
measurements on annealed 99.999%% pure copper from 273
K to 1272 K. Also in 1967, Moore et al. [48] (data set 35)
reported measurements on 99.999% pure copper from 85 K
to 375 K, with the data reported as smoothed values in
tabular form. The sample was from the same batch as that
measured by Laubitz. In 1970 Ascoli et al. [2] (data set 140)
reported measurements on well-annealed 99.999%% pure
copper from 575 K to 1328 K. The data were corrected for
thermal expansion, and data for a typical sample were
extracted from a figure.

There is a good deal of disagreement as to the behavior
of p; at very low temperatures. In 1959 White and Woods
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[91] (data set -124) reported measurements on vacuum-
annealed 99.999% pure copper from 15 K to 295 K. They
reported smoothed data of intrinsic resistivity in tabular form
and found a T dependence for the intrinsic resistivity for
7>10 K [91, p. 286]. In 1968 Schriempf [72] (data sets
80-2) reported measurements on 99.999% pure material
from a low of 6.7 K to 297 K. He pointed out, “The
observed temperature dependence of the electrical resistivity
is approximately 7*° for all three specimens at temperatures
from about 5° to 20 °K.” [72, p. 251]. Lengeler et al. {37}
{data set 266) in 1970 reported measurements on high-purity
copper in the range 1.7 K to 324 K. They found that the
intrinsic resistivity of pure copper between 10 K and 35 K
followed a T*°*"? relation [37, p. 67]. In 1976 Rumbo [66]
(data sets 184-7) reported measurements on very pure
copper below 8.5 K. He indicated a *...change in the slope of
p{T) ... near 4 K for Cu.... from approximately 7°° at
higher temperatures to T%% (Cu) ... at lower temperatures.”
[66, p. 901. In 1974 Teixeira [82] (data sets 268-70)
reported measurements on 99.999% pure copper from 1.3 to
299 K. He indicated that for all cases at low temperatures
there was a temperature dependence slightly stronger than
T"[82, p- 20]. In a 1976 paper discussing that work, Haen
et al. stated, “Below 20 K and down to 8 K our data fita T°
law.” [23, p. 197]. In 1977 Moussouros and Kos [49] (data
sets 280, 282-4, 286, 287) reported measurements on
several pure copper specimens and found that between
temperatures of 4.2 K and 6.8 K the temperature dependent
resistivity followed T* with & from 3.3 to 3.75, between
temperatures of 6.8 K and 11.7 K, % was from 3.86 to 4.12,
and between temperatures of 11.7 K to 34 K, £ was from
4.40 to 4.84. These disagreements probably arise from
problems in sample control, the formal difficulty of
separating out the residual resistivity, and the general
applicability of Matthiessen’s Rule for all impurities.

Our evaluated data for the electrical resistivity of pure
bulk copper in the solid state were primarily based on the
data of Laubitz [34, 35] (data set 36), Moore et al. [48] (data
set 35), and White and Woods [91] (data set 124) One
reason for selecting these data sets is the fact that the
measurements are for pure specimens of comparable purity
with specimen characterization and conditions of the
measurements well stated. Data for specimens that were not
pure were excluded from being the basis of the evaluated
data. Abnormal values were also excluded, an example of

this being the unusually high values of Hudson [25] (data

sets 87-93).

In order to match and smooth the data sets, a
preliminary fit to the data, reduced to nominal intrinsic
resistivity, was made using eq (12). The error in the fit began
to increase below 80 K, indicating the inadequacy of that
form. A fit to the form of eq (15) was quite successful, an
rms fractional deviatien of 0.0023 being found with p=1.84,
A4=1.8089X10° O m, B=-5.9991X107 (=0.04563,
D=-6.4760X 107, and 6=310.8 K. A plot of the fractional
deviations against temperature was smoothed, and the result
added to eq (15) to obtain smoothed data from 50 K to 1200
K. Below 50 K, a.plot of p{nominal)/T>" was utilized to
check and improve smoothness. Above 1200 K, values of
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p,nominal) were determined by graphical extrapolation using
a plot of pnominal)/T against 7. Finally, the thermal
expansion correction was applied to p,(nominal) using eq (11}
together with the CINDAS recommended values for
AZ(T)/ £(293 K) [228, p. 77]. Values of the thermal linear

expansion from 1300 K to the melting point were found by

graphically extrapolating the CINDAS values. A residual
resistivity of 0.00200X 10 & m was added to g, to obtain
the reported total resistivity. This value of residual resistivity
is representative of the residual resistivities of the data used
in developing the recommended values.

An estimate of the uncertainty in our recommendations
was arrived at by applying the general ideas mentioned in
subsection 3.4. In particular, estimates of the experimental
uncertainties made by Laubitz, by Moore et al., and by White
and Woods were supplemented by comparison of the resulis
with the high-temperature data of Ascoli et al. [2] (data set
140) and the low-temperature data of Lengeler et al. {37]
(data set 266) and of Teixeira et al. [82] (data set 268). A
check was made to determine whether deviations from
Matthiessen’s Rule could be expected to be important in
copper. For the residual resistivity of 0.00200X10° Q m
used here, the plots in Cimberle et al. {199, p. 647, figure
3.1] indicate no deviation from Marthiessen’s Rule down iw
15.7 K. Over the whole temperature range in the solid state,
the analyzed values of total resistivity qualify as
recommended values, according to CINDAS usage.

Sixteen of the data sets reported here contain data on
copper in the liquid state. Most of the data agree reasonably
well, falling into an essentially linear band of width about
110" Q m. Two other data seis lie considerably higher,
and two are definitely lower; three of these four sets suggest
a marked nonlinearity in the dependence of p on 7. As the
best estimate for pure copper we have chosen values that
vary linearly with T and lie toward the bottom of the band in
which most daia lie. The data points of Roll and Motz [64]
(data set 178) were fitted by a straight line using a least
squares criterion to get

p = 21.01 4 0.009929 (7 - 1357.6) (17)

(Tin K, p in 10® Q m). Reasons for selecting the data of
Roll and Motz include the fact that more modern
measurements are expected to have better sample control, an
explicit statement was made that the thermal expansion
correction was carried out, and error estimates were given. In
view of the spread in the values reported by different
authors, we have estimated the uncertainty in the tabulated
values to be in the range of 5 to 6%, which is considerably
higher than the experimental uncertainties estimated by
individual workere. Thece values chould be re
provisional.

- The recommended values for the temperature
dependence of the electrical resistivity of copper are
tabulated in table 2. The values for the solid and liquid
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states are corrected for thermal expansion. The values
tabulated are for the total resistivity. In addition, intrinsic
resistivity values are given for the solid state. The
recommended values for the total resistivity are shown in
figures 5 and 6. The values for the total resistivity of the
solid apply to annealed 99.999% pure or purer bulk copper
and the values below 55 K are applicable to a sample
obeying Matthiessen’s Rule with a residual resistivity of
0.00200X 10 Q1 m. (The criterion for the selection of 55 K
is that, al this temperature or above, the percentage error in
using the intrinsic resistivity instead of the total resistivity,
or vice versa, is within the uncertainty in the total resistivity
given below.) The values for the intrinsic resistivity apply to
pure copper with various impurity concentrations and
residual resistivities. Values for the total  resistivity of
samples other than one with a residual resistivity of
0.00200X 10 Q m can be obtained by adding the residual
resistivity of the particular sample to the intrinsic resistivity.
For the liquid state, the values apply to 99.99% pure or
purer copper. The uncertainty in the recommended values for
the total electrical resistivity is negligible below 10 K, 3%
above 10 K to 100 K, 1% above 100 K to 250 K, 0.5%
above 250 K 10 350 K, 1% above 350 K to 500 X, and 4%
abuve 500 K to the melting point. There is negligible
uncertainty below 10 ‘K, because, in determining the
uncertainty in the total resistivity, the residual resistivity is
considered to be exactly specified. The percentage
uncertainty in the intrinsic resistivity is the same as that for
the total resistivity down to 40 K. It increases to 4% at 30
K. 5% at 25 K, and 10% at 20 K. Values for the intrinsic
resistivity below 20 K are not given in table 2 because of the
large uncertainty. For the liquid state, the uncertainty is 5 to
6% from the melting point to 1700 K. The values in the
table have been given beyond the physically significant
figures and for values in the solid state permit linear
interpolation of log p; versus log T and log p versus log T.
The maximum error introduced solely by linear interpolation
of log p; verous log 7 comparcd to the correet values is less
than 0.1% from 200 K to the melting point of 1357.6 K, but
increases at lower temperatures; it is less than 0.25% from
175 K to just below 200 K, less than 0.5% from 125 K to
just below 175 K, less than 0.8% from 80 K to just below
125 K, less than 1.5% from 40 K to just below 80 K, and
less than 1% from 20 K to just below 40 K. The maximum
error introduced solely by linear interpolation of log p versus
log 7 compared to the correct values is less than 0.1% from
200 K to the melting point of 1357.6 K, but increases at
lower temperatures; it is less than 0.25% from 175 K to just
below 200 K, less than 0.5% from 125 K to just below 175
K., less than 0.8% from 80 K to just below 125 K, less than
1% from 30 K to just below 80 K, less than 4% from 10 K
to just below 30 K lecs than §.25% from 7 K to juet below
10 K, and a negligible percentage error from 1 K to just
below 7 K. For the liquid state, the determination of values

between those given in the table can be done by using eq
(17).
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TABLIE 2. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY
OF COPPER

