
A-Af29 037 ELECRICARESSTVIT OFALKAL ELMENtS( I, ERMOPHYS CAL AND LTRONIC PROPERTIES NFORMATION
ANALYSIS CENTER LAFAYETTE IN T C CHI JAN 76 CINDAS-40

UNCLASSIFIED DSA900-76-C-0860 F/G 7/2 NLEEEEEIIIIIEEE
EIEEEEEIIEIII
IEEEEIIIEIIEEE
EllllElhlllEEI
IIIIIIIIIIIEEE
EIEIIIIIIIEEEE
IEIIEEEIIIIIIE



H 1 W'L .

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS 1963-A

tI'

11111 II__.6

MICRCOP RESLUTON TST HAR

j " ' | '| " li f -" "l " 1 !'"am- "H 
"
:ll ATI ONAL . .. REAU ..... ST ND RD- .I96.. ...3-A .=z.



C CEINDAB
THERMOPHYSICAL PROPERTIES RESEARCH CENTER

ELECTRONIC PROPERTIES INFORMATION CENTER
pTHERMOPHYSICAL AND ELECTRONIC PROPERTIES INFORMATION ANALYSIS CENTERPUNDERGROUND EXCAVATION AND ROCK PROPERTIES INFORMATION CENTER

ELECTRICAL RESISTIVITY OF ALKALI ELEMENTS

By

T. C. CHI

CINDAS REPORT 40

January 1976

Prepared for T I
U. 8. Department of Defense L T

Alexmdria, Virginia 22304 jl 021983I)
~~~~" nl,..)nt ho3 been approVed%l p eae and scile,; its

,~ f , i~t "ha i, b unlimited.

CENTER FOR INFORMATION AND NUMERICAL DATA
ANALYSIS AND SYNTHESIS

PURDUE INDUSTRIAL RESEARCH PARK
2595 YEAGER ROAD

WEST LAFAYETTE, INDIANA 47 8 0 6 01



TINlrT.ARqTIT1
SECURITY CLASSIFICATION OF THIS PAGE (N1hen Data Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETINGO
I. REPORT NUMBER -2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitle) P " S. TYPE OF REPORT & PERIOD COV9R9O

Electrical Resistivity of Alkali Elements State-of-the-Art Report

S. PERFORMING ORO. REPORT NUMBER

CINDAS Report 40
7. AUTHOR(*) S. CONTRACT OR GRANT NUMBER(&)

T. C. Chi DSA-900-76-C-0860

9 PERFORMING ORGANIZATION NAME AND ADDRESS I0. PROGRAM ELEMENT. PROJECT. TASK

Thermophysical and Electronic Properties AREA A WORK UNIT NUMBERS

Information Analysis Center, CINDAS/Purdue
Univ., 2595 Yeager Rd., W. Lafayette, IN 47906

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Defense Technical Information Center, Defense January 1976
Logistics Agency, Attn: DTIC-AI, Cameron Station, 1. NUMBER OF PAGES

Alexandria, VA 22314 144
14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) IS. SECURITY CLASS. (of thie report)

Army Materials and Mechanics Research Center Unclassified
Attn: DRXMR-P
Arsenal Street is. DECLASSIFICATION/DOWNGRADING
Watertown, MA 02172 SCHEDULE N/A

16. DISTRIBUTION STATEMENT (of this Report)

Distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, if different from Report)

1S. SUPPLEMENTARY NOTES (DTIC Source Code 413571); TEPIAC Publication.

Microfiche copies available from DTIC

19. KEY WORDS (Continue on reverse side if necessary end Identify by block number)

*Electrical resistivity---
*Alkali elements ---Lithium---Sod ium---Potassium---Rubidium--Ceslum-_-

2FranciumI
20. ABSTRACT (Continue an reverse side If necessary and Identify by block number)

'-This technical report presents and discusses the available data and
information on the electrical resistivity of alkali elements (lithium, sodium,
potassium, rubidium, cesium, and francium) and contains recommended reference
values (or provisional or typical values). The compiled data include all the
experimental data available from the literature and cover the temperature
dependence, pressure dependence, and magnetic flux density dependence. The
temperature range covered by the compiled data is from cryogenic temperatures
to above the critical temperature of the elements. The recommended values -a

DO I JAN 73 1473 EDITION OF I NOV 5 IS OBSOLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

Ik _ ... ...



ii

PRE FACE

This technical report was prepared by the Electronic Properties Information

Center (EPIC) of the Center for Information and Numerical Data Analysis and Synthesis

(CINDAS), Purdue University, West Lafayette, Indiana, for the Defense Supply Agency,

U.S. Department of Defense.

This report reviews the recorded world knowledge on the electrical resistivity

of alkali elements in a most comprehensive and detailed form making it possible for

all users of the subject to have access to the original data without having to duplicate

the laborious and costly process of literature search and data extraction. It is quite

appropriate at this point to mention that only original sources of data have been used

for the critique of the data and that all cited documents are available at CINDAS. Also,

for the active researchers in the field, a detailed discussion is presented for each

material, reviewing the available information together with the considerations used

by the author in arriving at the final recommended reference values.

It is hoped that this work will prove useful not only to the scientists in the field

but also to other engineering research and development programs and for industrial

applications, as it provides a wealth of knowledge heretofore unknown or inaccessible

to many. In particular, it is felt that the critical evaluation, analysis and synthesis,

and reference data generation constitute a unique aspect of this work.

While this work is prepared by the staff of CINDAS' Data Tables Division, it

would not have been possible without the direct input of CINDAS' Scientific Documen ° ation

Division. Furthermore, valuable suggestions and guidance to this work have come from

Dr. H. M. James and Dr. C. Y. Ho of CINDAS' senior staff.

Y. S. Touloukian
Director of CINDAS
Distinguished Atkins Professor

West Lafayette, Indiana of Engineering
January 1976 Purdue University



ABSTRACT

This technical report presents and discusses the available data and information

on the electrical resistivity of alkali elements (lithium, sodium, potassium, rubidium,
cesium, and francium) and contains recommended reference values (or provisional or

typical values). The compiled data include all the experimental data available from the

literature and cover the temperature dependence, pressure dependence, and magnetic

flux density dependence. The temperature range covered by the compiled data is from
cryogenic temperatures to above the critical temperature of the elements. The recom-
mended values are generated from critical evaluation, analysis, and synthesis of the

available data and information and are given for both the total electrical resistivity and

the intrinsic electrical resistivity. For most of the elements, the recommended values

cover the temperature range from 1 K to 2000 K.
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1. INTRODUCTION

The purpose of this work is to present and discuss the available data and information
on the electrical resistivity of alkali elements, to critically evaluate, analyze, and syn-
thesize the data, and to make recommendations for the most probable values of the elec-
trical resistivity over a wide temperature range. Experimental electrical resistivity
data are available in the world literature for elements Li, Na, K, Rb, and Cs, and there
exist estimated values for Fr. These elements are of much interest to both engineers
and scientists since liquid alkali metals have excellent heat transfer characteristics.

For instance, sodium has been used as a coolant for nuclear reactors and nuclear powered

submarines.

Table 1 on the following page contains information on the crystal structures,
transition temperatures, and certain other pertinent physical constwas of the alkali ele-
ments. This information is very useful in data analysis and synthesis. For example,
the electrical resistivity of a material generally changes abruptly when the material under-
goes any transformation. One must, therefore, be extremely cautious in attempting to
extrapolate the electrical resistivity value across any transition temperature. No attempt
has been made to critically evaluate the temperatures and constants given in Table 1,
and they should not be considered a4 recommended values.

This work Is organized in six sections. In the theoretical background section,
the elementary theory of electrical resistivity is discussed. In the section on data eval-
uation and generation of recommended values, the general procedures and methods for
data evaluation and for the generation of recommended values are outlined.

In the data presentation section, the electrical resistivity of each of the alkali
elements is presented separately in the order of increasing atomic number. Values of
electrical resistivities are given for both the solid and liquid states. For an element

* at moderate and high temperatures the true electrical resistivity values for different
high-purity (99. e) samples at each temperature should be but little different; therefore,

set of recommended electrical resistivity values can be given for a high-purity element.
At low temperatures, however, the electrical resistivity values for different samples
with small differences in impurity and/or imperfection differ greatly, and a set of rec-
ommended or provisional values applies only to a sample with that particular amount of

impurity and Imperfection. Thus, the low-temperature electrical resistivity of an element
may be presented as a family of curves, each of which is recommended for a sample with
a particular amount of impurity and degree of imperfection, and hence a particular residual
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3

resistivity, p 0 . In this work, two well-defined curves are recommended for the full

temperature range: one representing the intrinsic electrical resistivity, p,, which is
a unique function of temperature and is zero at absolute zero, and the other representing

the total resistivity, p, for the purest form of each element on which measurements have
been made. The latter curve at low temperatures in only applicable to the particularly
characterized specimen with residual electrical resistivity clearly specified in the Remarks.