[Temperature, T, K; Total Resistivity, o, 1078 Q m; Intrinsic Resistivity, ;s 1078 Q m]

Solid
a,b a,C a,b a,c
T Py P T Ry P
1 0,00200 175 0.872 0.874
4 0.00200 200 1.044 1.046
7 0.00200 225 1.215 1.217
10 0,00202 250 1.385 1.387
15 0.00218 273.15 1.541 1.543
20 0. 000798 0,00280 _ 293 1.676 1.678
25 0.00249% 0.00449 300 1.723 1.725
30 0.00628 0.00828 350 2,061 ' 2.063
35 0.0127 0.0147 400 2.400° 2.402
40 - 0.0219 0.0239 500 3.088 3.090
45 0. 0338 0,0358 600 3.790 ©3.1792
50 0, 0498 0. 0518 700 4,512 4,514
55 0.0707 0.0727 800 5.260 5.262
60 0.0951 0,0971 900 6.039 6. 041
70 0.152 0,154 1000 6.856 6. 858
80 0.213 0.215 1100 . 7.715 7.717
90 0.279 0.281 1200 8.624 8.626
100 0. 346 0.348 1300 9.590 9.592
125 0.520 0. 522 1357.6 10.169 10.171
150 0.697 0,699
Liquid
T pa, d
1357.6 21,01
1400 21,43%
1500 22,42%
1600 23.42%
1700 24,471

4 The values are corrected for thermal expansion. See text for the uncertainty of the
values. See text for an indication of the determination of values between those given
in this table (interpolation scheme in the solid state, equation in the liquid state).

b values for the intrinsic resistivity are not given below 20 K because of the large un-
certainty.

? In the solid state, the values for the total electrical resistivity apply to anneaieci 99. 999%
pure or purer bulk copper and the values below 55 K are applicable to a sample obeying
Matthiessen's Rule with a residual resistivity of 0.00200 x 10-3 Qm,

In the liquid state, the values apply to 99, 99% pure or purer copper,
* Provisional values,

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 1979
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ELECTRICAL RESISTIVITY OF COPPER, GOLD, PALLADIUM, AND SILVER
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4.2. Goid

Gold is a metal and in the bulk form shows a deep
yellow appearance. It has an atomic number of 79, a relative
atomic mass of 196.9665 (see table 1), and is a member of
subgroup IB of the periodic table. There is only one stable
naturally-occurring isotope with mass mnmber 197, and,
therefore, this isotope has a mnatural abundance of 100%
[232, p. B-490]. The crystal structure is face-centered cubic.
Gold has a melting point of 1337.58 K and a normal boiling
point of 3135 K [228, p. 39a]. Gold has a density of 18.88
Mg m™ at 293.2 K {228, p. 39a]. At 293 K it has a
coefficient of thermal linear expansion of 14.2X107° K™
{228, p. 125]. At 300 K it has a thermal conductivity of
3.17%10° W m™ K for well-annealed high-purity material
[211, p. [-311]. Gold has a latent heat of fusion of 12.26 kJ
mol™ [214, p. 228]. Gold with a purity of 99.999%%. is
commercially available.

There are 125 sets of experimental data reported in this
work for the temperature dependence of the electrical
resistivity of gold. Informalion pertaining w the specimen
characterization, measurement conditions, and method of
data extraction for each of the data sets is given in table 6.
The data are tabulated in table 7. The data are shown in
figures 7 and 8; the former figure has logarithmic scales,
which highlight the low-temperature region, and the latter
figure has both scales linear, which emphasize the high-
temiperatuwie segion. Data for the clectrical resistivity exist
over the temperature range from 0.03 K to 1773 K.

The earliest data on electrical resistivity of gold reporied
in this work is that of Dewar and Fleming [12] (data set 99)
who in 1892 reported results from 91 K to 370 K on purest
soft gold. Other measurements made before 1940 include the
1900 report of Jaeger and Diesselhorst [27] (data sets 74,
75) on two specimens of gold at 291 K and 373 K. Niccolai
[52] (data set 103) performed measurements that were
reported in 1908 on pure gold from 84 K to 673 K. In 1914
Northrup [119] (data sets 71.72) reported data on chemically
pure material from 293 K to 1773 K that is well into the

liquid region. Griineisen and Goens [21] (data sets 1-6) in.

1927 reported measurements on several gold specimens over
a temperature range of 21 K to 273 K.

Noteworthy measurements at high temperatures include
the following. In 1963 Misek and Polak [117] (data set 95)
reported measurements on annealed 99.999% pure . gold.
They covered the temperature range from 273 K to 1201 K.
Several years later, in 1967, Iyer and Asimow [108] (data set
84) reported measurements from 292 K to 1175 K for
99.999% pure material. Their data were corrected for
thermal expansion and presented in a figure. Laubitz [112]
(data sets 7, 8) in 1969 reported data on annealed 99.999%
pure gold over the temperature range from 273 K to 1171
K. His data were presented in the form of a polynomial
along with a plot of the deviation of the data points from the
polynomial. A year later, in 1970, Ascoli et al. [2] (data set
79) reported measurements on well-annealed 99.9995%%
pure material. The data were presented as a plot of £n(p/7T)
against 7 where p was corrected for thermal expansion. In
1974 Rowland ¢t al. [122] (data act 96)

1
reporteda
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measurements on spectroscopically pure gold from 4.2 K to
1200 K, but mostly above 90 K. Their data as reported here
are given to two significant digits past the decimal point,
though the reported error is +5%.

Reports on the low-temperature behavior of p; are not all
in agreement. In 1959 White and Woods [91] (data set 50)

- reporied measurements on vacuum-annealed 99.999% pure

gold from 10 K to 295 K. They presented smoothed data of
intrinsic resistivity in tabular form. They found a 73
dependence for the intrinsic resistivity above 10 K [91, p.
286]. In 1965 Damon and Klemens [99] (data set 10)
reported tabular data for the intrinsic resistivity of pure gold,
mostly in the range of 80 K to 480 K. In the paper by
Damon et al. [100] (data sets 13-5) the measurement range
was extended from 40 K down to 10 K, while the same
values of p; from 80 K to 480 K were reported. Their data of
intrinsic resistivity between 10 K and 14 K indicate a 743
power relation. In 1968 Stewart [127] (data sets 111-6)
reported data for annealed pure gold over the temperature
range of 1.6 K to 372 K. Of the two pure gold specimens at
low temperatures, one showed a 7>° dependence and the
other specimen showed a T*' behavior [127, p. 32]. In 1970
Cook and Van der Meer [98] (data set 9) reported data from
4 K to 340 K on annealed 99.999% pure gold using 2
sample cut from the specimen used by Laubitz. Their data
indicate a T*? relation between 20 K- and 30 K. In 1973
Fitzer [103] (data set 94) reported the results of an unnamed
participant in a program of comparative measurements. The
data were taken on 99.999% pure gold from 7 K to 280 K.
A power law of T%° is indicated for 7 K to 10 K after
subtracting a residual resistivity of 0.016%10°% QO m. In
1974 Teixeira [82] (data set 110) reported measurements on
vacuum-annealed 99.999% pure gold over a temperature
range of 1.3 K to 292 K. He pointed out that his data show
a slight departure from a 7° dependence, which agrees with
the results of White and Woods [82, p. 33]. These
disagreements probably arise from problems in sample
control, the formal difficulty of eeparating out the reeidual
resistivity, and the general applicability of Matthiessen’s
Rule for all impurities. In addition, in 1971, Hust and
Sparks [111] (data sets 118-20, see data set 120 in
particular) reported intrinsic resistivity from 8 K 10 300 K
for 99.999% pure gold. In 1974 Mydosh et al. [118] (data
set 117) reported intrinsic resistivity data from 16 K to 290
K based on measurements on two specimens of pure gold.
Our evaluated data for the electrical resistivity of pure
bulk gold in the solid state' were primarily based on the data
of Laubitz [112] (data sets 7, 8) and of Cook and Van der
Meer [98] (data set 9). In the overlap region the data merged
well. One reason for selecting these data sets is the fact that
the measurements are for pure specimens of comparable
purity with spccimen characterization and conditions of the
measurements well stated. The data on nominal intrinsic
resistivity were computer fitted using eq (12) over the range
60 K to 1200 K. The values for the parameters from the fit
were A=1.23590X10%" Q m, B=-9.8996X107
€=3.3994X107, 6=172.1 K, and the fit had an rms
fractional deviation of 0.00402. A plot of the fractional

deviations against temperature was smoothed to match the
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.data sets. Below 60 K, a plot of p,(nominal)/ T was used to
‘obtain interpolated values. From 1200 K to the melting
point, - values of p(nominal) were obtained by graphical
extrapolation using a plot of p(nominal)/T against 7. The
thermal expansion correction using eq (11) was applied to

p{nominal) to obtain p,. and. a residual resistivity of .