These two curves come together at temperatures above about 100 K. Figure 1 shows

the relationship between pill Pp and p.

The recommended or provisional electrical resistivities are tabulated with uniform
but step-wise increasing increments in temperature as the temperature increases. The
estimated accuracy of the recommended or provisional values for each element in each
different temperature range is given in the discussion. The asterisked values in the

tables are interpolated, extrapolated, or estimated in the temperature ranges where
no experimental data are available.

From the recommended values of p and piwhich are tabulated in this report,

the electrical resistivity of a particular sample at low temperatures could be predicted
by either of the following two ways. One way is to find the difference between the mea-
su red resistf vi ty value and the recommended p value at the same low temperature, then
add this difference to the recommended p values at other temperatures. The second
way is to compare thb measured low temperature (i. e. below 100 K) value with pi and

get the difference which is the residual resistivity of this particular sample, then add
this p0 to the recommended pi at the other temperatures.

In the figure showing experimental data, a data set that consists of a single point
is denoted by a number enclosed by a square, and a curve that connects a set of data
points is denoted by a ringed number. These numbers correspond to those in the accom-
panying table on specimen characterization and measurement information and in the data
table. When several sets of data are too close together to be distinguishable, some of
the data sets or data points, those listed in the table, are omitted from the figure for
the sake of clarity. For all elements except francium, both logarithmic plotting and

linear plotting of electrical resistivity are used in order that details may be clearly shown
* for both the low and high temperature regions. The recommended values are presented

in the same figure. The solid curve represents recommended values, and the dashed
curves give provisional values in the temperature ranges where no or few experimental
data are available. In the figure, the melting point (M. P.) normal boiling point (N. B. P.)
and critical temperature (C. T. ) of the elements are indicated. Some of these transition
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5

points are also mentioned in the text. At the melting point the resistivity exhibits sharp

discontinuity.

The tables on specimen characterization and measurement information give for
each set of data the following information: the publication reference number, author'Is
name, year of publication, experimental method used for the measurement, temperature
range covered by the data, substance name and specimen designation, as well as the
detailed description and characterization of the specimen and information on measure-
ment conditions that are reported in the original paper. In these tables the code desig-
nations used for the experimental methods for electrical resistivity determination are
as follows:

A D.C. Potentiometer Method
B D. C. Bridge Method
C A. C. Potentiometer Method

D A. C. Bridge Method
E Eddy Current Method

G Galvonometer Amplifier Method
I Induction Method

Q Q-Meter Method
V Voltmeter and Ameter Direct Reading

- Other than above and described in the remarks

For a comprehensive yet concise review of all these methods, the reader is referred

to the references of Appendix 7. 1.

The available data and information for the pressure dependence and magnetic

flux density dependence of the electrical resistivity are inadequate for performing detailed

analysis and synthesis at this time. Consequently, no recommendations are made and
only experimental data are presented In this report.

197 In the Thirteenth General Conference on Weights and Measures held in October
197in Paris, the unit "1ohm-meter"1 (symbol: Ci m) was adopted as the SI unit for elec-

trical resistivity. In this work, the SI units are used. Table 2 gives conversion factors

which may be used to convert the electrical resistivity values In Gmn presented in this

work to values in any of the several other units listed. Conversion tables for units of

temperature, pressure, and magnetic flux density are listed in Appendix 7.2.

In the summary and conclusions section, figures are presented In which all the

recommended curves on the intrinsic electrical resistivity are grouped together in order
to facilitate a visual comparison.
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The complete bibliographic citation for the 129 references are given in the

references section. Most of the references are available at CINDAS which are listed

at the end of reference citations with numbers prefixed with the letter E or T.
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2. THEORETICAL BACKGROUTD

The electrical resistivity, p( T), of a metal is often described approximately by

the Matthiessen rule [2]

p(T) - po + pi(T), (1)

where p0 is the residual resistivity at absolute zero and pI(T), the intrinsic resistivity,

is the temperature-dependent resistivity of an ideally pure sample of the metal. The

quantity po arises from the presence of impurities, defects, and strains in the metal

lattice, while p1 (T) is caused by the interaction of the conduction electrons with the

thermally induced vibrations of the lattice ions; that is, the phonons in the crystal. For

a pure annealed sample at room temperature, p0 is only a small fraction of the total

resistivity. There are a number of mechanisms that could produce deviation from the

Matthiessen rule, i.e., a term dp appearing on the right-hand side of equation (1).

The first comprehensive survey of such deviation was made by J. Bass [128]. A more

recent study by Cimberle, et al. [129] brings references up to date.

The intrinsic resistivity due to electron-phonon interactions may be approximated

by the Grtineisen-Bloch relation [3]

C ( 5 OR/T z 5 dz (2)MiT = R 19--R ) O (eZ-l) (l-e - z )

where C is a constant, M is the atomic weight, T is the absolute temperature, and R is

an empirical temperature characterizing the metal's ideal electrical resistivity in the same

way that the Debye temperature, 8D, characterizes a solid' s lattice specific heat. It is

often true that 8R UD Below about 0.1 6 R this relation reduces to

pi( T ) ft 124.4 C T 5  (3)
M 6

At high temperatures, as T a 8R,
J C T

pi(T) C T (4)
i 4M 62

eR
The GrUneisen-Bloch equation is derivable for idealized monovalent metals with Debye

4 phonon spectra and spherical Fermi surfaces totally neglecting the effect of Umklapp

processes. However, because of its comparative simplicity, the Grtneisen-Bloch equa-

tion provides a most valuable tool for analyzing and discussing experimental data.

- " . . . . ' - II l II Ii .... . ..._______________________



The Grbineisen-Bloch equation never holds over the entire temperature range

for the alkali metals. It is approximately valid only at low and high temperatures. By

inverting the computation, one may intercompare the behavior of different metals by

treating the experimental results as deviations from the Grineisen-Bloch equation which

is done by employing % as a variable parameter and computing the value that it must

possess at amy temperature in order that the Grneisen-Bloch equation may agree with

the experiment.

In all alkali metals the electrical resistivity increases abruptly on passing through

the melting point and continues to rise in the liquid phase. The sudden change is due

to the greater disorder of the liquid state and the disappearance of any definite crystal

structure.

Mott 14] has presented a simple and fairly successful theory of liquid metals.

He ignored the disordered positions and diffusive movements of the vibrating ions and

assumed that near the melting point the ions of the liquid metal still maintain a more

or less regular pattern. With an Einstein model, he obtained

PL" (.80 LF
-F = exp(-T-F), (5)

S Tm m

where PL and pS are the electrical resistivities of the liquid and solid phases, Tm is

the melting point, and LF is the latent heat of fusion in kilojoules per mole. The calcu-

lated values of (PT/0 5 ) T according to this formula compare moderately well with

experimental data for alki"i metals.

To estimate the electrical conductivity of molten alkali metals from the melting

point to the critical point, Grosse [5 has proposed an empirical equation of the form

of a simple equilateral hyperbola:

(a+ +b) (T' +b) = a (6)

where ' = a/aI is the reduced electrical conductivity and T' = (T - T )/(T c - T M )

is the reduced temperature, a m being the electrical conductivity of the liquid at the melt-

ing point and Tc the critical temperature; the quantities a and b are constants determined

by the distances of the vertex of the hyperbola from the axes. The estimated values by

Grosse's equation are valid for sodium, potassium, rubidium, and cesium, but not valid

for lithium.

I-
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3. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES

The data analysis and synthesiB~are employed in this work whenever possible

which included critical evaluation of available data and related information, recon-
ciliation of disagreements in conflicting data, correlation of data in terms of various
parameters, and curve fitting with theoretical or empirical equations. Besides critical
evaluation and analysis of the existing data, semiempirical techniques have been employed
to fill gaps and to extrapolate existing data so that the resulting recommended values

are internally consistent and cover as wide a range of temperature as possible.