0.0220X10° © m was added to obtain.the reported total
electrical resistivity. This value of residual resistivity is
representative of the residual resistivities of the data used in
developing the recommended  values.. The CINDAS

recommended values of A£(T)/ £(293 K) for gold [228, p.-

125], extrapolated from 1300 K to the melting point, were
used in the thermal expansion correction.

The uncertainty in the recommendations was arrived at
‘by applying the general ideas mentioned in subsection 3.4.
The error estimates given by Laubitz as well as Cook and
Van der Meer were supplemented in the high-temperature
region by comparison with the data of ‘Ascoli -et al. and
Misek and Polak. In the low-temperature region: comparisons
were made beiween the recununended values and the data of
Damon and- Klemens, Fitzer, Hust and Sparks, Mydosh et
al., Teixeira, and White and Woods.

A check was made to determine whether deviations from
Matthiessen’s Rule could be expected to be important in
gold. For the. residual resistivity of 0.0220%x 10  m used
here, the plots in Cimberle et al. [199, p. 650, figure 4.1]
indicate no deviation from Matthiessen’s Rule at 41.2 K,
‘approximately 10% deviation at 30.2 K, 5% at 20.0 K, and
33% at 10.7 K. The percentage deviation is AX100/p,
where A is defined by eq (2). Because of this large
percentage deviation at 10.7 K, no values are given here for
the intrinsic resistivity below 15 K.

There are seven data sets reported in this work that
contain data for the resistivity of gold in the liquid state or at
the melting point. The work of Northrup [119] (data sets 71,
72) was the earliest reported. In 1914 he reported
measurements on chemically pure material to 1773 K. The
measurements made after the container was preheated to
1523 K showed non-linear behavior from approximately
1500 K to 1773 K. In contrast, measurements made after a
preheating to approximately 1873 K showed linear behavior
from 1351 K to 1740 K. In 1957 Roll and Motz [64] (data
set 85) reported data up to 1461 K for 99.95% pure
material, with the thermal expansion correction carried out.
The data, presented in a figure, showed linear behavior. The
slope of Roll and Motz’s data is similar to that of Northrup’s

data (compare curves 85 and 71). The other data sets are .

either single point values or cover a very limited temperature
range; three of these, those of Howe and Enderby [107] (data
set 102), Ozelton et al. [55] (data set 104), and Busch and
Ciintherodt [07] (data set 105) lie between the data of
Northrup and of Roll and Motz. Thus the data on the molten
state are fairly consistent.

The evaluated data for the resistivity of molten gold were
based on the work of Roll and Motz [64] (data set 85) and of
Northrup [119] (data set 71). The data points of Roll and
Motz between 1343 K and 1465 K were fitted by a straight

line using a least squares crilerion 10 get

1207
p = 31.08 + 0.01428 (T - 1337.58)  (18)

(Tink, pin 10®'Q m). Because the data of Northrup {data
set 71) were also essentially linear up to 1740 K with a-slope
differing from that of Roll and Motz by less than 1%, the
evaluated data to 1740 K are based on eq (18). The
estimated uncertainty in the evaluated data is intended to
take account of the apparent accuracy of the rotating field |
method of measurement, the uncertainty estimated-by Roll
and Motz, and the error in extracting data from their figure.
Tt is 2.5%, which makes the values recommended values, in
the usage of CINDAS.

The recommended values for the temperature
dependence of the electrical resistivity of gold are tabulated
in table 5. The values for the solid and liquid states are
corrected for thermal expansion. The values tabulated are for
the total cloctrical resistivity. In addition, the intrinsic
resistivity values are given for the solid state. The
recommended values for the total resistivity are shown in
figures 7 and 8. For the solid state, the values for the total
resistivity apply to annealed 99.999% pure or purer bulk
gold and the values below 293 K are applicable to a sample
obeying Matthiessen’s Rule with a residual resistivity of
0.0220x10° Q m. (The criterion for the selection of 293 K
is that, at this temperature or above, the percentage error in
using the intrinsic resistivity instead of the total resistivity,
or vice versa, is within the uncertainty in the total resistivity
given below.) The values for the intrinsic resistivity apply to
pure gold with various impurity concentrations and residual
resistivities. Values for the total resistivity of samples other
than one with a rcsidual resistivity of 0.0220<10° Q m
can be obtained by adding the residual resistivity - of the
particular sample to the intrinsic resistivity. For the liquid
state, the values apply to 99.95% pure or purer gold. The
uncertainty in the recommended values for the total electrical
resistivity is negligible below 7 K, 1% from 7 K to 10 K,
2.5% above 10 K to 15 K, 6% above 15 K to 25 K, 7%
above 25 K to 40 K, 3% above 40 K to 80 K, 1% above 80
K to 500 K, and 2.5% above 500 K to the melting point.
There " is negligible uncertainty below 7 K, because, in
determining the uncertainty in the total resictivity, the
residual resistivity is considered to be exactly specified. The
percentage uncertainty in the intrinsic resistivity is the same
as that for the total resistivity down to 40 K. The uncertainty
increases to 10% down to just above 25 K, is 15% from 25
K down to 15 K, and values for the intrinsic resistivity below
15 K are not given because of the large uncertainty. For the
liquid state, the uncertainty is 2.5% from the melting point
to 1740 K. The values in the table have been given beyond
the physically significant figures and for values in the solid
state permit linear interpolation of log p; versus log 7' and
log p versus log 7. The maximum error introduced solely by
linear interpolation .of log p; versus log T compared to the
correct values is less than 0.1% from 150 K to the melting
point of 1337.58 K, but increases at lower temperatures; it is
less than 0.15% from 125 K to just below 150 K, less than
0.5% from 70 K to just below 125 K, less than 1.5% from
40 K to just below 70 K, less than 1% from 20 K to just
below 40 K, and less than 4% from 15 K to just below 20 K.

J. Phys. Chem. Ref. Datq, Vol. 8, No. 4, 1979
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The maximum error iniroduced solely by linear interpolation
of log p versus log T compared to the correct values is less
than 0.1% from 150 K to the melting point of 1337.58 K,
but increases at lower temperatures; it is less than 0.15%
from 125 K to just below 150 K, less than 0.5% from 70 K
to just below 125 K, less than 1% from 40 X to just below

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 1979

70 K, less than 2% from 20 K to just below 40 K, less than
3% from 10 K to just below 20 K, less than 1% from 7 K to
just below 10 K, less than 0.5% from just above 4 K to just
below 7 K, and a negligible percentage error from 1 K to 4
K. For the liquid state, the determination of values between
those given in the table can be done by using eq (18).
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TABLE 5, RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY
OF GOLD

[Temperature, T, K; Total Resistivity, p, 1078 & m; Intrinsic Resistivity, pi» 1078 O m]

Solid
: ,b a,c a,b a,c
T oy 9 T Py P
1 0.0220 175 1.240 1.262
4 0.0220 200 1.440 1.462
7 0.0221 225 1.640 1.662
10 60,0226 250 1.842 1.864
15 0. 00376 0.0258 273.15 2.029 2,051
20 0. 01263 0. 0346 293 2.192 2.214
25 0. 0282 0, 05023 300 2,249 2.271
30 0. 0505* 0.0725% 350 2.663 2.685
35 0.0798%* 0.1018%* 400 3.085 3.107
40 0. 119 0. L41% 500 3.952 3.914
45 0.159 0.181 600 4,853 4,875
50 0.199 ‘ 0.221 700 5.794 5. 816
55 0.248 0.270 800 6. 786 6,808
60 0.286 0.308 900 7.840 7.862
70 0.373 0.395 1000 8.964 8. 986
80 0.459 0.481 1100 10.169 10.191
90 0.544 0.566 1200 11,464 11.486
100 0.628 0.650 1300 12,832 12,854
125 0.835 0.857 1337.58 13.366 13.388
150 1.039 ©1.061
Liquid
d
T ,oa’
1337.58 31.08
1400 31.97
1500 33.4¢0
1600 34.83
1700 36.26
1740 36.83

@ The values arc corrected for thermal expansion. See text for the uncertainty of the values.
See text for an indication of the determination of values between those given in this table
{interpolation scheme in the solid state, equation in the liquid state).

b Values for the intrinsic resistivity are not given below 15 K because of the large uncertainty.