In the critical evaluation of the validity of electrical resistivity data, any unusual
dependence or anomaly was carefully investigated, the experimental techniques were

reviewed to see whether the actual boundary conditions in the experiment agreed with
those assumed in the theory, and the author's estimations of uncertainty were checked
to ensure that all the possible sources of errors were considered. The sources of er-

rors may have included uncertainty in the measurement of specimen dimensions and of
the distance between the potential probes, uncertainty due to the effects of thermal ex-

pansion, uncertainty in temperature measurements, uncertainty in the sensitivity of
measuring circuits, and so on.

Many authors have included detailed error estimates in their published papers,

and from these it is possible to evaluate the uncertainty for a particular method. How-
ever, experience has shown that the uncertainty estimates of most authors are unreliable.

In many cases the difference between the results of two sets of data is much larger than

the sum of their stated uncertainties.

Besides evaluating and analyzing individual data sets, correlating data in terms
of various relevant parameters is a valuable technique and has frequently been used in

data analysis. These parameters may include purity, density, residual electrical resis-

tivity, and so on.

For meaningful data correlation, information on specimen characterization is
very important. A full description of the specimen should include, wherever applicable,

the following: purity or chemical composition, type of crystal, crystal axis orientation
for a single crystal, microstructure, grain size, preferred grain orientation, inhomo-
geneity or additional phases for a polycrystalline specimen, specimen shape and dimen-

sions, method and procedure of fabrication, sample history or treatment, test environment,
and pertinent physical properties such as density, hardness, and transition temperature.

Data on poorly characterized materials can hardly be analyzed or used for data correlation.



Besides specimen characterization, a full dencripion of experimental details
should be given by the author in order that his data can be meaningfully evaluated and
fully utilized. Sometimes, as an initial method of evaluating the quality of a paper, con-
sideration might be given to the amount of experimental detail reported in the paper;
lack of experimental detail might lead to the results being given less weight.

Our preliminary recommended values for the electrical resistivity of -the alkali
elements were derived from experimental data that were considered reliable, using
computer least square fits and graphing aid. These values are then corrected for
thermal linear expansion and smoothing with a cubic spline function of variable knots
in the form as the equation (7) and the final recommended values are obtained.

log p =a +b(log T - log Tk) + c(log T - log Tk)2 +d(log T - log Tk) 37

where T = variable temperature in a given interval
Tk= minimum temperature in the interval

In estimating the uncertainty of our recommended values, the accuracy that can
be achieved by the various experimental technique, the scatter of data, and the purity
of the materials, among other factors, were taken into consideration.
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4. ELECTRICAL RESISTIVITY OF ALKALI ELEMENTS

4. 1. LITHIUM

Lithium, with atomic number 3, is a silvery white, soft alkali metal. It is the

lightest of all metals with a density of 0.534 g cm - at 293 K. Except at low tempera-

tures, it has a body-centered cubic crystalline structure. It melts at 453. 7 K and boils

at about 1620 K. Its critical temperature has been estimated to be about 3720 K. Upon

cooling through 75 K, body-centered cubic crystalline lithium undergoes a spontaneous

martensitic transformation to a close-packed hexagonal structure. The transformation

does not take place completely and staking faults are usually present. At 4 K possibly

as much as 90% has transformed to this second phase. On heating again, reversion

to the body-centered crystalline structure does not begin until 90 K and will not com-

plete until 160 K. Naturally occurring lithium is composed of two stable isotopes:

Li 7 (92. 58%) and LI6 (7. 42%). Three other radioactive isotopes are known to exist.

Lithium ranks 32nd in the order of abundance of elements in the continental crust of

the earth ( 0.002% by weight).

a. Temperature Dependence

There are 44 sets of experimental data available for the electrical resistivity

of lithium. The information on specimen characterization and measurement conditions

for each of the data sets is given in Table 4. The data are tabulated in Table 5 and

shown in Figures 2 and 3. Determinations of the electrical resistivity of lithium for the

solid and liquid phases cover continuously the temperature range from 1.2 to 1700 K.

There are 22 data sets obtained below 90 K. Among these, eight sets are

single data points at liquid helium temperature. Dugdale, Gugan, and Okumura [61

reported the data for Li consisting of over 99% 6Li (curve 34). Krill C7] (curve 29)

had the purest material (99.98% pure). There are seven sets of intrinsic resistivity

a values below 80 K, but these disagree by as much as a factor of 9. It is evident that

these are large deviations from Matthiessen's Rule. The data of Krill and Lapierre[127]

on dilute solutions of Ag in Li indicates that p-po may exceed p1 by a factor of 3 or more

below 30 K, and that p-p i may exceed po by a factor of 2 or more above 80 K; at inter-

mediate T deviations from Matthiessen's Rule are of the order of 20% of the total resistivity.

In addition, Li undergoes a martensitic transition (b.c. c. -h.c.p.) at low T, as a result

of which electrical resistivity values depend somewhat on the thermal history of the

Wh - - ----
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samples; see Dugdale and Gugan [21]. Because of these difficulties, Krill's data for

p have been relied on at the lowest temperatures, since his material had the lowest PO.

In view of KriU's lack of attention to the martensitic transition, his values for p must

be considered as provisional. In view of the deviations from Matthiessen' s Rule, useful

values of p, at the lowest temperatures can be derived only by a more elaborate analysis,

and are omitted here.

There are 21 data sets from 80 to 453.7 K. They agree with one another within

5d. Dugdale and Gugan [8] reported electrical resistivities at constant volume (curve

7), which are very close to those at zero pressure (curve 6). A least-mean-square

error fit to the selected experimental data in this range was made with a Bloch-Griineisen

equation. The resulting values were corrected for thermal linear expansion, and

then fitted with the cubic spline function equation (7) to obtain the final recommended

values in this temperature range. The coefficients of equation (7) obtained are as follows:

Temperature Range, K a b c d

40- 81.06 -1.173 3.193 7.549 -17.43
81.06 - 92.295 0. 0139 2.904 -8.494 38.64

92. 295 - 453.6 0.1575 2.314 -1.962 1.127

There are 17 data sets available for the liquid state. They agree with one another

within about 10%. Freedman and Robertson [9) (curve 5) give the lowest values while

Rigney et al. [10] (curve 11) give the highest values. Grosse [5] derived electrical

resistivity values (curve 45) in the range from the melting point to his estimated

critical temperature, 4150 K, by fitting the experimental data of Freedman and Robertson

[9] (curve 5) and Kapelner et al. [11] (curve 38) to a hyperbola equation. All the ex-

perimental data except Rigney's data were used here for fitting the cubic spline function

equation (7) to obtain the final recommended values. The coefficients of equation (7)

are the following:

Temperature Range, K a b c d
453.7-1080. 5 1.395 0.622 -0.228 0.430

1080.5-2200 1.620 0.634 0.258 0.314

The resistivity values represented by these equations are not corrected for thermal

linear expansion of the container, which in most cases is not specified.

At the melting point (453.7 K), the electrical resistivity of Li in the liquid

state Is about 0f higher than that of the solid state.

mm I- i
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The recommended values for the total and intrinsic electrical resistivities of

lithium are listed in Table 3, and those for the total electrical resistivity are also

shown in Figures 2 and 3. The recommended values for the total resistivity are for

99. 98e% pure lithium and those at temperatures below 50 K are applicable only to a

specimen with residual resistivity of 0.00724 x 10"-8 Cm. The recommended values

for the liquid state are for the saturated liquid. The recommended values from 1 to

453.7 K are corrected for thermal linear expansion. The correction amounts to

-0. 79% at 1 K, -0. 72% at 80 K, and 0.85% at 453.7 K. The uncertainty of the recommended

values for the total electrical resistivity is believed to be within 1 20% from 1 K to 60 K,

within ± 5% from 60 K to 1500 K and within L 10% from 1500 K to 2000 K. Above 40 K the

uncertainty of the recommended values for the intrinsic resistivity is a little higher than

that of the total electrical resistivity; below 40 K, because of the deviations from

Matthiessen's Rule, the uncertainty of pi is so large that values are not listed in the

table.

I r

1
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TABLE 3. RECOMMENDED ELECTRICAL RESISTIVITY OF LITHIUM
(Temperature Dependence)

[Temperature, T, K; Total Resistivity, p, 10 Gm; Intrinsic Resistivity, Pi, 10 "6 Qm]

Solid Liquid

T p T 0 piT T p

1 0.00724* 35 0.047* 453.7 24.80
2 0.00724* 40 0. 074* 0.067* 500 26.33