€ In the solid state, the values for the total electrical resistivity apply to annealed 99. 999%
pure or purer bulk gold and the values below 293 K are applicable to a sample obeying
Matthiessen's Rule with a residual resistivity of 0,0220 x 10~8 Qm.,

d In the liquid state, the values apply to 99.95% pure or purer goid.

* Provisional values,

d. Phys. Chem. Ref. Data, Vol. 8, No. 4, 197§
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4.3. Palladium

Palladium is a metal with a steel-white appearance. It has
an atomic number of 46, a relative atomic mass of 106.4 (see
table 1), and is a member of group VIII of the periodic table.
There are six stable naturally-occurring isotopes with mass
numbers 102, 104, 105, 106, 108, and 110, and a natural
abundance of 0.96, 10.97, 22.23, 27.33, 26.71, and
11.81%, respectively [232, pp. B-334 and B-335]. The
crystal structure is face-centered cubic. Palladium has a
melting point of 1827 K and a normal boiling point of 3243
K [228, p. 41a]. The Debye temperature as obtained from
specific heat data is 275 K at 298 K and 283216 K at 0 K
{209, table XV]. It has a density of 12.02 Mg m™ at 293.2 K
[228, p. 41a). At 293 K it has a coefficient of thermal linear
expansion of 11.8X 10 K™ [228, p. 248]. At 300 K it has
a thermal conductivity of 0.718X10° W m™ K™ for well-
annealed high-purity material {211, p. I-503]. Palladium has
a latent heat of fusion of 16.74 kJ mol™ [214, p. 229].
Hydrogen is absorbed readily by palladium, and, in addition,
hydrogen diffuses at a relatively rapid rate through the
heated metal [189, p. 593].

There are 76 sets of experimental data reported in this
work for the temperature dependence of the electrical
resistivity of palladium. Information pertaining to the
specimen characterization, measurement conditions, and
method of data extraction is given in table 9 for each of the
data sets. The numerical data are tabulated in table 10. The
numerical data are graphically shown in figures 9 and 10;
the former figure has logarithmic scales, which highlight the
low-temperature region, and the latter figure has both scales
which region.
Numerical data for the electrical resistivity exist over the
temperature range from 1 K to 2019 K.

linear, emphasize the high-temperature

Out of 71 data sets that give data exclusively in the solid
state and the one data set that covers both the solid and
liquid states, twenty data sets were produced before 1940.
Among these early measurements, the earliest is the 1893
work of Dewar and Fleming [13] (data set 26) that covered
the temperature range from 76 K to 467 K. Toward the end
of this period, in 1937, Conybeare [130] (data sets 40, 41)
reported measurements’ up to 1273 K for 99.98% pure
palladium. His data for a specimen with a preliminary
heating to 923 K (curve 40) was considerably below his data
for a specimen annealed for 3 days at 1243 to 1273 K (curve
41). The work of Grube and Knabe [138] (data set 70) that
was reported in 1936 extended measurements to 1673 K,
and their numerical values were below those of Conybeare.
The measurements of Grube and Kistner [137] (data set 71)
and of Grube et al. [136] (data set 72), both of which were
reported in 1936, also were below the measurements of
Conybeare.

There are several noteworthy measurements made at low
temperatures. The work -of Kemp et al. [143, p. 813] (data
set 13) in the mid-1950’s for 99.995%% pure palladium
showed a T°* dependence below 8/5, where 6 is the Debye
temperature. White and Woods [91] (data sets 64—6) in their
1959 paper reported smoothed ideal resistivity data down to
10 K. They also showed a T*® dependence for the ideal

J. Phys. Chem. Ref. Data, Vel. 8, No. 4, 1979
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resistivity in the range of 8/20<T<6/10 [91, pp. 286-7].
In addition, a 77 relationship appeared to show up in the
region of very low temperatures [91, fig. 5]. Schindler and
Rice [155] (data sets 27-9) reported measurements in the
range of 1.9-32 K for three high-purity specimens, and, in
addition, they reported measurements on three Pd-Ni alloys.
For the measured resistivity minus the residual resistivity,
they stated, “At the lowest temperatures, the resistances of
all the samples vary as 7% [155, p. 762], which applied to
the three high-purity specimens and the three Pd-Ni alloys.
Several years later, in 1968, Schriempf [158] (data set 12)
reported a dependence of the form

p = p, + AT?* + BT? (19)

fuor pure material at low temperatures (see also data sets 11
and 17).

There are several important measurements at

intermediate and high temperatures. In 1972 Laubitz and
Matsumura [146] (data set 67) reported smoothed resistivity
data over the temperature range of 90 K to 1300 K for a
specimen of 99.99% nominal purity. It should be noted that,
in addition to using a well-characterized specimen, they used
two systems for the measurements and ‘“Both systems have
been extensively and satisfactorily intercompared with each
other and with systems in other laboratories ...” [146, p.
197]. Rowland et al. [122] (data set 39) reported data in
1974 on spectroscopically pure palladium from below room
temperature to 1300 K that agreed very well with the data of
Laubitz and Matsumura [146] (data set 67). In 1975 Dupree
et al. [132] (data set 68) reported measurements on a
specimen with a typical batch purity of 99.95% from room
temperature to very close to the melting point. In addition,
they reported measurements in the liquid state for which
their apparatus was optimized [132, 204, 205] (data set 69).
In 1969 Jain et al. [141] (data sets 19-21) reported
measurements on 99.9% pure material in the temperature
range of 1109-1466 K. They used an equation of the form

p = AT + BT? (20)

to fit their data as well as the data for the unannealed
specimen of Conybeare (see data set 40). The constant B in
eq (20) turned out to be negative.

Although they did not present original data, Birss and
Dey [193] in their 1961 paper fitted the results of White and
Woods and of Conybeare. They assumed the resistivity was
represented by the form

p = AT g0/T) + BT? + CT? 21)

and found when using the data in eq (21) that g(8/7) was
not given by F(8/T), the Griineisen function, eq (14). They
defined a new function g'(6/T) that replaced g(6/7) in eq
(21) such that the data was brought into exact agreement.
They gave a comparison of g(0/7) with the Griineisen
function.

"There is very little information on deviations from
Matthiessen’s Rule (DMR) in palladium. In his review article
Bass [191, p. 543] stated, “We have been unable to find any
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clear-cut examples of DMR in dilute Pd-based alloys which
do not manifest a resistivity minimum.” Referring to the
work of Arajs et al. [129], Bass mentioned that Arajs et al.
“... found no resistivity minimum in dilute Pd-Er alloys
measured between 4 and 40 °K; but also no DMR.” Only the
pure palladium specimen of Arajs et al. met the impurity
criterion for an element, and that is the only specimen for
which resistivity data are given in this work (data set 37).
The later review paper of Cimberle et al. {199], which was
also concerned with deviations from Matthiessen’s Rule, did
not add any further information about palladium.

Our evaluated data for pure bulk palladiym in the solid
state were specifically based on the data of Laubitz and
Matsumura [146] (data set 67), White and Woods [91] (data
sets 64-6), and Schriempf [158] (data set 12). The data of
White and Woods merged well into the data of Laubitz and
Matsumura. In addition, the data of Schriempf merged well
into the data of White and Woods.

Reasons for using the data of Laubitz and Matsumura
include the well-characterized nature of their specimen, the
intercomparison of their equipment, the reporting of tabular
data, and confirmatory weaswewents by Rowland et al. In
order to match the data sets and to insure smoothness, a
preliminary fit to the data, reduced to nominal intrinsic
resistivity, was made using eq (12) with an rms fractional
deviation of 0.0031 and 4=10.968X10" Q m, B=-
6.4812 X107, €=2.3854X 107, and =278.4 K. A plot of
the fractional deviations against temperature was smoothed,
and the result added to eq (12) to obtain smoothed data from
80 K to 1300 K. In the region from 13 K to 90 K, a plot of
p.(nominal)/T** was used for matching of data sets and to
insure smoothness, while below 13 K a plot of
p(nominal)/T? was used. Then, the thermal expansion
correction was applied to p,(nominal) using eq (11) and the
CINDAS recommended values for A¢(T)/ £(293 K) [228,
p. 248]. Finally, the residual resistivity of 0.0200Xx10™
Q m was added to p; to obtain the reported total electrical
resistivity. This value of residual resistivity is representative
of the residual resistivities of the data used in developing the
recommended values.