3 0.00725* 45 0. 109* 0. 102* 600 29.34
4 0.00727* 50 0. 162* 0. 155* 700 32.10
5 0.00730* 60 0. 345* 0.338* 800 34.71

6 0.00735* 70 0.636 0.629 900 37.22
7 0.00740* 80 1.000 0.993 1000 39.69
8 0.00745* 90 1.36 1.35 1100 42.13
9 0.00751* 100 1.73 1.72 1200 44.61
10 0.00760* 150 3.72 3.71 1300 47.41

11 0.00773* 200 5.71 5.70 1400 49.97
12 0.00792* 250 7.65 7.64 1500 53.00
13 0.00817* 273.15 8.53 8.52 1600 56.34*
14 0.008499 293 9.28 9.27 1700 60.03*
15 0.00889* 300 9.55 9.54 1800 64.12*

16 0.00936* 350 11.45 11.44 1900 68.67*
18 0.0106* 400 13.40 13.39 2000 73.73*
20 0.0122* 450 15.44 15.43 2100 79.44*
25 0.0185* 453.7 15.59 15.58 2200 85. 59*
30 0.0300*

At temperatures below 40 K, the uncertainty of Pi is so large that values are
not listed.

* Provisional values.

I

I
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b. Pressure Dependence

There are 10 sets of experimental data available for the electrical resistivity

of lithium as a function of pressure. The information on specimen characterization and

measurement condition for each of the data sets is given in Table 6. The data are tab-

ulated in Table 7 and shown in Figure 4.

The available data and information for the pressure dependence of electrical

resistivity of lithium are inadequate for performing detailed analysis and synthesis at

this time. Consequently, no recommendations are made and only experimental data

are presented here.
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c. Magnetic Flux Density Dependence

There are 9 sets of experimental data available for the electrical resistivity

of lithium under the influence of magnetic field. The information on specimen charac-

terization and measurement information for each of the data sets is given in Table 8.

The data are tabulated in Table 9 and shown in Figure 5.

The available data and information for the magnetic flux density dependence of

electrical resistivity of lithium are inadequate for performing detailed analysis and syn-

thesis at this time. Consequently, no recommendations are made and only experimental

data are presented here.

OIAb
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4.2. SODIUM

Sodium, with atomic number 11, is a soft, silver-white, lustrous alkali metal.

It is a very reactive element and never found free ri nature. Except at low temperatures

it has a body-centered cubic crystalline structure, with a density of 0.971 g cm - 3 at

293 K. It melts at 371.0 K and boils at about 1156 K. Its critical temperature has been

estimated to be about 2733 K. Sodium contracts on freezing in a normal manner. The

volume changes on melting is about 2. 71% at one atmosphere. Sodium undergoes a

partial martensitic transformation to hexagonal close-packed structures at about 36 K

and therefore has a mixed phase below this temperature. Sodium has only one stable

isotope, 23Na, but six other radioactive isotopes are known to exist. The metal is the

sixth most abundant element in the continental crust of the earth (2. 36% by weight).

Sodium is the metal which the quasi-free electron model describes the best.

Its Fermi surface is not influenced by zone boundaries and therefore is spherical. Elec-

trical resistivity measurements indicate that, despite the martensitic transformation,

sodium retains its spherical Fermi surface.

a. Temperature Dependence

There are 65 sets of experimental data available for the electrical resistivity

of sodium. The information on specimen characterization and measurement conditions

for each of the data sets is given in Table 11. The data are tabulated in Table 12 and

shown in Figures 6 and 7. Determinations of the electrical resistivity of sodium for

the solid and liquid phases cover continuously the temperature range from 1.8 to 1366 K.

There are 27 experimental data sets obtained below 100 K. Among these, White

and Woods L37] (curve 38) give the lowest residual :-esistivity. There are 17 sets of

intrinsic resistivity available. Dugdale and Gugan [38] (curves 45 and 46) have reported

the intrinsic resistivity of the separate bcc and hcp phases between 16 and 52 K. The

resistivity of the hcp phase is lower than that of the bcc phase. In deriving the smoothed

most probable values of intrinsic resistivity from the available data, the following over-

lapping temperature ranges were considered: below 14 K, 9-21 K, 14-30 K, 20-50 K,

30-100 K, 40-100 K, 50-100 K, etc. Within each range, a least-mean-square fraction

error fit with the semiempirical equation pi = aTb was made to all the available intrinsic

resistivity data. The resulting values for adjacent ranges were intercompared and the

values were corrected for 4hermal linear expansion. These preliminary values were

then fitting with the cubic spline function equation (7) to generate the final recommended

intrinsic resistivity values. The coefficients of equation (7) obtained are given in the