Extension of the resistivity values beyond 1200 K to the
melting point was complicated by the fact that the existing
data sets had either incompletely characterized specimens or
too much scatter. In addition, recommended values for
thermal linear expansion beyond 1200 K did not exist [228,
p- 248], and a search of the CINDAS documentation files did
"not yield any useful information to remedy the situation.
Therefore, a different approach was utilized. It was observed
that the form

p;(nominal)
T(1-AT) (22)

reached a constant value above 1000 K. The constants in eq
(22) were determined by using the already smoothed data of
nominal intrinsic resistivity at 1000 K and 1200 K resulting
in

p{nominal) = 4.0608 X 7 X (1 - 2.1445 X 107 T)
X 10 Q m. (23)
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It was assumed that eq (23) held up to the melting point. The
form

pi(nominal)
T (1-CTH 24)

did not reach a constant value above 1000 K, and the form

pi(nominal) ©5)
T (1-4T-CT?

was slightly worse than eq (22) in reaching a constant value.
These two forms were tried because they were used by Jain
et al. and by Birss and Dey in their work previously
mentioned. Values of the thermal linear expansion above
1200 K were calculated from

1+41.400X 107 (7-1000.0)
1-2.070 X 107* (7-1000.0)
(26)

AL(T)
£(293 K)

= 0.00975 [

The rational fraction, eq (26), appears to be better than a
power series when both forms have their constants
determined by using the CINDAS recommended values for
AZ(T) €293 K) at 800 K, 1000 K, and 1200 K. The
thermal expansion correction was applied to p(nominal)
using eq (11). Finally, the residual resistivity of
0.0200X10° Q m was added to p‘ to obtain the reported
total electrical resistivity.

The uncertainty in the recommendations in the solid
state was arrived at by applying the general ideas mentioned
in subsection 3.4. In addition, the uncertainty at low
temperatures was increased somewhat, since no explicit
statement was made that annealing took place for the
material reported by Schriempf.

There are five data sets that entirely or in part give data
for the liquid state. The data of Dubinin et al. [131] (data
sets 45, 46) and of Vatolin et al. [163] (data set 47) are
single-point values. The data of Giintherodt et al. [139, 148]
(data set 53) cover both the solid and liquid states, and their
data were presented in the form of a figure. The form in
which data is reported is important, ' because CINDAS
introduces an estimated extraction error when data is
extracted from a figure. In the liquid state, Giintherodt et al.
reported resistivity data between 1864 K and 2019 K. The
authors pointed out that there is “... almost no temperature
dependence ...” [139, p. 292]. In addition, the difference in
the data points is within the estimated extraction error of
+0.8X10®% Q m. These two facts suggest that the
resistivity is constant up to 2019 K. Dupree et al. [132] (data
set 69) reported resistivity data for palladium of 99.9%
initial nominal purity and corrected for the thermal
expansion of the cell. The apparatus was optimized with
respect to the liquid state measurements [132, 204, 205].
The results indicated that in the liquid state
pP=83%£2)x10" Q m and dp/dT=(0.0010.02)X 107
Q m K7, which gives further support to the conclusion of a
constant resistivity.

The evaluated data for the resistivity of palladium in the
liquid state were based on the work of Dupree et al. [132]
(data set 69) and of Glintherodt et al. [139, 148] (data set

I Phue Chawm DL ND_a_ V.l 0 R a4 anwa
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53). A constant value of 83X10®  m was assigned from
the melting point to 2019 K with an uncertainty of +5%,
therefore, making these values recommended values, in the
usage of CINDAS. The data of Giintherodt et al. would be
within this uncertainty range considering the estimated
extraction error of the data set and an assumed uncertainty
of 2%.

The recommended  values for the
dependence of the electrical resistivity of palladium are
tabulated in table 8. The values for the solid and liquid
states are corrected for thermal expansion. The values
tabulated are for the total resistivity. In addition, the
intrinsic resistivity values are given for the solid state. The
recommended values for the total resistivity are shown in
figures 9 and 10. For the solid state, the values for the total
resistivity apply to annealed 99.99% pure or purer bulk
palladium and the values below 90 K are applicable to a
sample obeying Matthiessen’s Rule with a residual resistivity
of 0.0200X107° Q m. (The criterion for the selection of 90
K is that, at this temperature or above, the percentage error
in using the intrinsic resistivity instead of the total

temperature

resistivity. or vice versa. is within the uncertainty in the total
resistivity given below.) The values for the intrinsic
resistivity apply to pure palladium with various' impurity
concenirations and residual resistivities. Values for the total
resistivity of samples other than one with a residual
resistivity of 0.0200X 10 0 m can be obtained by adding
the residual resistivity of the particular sample to the
intrinsic resistivity. For the liquid state, the values apply to
99.9% pure or purer palladium. The uncertainty in the
recommended values for the total electrical resistivity is
negligible below 1 K, 2% from 1 K to 40 K, 1% above 40 K

J. Phvs. Chem. Ref. Data, Vol. 8, No. 4, 1979

to 350 K, within 2% from above 350 K to 1600 K, and
2.5% above 1600 K to the melting point of 1827 K. There is
negligible uncertainty below 1 K, because, in determining
the uncertainty in the total resistivity, the residual resistivity
is considered to be exactly specified. The percentage
uncertainty in the intrinsic resistivity in the solid state is the
same as that for the total resistivity down to 30 K. The
uncertainty increases to 3% from below 30 K to 15 K, is 5%
from below 15 K to 10 K, and is greater than 10% below 10
K. For the liquid state, the uncertainty is 5% from the
melting point to 2019 K. The values in the table for the
solid state have been given beyond the physically significant
figures to permit linear interpolation of log p; versus log T
and log p versus log T. The maximum error introduced solely
by linear interpolation of log p; versus log 7 compared to the
correct values is less than 0.1% from 293 K to the melting
point of 1827 K, but increases at lower temperatures; it is
less than 0.5% from 125 K to just below 293 K, less than
0.9% from 100 K to just below 125 K, less than 0.5% from
35 K to just below 100 K, less than 0.7% from 30 K to just
below 35 K, less than 0.5% from 15 K to just below 30 K,
and less than 2.5% from 1 K to just below 15 K. The
maximum error introduced solely by linear interpolation of

log p versus log T compared to the correct values is less than

0.14% from 225 K to just below 600 K, less than 0.1% from
600 K to the melting point of 1827 K, and increases at
temperatures lower than 225 K; it is less than 0.3% from
175 K to just below 225 K, less than 0.5% from 125 K to
just below 175 K, less than 1% from 25 K to just below 125
K, less than 2.5% from 15 K to just below 25 K, less than
4.5% from 10 K to just below 15 K, and less than 1% from
1 K to just below 10 K.



[Temperature, T, K; Total Resistivity, p, 1078  m; Intrinsic Resistivity, pj» 1078 U m]

ELECTRICAL RESISTIVITY OF COPPER, GOLD, PALLADIUM, AND SILVER

TABLE 8, RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY

OF PALLADIUM

Solid
a a,b a a,b
T P; e’ T Py 0
1 0. 0000309 0.0200 225 7.87 7.89
4 0. 000505% 0.0205 250 8.86 8. 88
7 0.00170% 0.0217 273.15 9.76 9.78
10 0.00421% 0.0242 293 10.52 10. 54
15 0.0145 0.0345 300 10.78 10.80
20 0.0363 0.0563 350 12.65 12.67
25 0.0736 0.0936 400 14,46 14,48
30 0.130 0,150 500 17.92 17.94
35 0.210 0,230 600 21.16 21.18
40 0.314 0.334 700 24,21 24,23
45 0.440 0.460 800 27.05 27.07
50 0,586 0.606 900 29,72 29,74
55 0,745 0.765 1000 32.21 32.23
60 0.918 0.938 1100 34,52 34.54
70 1.30 1.32 1200 36.66 36.68
80 1.73 1.75 1300 38.64 38.66
90 2.17 2.19 1400 40,44 40,46
100 2.60 2.62 1500 42,08 42,10
125 3.71 3.73 1600 43.55 43,57
150 4.78 4,80 1700 44, 86 44, 88
175 5,83 5.85 1800 45,99 46. 01
200 6.86 6.88 1827 46,27 46,29
Liquid
T pa, c

1827 83

1900 83

2000 83

2019 83

1239

@ The values are corrected for thermal expansion, See text for the uncertainty of the
values. See text for an indication of the determination of values between those given

in this table (interpolation scheme in the solid state).

b In the solid state, the values for the total electrical resistivity apply to annealed 99. 99%
pure or purer bulk palladium and the values below 90 K are applicable to a sample obeying

Matthiessen's Rule with a residual resistivity of 0, 0200 x 10~% Qm.

€ In the liquid state, the values apply to 99.9% pure or purer palladium.

* Provisional values.

J. Phys. Chem. Ref. Data, Vol. 8, Ne. 4, 1979
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4.4, Siiver

Silver is a metal with a gray-white lustrous appearance.
It has an atomic number of 47, a relative atomic mass of
107.868 (see table 1), and is a member of subgroup IB of the
periodic table. There are two stable naturally-occurring
isotopes; one with mass number 107 has a natural abundance
of 51.82%, and the other with mass number 109 has a

natural abundance of 48.18% [232, p. B-338]. The crystal -

structure is face-centered cubic. Silver has a melting point of
1235.08 K and a normal boiling point of 2440 K {228, p.
42a]. At 293.2 K it has a density of 10.492 Mg m [228, p.
42a]. At 293 K it has a coefficient of thermal linear
expansion of 18.9X10° K™ [228, p. 298]. The thermal
conductivity at 300 K is 4.20X10° W m™ K™ for well-
annealed high-purity material [211, p. 1-607]. The latent heat
of fusion of silver is 11.30 kJ mol™ [214, p. 230]. Silver
with a purity of 99.999%% is commercially available.

There are 130 sets of experimental data reported in this
work for the temperature dependence of the elecirical
resistivity of silver. Information pertaining to the specimen
characterization, measurement conditions, and method of
data extraction is given in table 12 for each of the data-sets.
The data themselves are tabulated in table 13. The data are
shown in figures 11 and 12; thc former figure has
logarithmic scales, which highlight the low-temperature
region, and the latter figure has both scales linear, which
emphasize the high-temperature region. Data for the
electrical resistivity exist over the temperature range from
0.323 K to 1673 K with a gap and then an isolated point ai
1873 K.

Among the data scis for the electrical resistivity of solid
silver there are many sets obtained before 1940. The earliest
data reported in this work is that of Dewar and Fleming [12]
(data set 26) who reported in 1892 measurements on pure
silver from 91 K to 373 K. In 1900 Jaeger and Diesselhorst
[27] (data set 28) reported measurements on 99.98% pure
silver at 291 K and 373 K. Lees [36] (data set 16) in 1908
reported data on 99.90% pure silver from 95 K to 205 K.
Also in 1908, Niccolai [52] (data set 88) reported
measurements on pure silver over the temperature range of
84 K to 674 K. In 1914 Northrup {178] (data sets 29, 30)
reported data from 294 K to well into the molien region. In
1934 Griineisen and Reddemann [22] (data -sets 46-9)
reported measurements on several pure silver specimens over
the range of 22 K t0 273 K.

Some noteworthy measurements at intermediate or high
temperatures after 1940 are as follows. In 1966 Ascoli et al.
[165] (data set 64) reported measurements on well-annealed
99.999% pure silver from 374 K to 1198 K. The data were
corrected for thermal expansion and data for a typical set of
results were extracted from a figure. Laubitz [112] (data sets
61, 62} in 1969 reported measurements on annealed
99.9999% pure silver. The data were presented in the form
of a polynomial along with a piot of the deviation of the data

points from the polynomial. Then, in the next year,
Matsumura and Laubitz [176] (data sct 66) reported
measurements on 99.99999 pure silver from 84 K to 358 K.
Their data were reporied in a nanner similar to that of

Laubitz.

1257

At low temperatures there is a good deal of disagreement
as to the behavior of p,. In 1959 White and Woods [91]
(data set 63) reported measurements on vacuum-annealed
99.999% pure silver from 10 K to 295 K. They presented
smoothed data of intrinsic resistivity in tabular form. They
found a T*7 dependence for the intrinsic resistivity above 10
K [91, p. 286]. In 1962 Fenton [102] (data sets 84-6)
reported data for pure silver from 2.1 K to 17 K and found a -
T%? dependence for the intrinsic resistivity (see data set 84).
In 1970 Seih and Woods [183] (data sets 10, 11) reported
measurements on annealed 99.999% pure silver from 10 K
to 295 K. Their data indicate a 7**® dependence between 10
K and 20 K. In 1972 Kos [174] (data sets 71-4) reporied
measurements on pure silver in the range of 1.4 K to 4.1 K.
He found the form AT 3+ BT ° best fitted the data [174, pp.
392-3]. The next year, Kos [175] (data sets 75~82) reported
data on very pure silver, both strained and annealed. In the
range of 12 K to 20 K the intrinsic resistivity has a 7+
behavior, while from 2 K to 9 K it has a 7% pehavior [175,
pp- 1608, 1610]. In 1974 Ehrlich and Schriempf [168] (data
set 67) reported measuremenis on oxygen-anneaied high-
purity silver from 5.1 K to 20 K. In the region of 5 K to 20
K the intrinsic resistivity follows a 7" behavior. In the same
year, Teixeira {82] (data set 103) reported data on annealed
99.999% pure silver from 1.3 K to 292 K. After subtracting
out a term of the form C exp(-6;/T), he found good
agreement with 7° behavior [82, p. 29}. In 1975 Barber and
Caplin [166] (data sets 104~29) reported data on iron-free
99.999% pure silver over the typical range of 1 K to 20 K,
Their results indicate a 7* dependence below 10 K. In 1976
Rumbo [66] (daia sets 68-70) reported measurements on
very pure silver from 1.2 K to 8.5 K. The dependence goes
from T3° in the upper portion of the temperature region to
7% in the lower portion [66, p. 90]. These disagreements
probably arise from problems in sample control, the formal
difficulty of separating out the residunal resistivity, and the
general applicability of Matthiessen’s Rule for all impurities.

Our evaluated data for the electrical resistivity of pure
bulk silver in the solid state were primarily based on the
data of Ascoli et al. [165] (data set 64), Laubitz [112] {data
sets 61, 62), Matsumura and Laubitz [176] (data set 66), and
Seth and Woods [183] (daia sets 10, 11). One reason for
selecting these data sets is the fact that the measurements
are for pure specimens of comparable purity with specimen
characterization and conditions of the measurements well
stated. In the high-temperature region, the data of Ascoli et
al. was shifted to match the data of Laubitz. In order to
maich and smooth the data sets, a preliminary fit to the data,
reduced to nominal intrinsic resistivity, was made using eq
(12). However, the error in the fit began to increase below
109 X, indicating the inadequacy of that form. Use of the
form in eq (15) was quite adequate with an rms fractional
deviation of 0.0017, p=2.40, A=1.1730X10° Q m, B=-
2.0482x 107, €=0.03765, D=-1.1987X107%, and
0=220.9 K. A plot of the fractional deviations ageinst
temperature was smoothed, and the result added to eq (15) to
obtain smoothed data from 50 K to 1200 K. Below 50 K, a
plot of pynominal)/T** was used to check and improve
smoothness. Above 1200 K. values of g{nominal) were

J. Phiys. Chem. Ref. Date, Vol. §, Nc. 4, 197¢
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smoothed using a plot of p(nominal)/T against 7. Finally,
the thermal expansion correction was applied to p(nominal)
using eq (11) together with the CINDAS recommended value
for A¢(T)/ £(293 K) [228, p. 298]. Values of the thermal
linear expansion above 1200 K to the melting point were
found by graphical extrapolation of the CINDAS values. A
residual resistivity of 0.001003<107% @ m was added to p; to
obtain the reported total electrical resistivity. This value of
residual resistivity is representative of the residual
resistivities of the data used in developing the recommended
values.

The estimate of the uncertainty in our recommendations
was arrived at by applying the general ideas mentioned in
subsection 3.4. In particular, estimates of the uncertainties
made by Laubitz as well as by Matsumura and Laubitz were
supplemented by comparison of the results with the low-
temperature results of Ehrlich and Schriempf [168] (data set
67), Teixeira [82] (data set 103), and White and Woods [91]
(data set 63). A check was made to determine whether
deviations from Matthiessen’s Rule could be expected to be
important 1n silver. For the residual resistivity of
0.00100X10® Q m used here, the plots in Cimberle et al.
[199, p. 652, figure 5.1] indicate no deviation from
Matthiessen’s Rule down to 22.4 K. Over the whole
temperature range, the evaluated data qualify as
recommended values, according to CINDAS usage.

Thirteen of the data sets reported here contain data on
silver in the liquid state. Most of the recent data agree
reasonably well. In 1957 Roll and Motz [64] (data set 83)
reported measurements on 99.995% pure silver from 1243 K
to 1464 K using the rotating field method. The data indicate
linear behavior. They carried out the thermal expansion
correction and reported accuracy figures. In 1962 Takeuchi
and Endo [184] (data set 94) reported data from 1253 K to
1331 K, and they also used the rotating field method. The

data show linear behavior and are close to the data of Roll |

and Motz. The single-point values of Howe and Enderby
[107] (data set 87) and of Ozelton et al. [55] (data set O1),
both reported in- 1967, are close to previously mentioned
data; the data of Busch and Giintherodt [97] (data set 92) on
99.999% pure material also falls close. The 1973 data of
Uemura and Tkeda [186] (data set 90), who used the d¢ four-
probe technique, falls below the other data. The earlier 1914
measurements of Bornemann and Wagenmann [8] (data set
95) show linear behavior to 1673 K.

As the best estimate for pure silver, the data of Roll and

Motz were fitted by a straight line using a least squares
criterion to get

p = 17.30 + 0.008447 (T - 1235.08) 27)

(TinK, pin 10% Q m). The reason for selecting the data of
Roll and Motz is the existence of confirmatory
measurements. More modern measurements are expected to
have better sample control. Additional factors were the more
extended range of measurements compared to Takeuchi and
Endo, the explicit statement that the thermal expansion
correction was carried out. and the error estimates that were

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 1979
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given. Because the data of Bornemann and Wagenmann show
linear behavior to 1673 K, the evaluated data were extended
to 1673 K using eq (27). k

The estimated uncertainty in the evaluated data is
intended to take account of the apparent accuracy of the
rotating field method of measurement, the uncertainty
estimaled by Roll and Mols, and the error in extracling the
data from their figure. Additionally, the uncertainty is
increased somewhat to take account of the data of Uemura
and lkeda who used a different method. The uncertainty is
4%, which makes these recommended values, in the usage of
CINDAS.

The recommended values for the temperature
dependence of the electrical resistivity of silver are tabulated
in table 11. The values for the solid and liquid states are
corrected for thermal expansion. The values tabulated are for
the total resistivity. In addition, intrinsic resistivity values
are given for the solid state. The recommended values for the
total resistivity are shown in figures 11 and 12. The values
for the total resistivity of the solid apply to annealed
99.999% pure or purer bulk silver and the values below 40
K are applicable to a sample obeying Matthiessen’s Rule
with a residual resistivity of 0.00100X10° Q m. (The
criterion for the selection of 40 K is that, at this temperature
or above, the percentage error in using the intrinsic
resistivity instead of the total resistivity, or vice versa, is
within the uncertainty in the total resistivity given below.)
The values for the intrinsic resistivity apply to pure silver
with  various impurity concentrations and residual
resistivities. Values for the total resistivity of samples other
than one with a residual resistivity of. 0.00100%10° Q m
can be obtained by adding the residual resistivity of the
particalar sample to the intrinsic resistivity. For the liquid
state, the values apply to 99.995% pure or purer silver. The
uncertainty in the recommended values for the total electrical
resistivity is negligible for 4 K and below, 1% from above 4
K to 10 K, 5% from above 10 K to 30 K, 2% from above 30
K to 70 K. 1% above 70 K to 400 K, and 2% ahave 400 K
to the melting point. There is negligible uncertainty below 1
K, since, in determining the uncertainty in the total
resistivity, the residual resistivity is considered to be exactly
specified. The percentage uncertainty in the intrinsic
resistivity is the same as that for the total resistivity down to

- 20 K. Below 20 K it increases to over 5% and values are not

given. For the liquid state, the uncertainty is 4% from the
melting point to 1673 K. The values in the table have been
given beyond the physically significant figures and for values
in the solid state permit linear interpolation of log p; versus
log T and log p versus log /. I'he maximum error introduced
solely by linear interpolation of log p; versus log 7 compared
to the correct values is less than 0.1% from 200 K to the
melting point of 1235.08 K, but increases at lower
temperatures; it is less than 0.15% from 150 K to just below
200 K, less than 0.4% from 125 K to just below 150 K, less
than 0.6% from 40 K to just below 125 K, and less than
0.9% from 20 K to just below 40 K. The maximum error
introduced solely by linear interpolation of log p versus log T
compared to the correct values is less than 0.1% from 175 K
to the melting point of 1235.08 K, but increases at lower
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temperatures; it is less than 0.15% from 150 K to just below
175 K, less than 0.4% from 125 K to just below 150 K, less
than 0.6% from 70 K to just below 125 K, less than 1%
from 35 K to just below 70 K, less than 2.6% from 20 X to
just below 35 K, less than 5% from 15 K to just below 20 K,

less than 8.2% from 10 K to just below 15 K, less than 2%
from 7 K to just below 10 K, less than 1% from just above 4
K to just below 7 K, and a negligible percentage error from
1 K to 4 K. For the liquid state, the determination of values
between those given in the table can be done using eq (27).

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 1979
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TABLE 11. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY
OF SILVER

[Temperature, T, K; Total Resistivity, o, 1078 Q m; Intrinsic Resistivity, Pi» 108 Q m]

Solid
T pia,b o2 © T pia,b P ©
1 0,00100 150 0. 725 0,726
4 0.00100 175 0,877 0.878
7 0.00103 200 1.028 1.029
10 0.00115 225 1.178 1.179
15 0.00189 - 250 1.328 1.329
20 0.00322 0,00422 273,15 1.466 1.467
25 0. 00855 0.00955 293 1.586 1.587
30 0,0184 0.0194 300 1.628 1.629
35 0.0331 0.0341 350 1,931 1.932
40 0. 0529 0.0539 400 2.240 2.241
45 0.0763 0.0773 500 2.874 2.875
50 0.103 0.104 600 3.530 3.5631
55 0.131 0.132 700 4,208 4,209
60 0.161 G. 162 800 4,911 4,912
70 0.224 0,225 900 5,637 5.638
80 0,288 0.289 1000 6.395 6. 396
90 0.353 0.354 1100 7.214 7.215
100 0.417 0.418 1200 8.088 8. 089
125 0.572 0.573 1235, 08 8.414 8.415
Liquid

T o2

1235, 08 17.30

1300 17.85

1400 18.69

1500 19,54

1600 20.38 |
1673 21.00

a The recommended values are corrected for thermal expansion. See text for the
uncertainty of the recommended values. See text for an indication of the determination of

values between those given in this table (interpolation scheme in solid state, equation
in liquid state).

b Values for the intrinsic resistivity are not given below 20 K because of the large

uncertainty.
¢ In the solid state, the values for the total electrical resistivity apply to annealed 99. 999%
pure or purer bulk silver and the values below 40 K are applicable to a sample obeying
Matthiessen's Rule with a residual resistivity of 0.00100 x 10-% Qm.

d In the liquid state, the values apply to 99.995% pure or purer silver.

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 197'
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ELECTRICAL RESISTIVITY OF COPPER, GOLD, PALLADIUM, AND SILVER
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ELECTRICAL RESISTIVITY OF COPPER, GOLD, PALLADIUM, AND SILVER
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5. Summary

In this work, recommended values for electrical
resistivity as a function of temperature from the cryogenic
region to well beyond the melting point have been given for
bulk pure copper, gold, palladium, and silver, with an
uncertainty generally less than 5%. In addition to the total
electrical resistivity values for the solid state, intrinsic
electrical resistivity values have also been presented from
cryogenic temperatures to the melting point. The values for
the electrical resistivity have been corrected for the change
in geometry due to thermal expansion. The recommendations
are based on theoretical and empirical knowledge and on
numerical data for the pure materials found in an extended
search of the open literature. That numerical data, together
with the associated information pertaining to specimen
characterization and measurement conditions, have been
extracted from the literature and appear as part of this work.
Methods of evaluation and other considerations used in
arriving at the recommendations have been described. For
the solid state, an interpolation scheme has been given to aid
in the determination of values between those supplied in the
tables; for the liquid state, equations have been given.

The synthesis of data fram different sources to produce
recommended values begins with a study of all available
data, selection of the data sets on which the recommended
values are to be based, and the assignment to these of
appropriate relative weights. In synthesizing these sometimes
discordant data to get a smooth recommended curve over the
whole temperature range, it has been found useful to carry
out weighted-least-squares fitting of appropriate fitting
functions to the selected data. To obtain fitting functions
capable of approximating the rather complicated behavior of
the electrical resistivity over an extremely broad range of
temperatures, and thus to achieve maximum coordination of
information from different temperature ranges, two
modifications of the familiar Bloch-Griineisen function were
made. These involve new parameters, adjustment of which
makes it possible to simulate the effects of lattice
anharmonicity and thermal expansion at high temperatures
and the effects of various scattering processes at low
temperatures. However, the forms used are primarily
determined by empirical facts and considerations of
convenience, and the new parameters do not have direct
physical interpretations. Neither is it necessary that a high
accuracy of fit be attained (though this has been attained in a
number of cases), since the fitting is intended merely to allow
one to fix attention on the relatively small deviations of the
data from the fitting functions. These deviations arise in part
from experimental errors and other discrepancies and in part
from the inadequacies of the fitting function. Values for the
fractional deviation of the data from the fitting function,
produced by a computer, were plotted on an expanded scale
and used to construct graphically a smoothed deviation
curve, Values read from this smooth curve at the

temperatures of - interest werc added to the¢ much largcr.

values of the fitting- function to obtain final smoothed values
for the nominal intrinsic resistivity.

J. Phys. Chem. Ref. Data, Vol. 8, No. 4, 1979

R. A. MATULA

In the low-temperature region it was satisfactory to
employ plots of p(nominal)/7" against temperature, for
suitable values  of n, in checking, smoothing, and
extrapolating data.

Once the intrinsic nominal resistivity was determined,
the thermal expansion correction was applied in order to
arrive at the intrinsic resistivity. Finally, after adding in the
residual resistivity, the total resistivity was found.

In the section giving some theoretical background, Mott’s
formula for the ratio of the resistivity p; of the liquid ta the
resistivity pg of the solid, both at the melting point, was
mentioned. A comparison between that formula and the ratio
arrived at from the results of this work is given in table 14;
in using the formula, the melting points used were those
stated in table 1 and the latent heats of fusion were those
stated in the first paragraph of the.discussion pertaining to
each element. Because Mott’s theory is crude, disagreements
of the experimental data with his formula are not surprising
and do not suggest an inaccuracy in the recommended

values.
TaBLE 14. Comparison of p;/ps at the melting point
between present results and Mott’s theory
(pL/ Ps) T
Element Present resnlts Matt’s formula
Copper 2.07 . 2.16
Gold 2.32 2.09
Palladium 1.79 ) 2.08
Silver 2.06 2.08
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parentheses after the reference is a data set number; it refers
to the data set in the tables of experimental data and
measurement information under that element. This way of
grouping the references allows one to quickly determine who
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Methods of Measuring Electrical Resistivity

(2)  ac Bridge Method (D)
1219, p. 162]
b.  No Connection to Sample
(1) Mutual Inductance Method (M) [197]
(2)  Self-inductance Method (S) [234]
(3)  Rotating Magnetic Field Method (R) [59]
2. Non-Periodic Currents Involved
a.  Direct Connection to Sample
(1) Transient (subsecond) Method (T) [196]
b.  No Connection to Sample
(1)  Eddy Current Decay Method (E)
[192; 219, p. 103]
C. General Comments
1. This conceptual scheme of organizing methods of
measuring electrical resistivity into steady-state and
non-steady-state methods, with the latter organized



give a reason for the choice of the unit used in this work,
and give facts and more basic conversion factors used to c.

ELECTRICAL RESISTIVITY OF COPPER, GOLD, PALLADIUM, AND SILVER

into penodic and non-periodic subdivisions, was done
by analogy with the scheme for thermal conductivity

[226, pp. xv-xvi; or 227, pp. xv-xvi].

The letters within parentheses are the codes for the
respective methods. The codes -appear in the
“Method . Used” column in the Tables of

. Measurement Information.

Code “I” means Induction Method. This is a
combination of Items Blb and B2b above. Subsumed
under I is M, R, S, or E. This is used only if author

“ac  method”
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column in the Tables of Measurement Information.
either ‘if the method described by the author is not
sufficient to assign a specific code or the use of a
code would not convey the information reported in
the document. As an example, if an author states an
was used without any further
specification, the following wording can be used in
the “Composition, Specifications, and Remarks”
column of the Tables of Measurement Information:
“experimental method described as an ac method.”

indicates induction method used and-does not report

which specific one.

4. The symbol “—” is used in the “Method Used”

In the “Method Used” column the symbol *—”
would
corresponds to the heading B1 above.

appear. Note that. this “ac -method”

Appendix 2. ' Conversion Factors for Units of Electrical Resistivity

TABLE A-1. Conversion factors for units of -electrical resistivity
MULTIPLY VALUE
by appropriate (SI unit) (Unit used in this work)
factor to
OBTAIN ——— Qm 10°Q m
10°0Q m 1x10° 1
u cm 1x10°® 1
Qoem 1x107? 1X10°
Qm 1 1x10°
0 cmil ft! 1.66243 10 1.66243 % 107
Qin 2.54X10* 2.54X10°
Qft ‘| 3.048x 107 " 3.048X 107
abohm—centimeter 1x10™" 1X 19'3
emu 1x10M Ix107?
statohm—centimeter 8.98755x 10° 8.98755 10"
esu 8.98755 % 10° 8.98755x 10"
107 ohm per centimeter cubed 1x10% 1
o(in units of ({1 cm)™) Ax10%/0 (1X10%/0
Q mm? m! 1107 1310?
percent JACS 1X 10'.4/(58>< percent JACS) 1Xx10%/(58 X percent JACS)

Notes for Table A-1

These notes identify the SI unit of electrical resistivity,

justify the conversion factors in table A-1.

1.: The SI unit- of electrical resistivity is the ohm-meter, d.
with the symbol @ m [213. p. 14. item 5-43.1].

The symbol for the unit of electrical resistivity used in e.
~ this work is 10 Q m; with this unit numerical values

for metallic materials over a wide temperature range f.
generally fall between 10~° and 10° [198; 214, pp. 102-

45 206, pp. 9-39 to 9-42]. Also, a great deal of data are sl

2.

reported in units of p{2 cm (=10%Q m).

b. 1in=2.54%X10% m [221, table 7].
“The circular mil is a unit of area, and is a circle

mil (1/1000 of an inch) in diameter.” [231, p. 131]. -

1 esu unit of electrical resistivity=1 statohm-

centimeter [224, p. 878].

M

The conversion factors in Appendix 2 are based on the 2)

following conversion factors and definitions:

a. Sl prefixes used to form multiples and submultiples
of SI units [221, table 5; 222, p. 12, table 7; 190, p.

3; and 213, p. 2, table 4].

1 emu unit of electrical resistivity=1 abohm-
centimeter [224, p. 878].

1 statohm=10"" ¢* ohms where ¢ is the numerical
value of the speed of light in vacuum in units of m

1 statohm =1 statvolt/1 statamp {224, p. 858).

1 ampere=2.997 924 58x 10° statamperes.

(@) 1 ampere=10 ¢ statamperes [224, pp.
857, 858, 784, and 785. The essence of
the argument leading to this conversion
factor is given on p. 858; 201, pp. 132-5].
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(b) ¢=2.997 924 58%X10° m s [200, p. (3) 1 volt=10° abvolts [224, p. 860].
717, Table 33.1, this value for the speed h. 1 ohm per centimeter cubed is equivalent to 1 ohm-
of light .in vacuum is from the 1973 em [231, p. 132].
ad]us"mem_sof the fundamental constants}. i. Electrical conductivity o is the inverse of electrical
(€ 1 dly nz;g 1\;[125%3’ p.]16]. : resistivity p. ‘
1 statvolt= . volts. .
@ iy atl e a8 . conversion j. Percent IACS=1.724 1X100/p(in pf) cm) {225, p.
factor builds upon the argument leading to 363].
the conversion factor bétween amperes and k. TACS means International Annealed Copper
statamperes [see 224, p. 858 for the Standard {225, p. 366]. )
argument ]eading to the conversion factor 1. “(1) Ata temperature of 20 °,C, the volume resistivity
between volts and statvolts), of standard annealed copper is 1/58=0.017 241 ...
() 1erg=10" joule [222, p. 16]. ohm square millimeter per metre ((ohm mm®)/m)”
g. 1.ohm=10° abohm [224, p. 860]. {212, p. 4}
(1) 1 abohm=1 abvolt/1 abamp [224, pp. 858 and 4. Six significant digits were kept for the conversion factors
860]. . in table A-1 and the usual rule for rounding was. used
(2) 1 abampere=10 ampere [224, p. 858, for the [190, p. 11, item 4.4]. When less than six significan
argument leading to this conclusion}. digits are shown, the conversion factor is exact.
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