following table:
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Temperature Range, K a b c d

1 - 8.26 -8. 523 5. 582 -0. 572 0.299
8.26- 11.04 -3.654 5.288 0.252 -10.15

11.04- 12.29 -3.003 4.874 -3. 537 21.47
12.29- 36.71 -2.783 4.684 -0.546 -17.98
36.71- 65.89 -0. 873 2.947 -3.109 3. 606
65.89- 73.44 -0.265 2.066 -0.361 -10.52
73.44-100 -0.170 1.962 -1.849 1.554

Below 15 K, the intrinsic resistivity Pi approximately follows Bloch's T5 law. Because

martensitic transformation effects of sodium affects the electrical resistivity values [381,

the values below 40 K are provisional and are for a specimen of mixed phases.

There are 24 data sets in the temperature region from 100 K to the melting point

371 K. They agree with each other within 10%. Dugdale and Gugan [8] reported electrical

resistivities at constant volume (curve 22), which are lower than those at zero pressure

(curve 23). Only one set of data were measured on single crystals by Fritsch and

Ltscher [39] (curve 30), and there is little difference in electrical resistivity values

between the polycrystalline specimens and the single crystal specimen. A least-mean-

square error fit to the totality of experimental data in this range was made with a third

order polynomial. The resulting values were corrected for thermal linear expansion

and then fitted with the cubic spline function equation (7) to obtain the final recommended

values in this temperature range. The coefficients of equation (7) obtained are as follows:

Temperature Range, K a b c d

73.44-371 -0.170 1.962 -1.849 1.554

There are 27 data sets available for the liquid state. Endo [40] (curve 25), Lien

and Silversten [41] (curve 18), and Swalin [42] (curve 48) have investigated the electrical

resistivity at constant volume conditions and they agree with one another within 5%. The

rest of the data are apparently measured at the saturated vapor pressure. At least nine

sets of experimental values below 1300 K agree to within 10%. Semyachikin and Solov'ev

[18] (curve 31) give the highest values while Freeman and Robertson [9] (curve 19) give

the lowest values. Grosse [5] derived electrical resistivity (curve 65) values in the range

from the melting point to his estimated critical temperature, 2800 K, by fitting the data

of Kapelner and Bratton [43] (curve 17) to a hyperbolic equation. All the experimental

data sets except those measured at constant volume were used here for the cubic spline

function equation (7) to obtain the final recommended values. The coefficients of

equation (7) are as follows:

Temperature Range, K a b C d

371 -148.9 0.974 1.440 -0.365 1.041
1548.9-2000 1.996 2.219 1.602 24.77
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The resistivity values represented by this equation are not corrected for thermal linear
expansion of the container, which in most cases is not specified.

At the melting point (371 K), the electrical resistivity of sodium in the liquid
state is about 40% higher than that of the solid state.

The recommended values for the total and intrinsic electrical resistivities are
listed In Table 10, and those for the total electrical resistivity are also shown in Figures
5 and 6. The recommended values for the liquid state are for the saturated liquid. The
recommended values for the total resistivity for the solid state are for a 99. 99k % pure
sodium and those at temperatures below 40 K are applicable only to a specimen with re-
sidual resistivity p0 =0. 000887 x 10r 8 Jlm. The recommended values from 1 K to 371 K
are corrected for thermal linear expansion. The correction amounts to -1. 48% at 1 K,
-1. 2% at 100 K and 0. 56% at 371 K. The uncertainty of the recommended total electrical
resistivity is believed to be within ±20% from 1 K to 40 K, within * 5% from 40 K to 1500 K,
and ±10% from 1500 K to 2000 K. Above 50 K the uncertainty of the recommended values
for the intrinsic resistivity is about the same as that of the total electrical resistivity;
below 50 K this uncertainty is higher than that of the total electrical resistivity.
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TABLE 10. RECOMMENDED ELECTRICAL RESISTIVITY OF SODIUM
(Temperature Dependence)

[Temperature, T, K; Total Resistivity, p, 104 n m; Intrinsic Resistivity, Pi, 10"6 im]

Solid Liquid

T p Pi T P p1  T p

1 8.87 x 10"4*  35 0.117* 0.116* 371 9.43
2 8.87 x 10-4* 1.3 x 10"7 40 0.172" 0.171* 400 10.50
3 8.88 x 10-4* 1.1 x 10-0 45 0.233 0.232 500 14.36
4 8.92 x 10-4* 5.0 x 10" * 50 0.300 0.299 600 18.56
5 9.03 x 10" * 1.59 x 10-5'  60 0.447 0.446 700 23.20

6 9.28 x 10"4.  4.12 x 10-5* 70 0.615 0.614 800 28.39
7 9.80 x 10-4*"  9.26 x 10-5"  80 0.796 0.795 900 34.19
8 0.00107'" 1.87 x 10-4' 90 0.978 0.977 1000 40.73
9 0.00123* 3.49 x 10-4* 100 1.158 1.157 1100 48.12

10 0.00149* 6.03 x 10-4  150 2.03 2.03 1200 56.45

I1 0. 00186'- 0. 00097-4, 200 2.89 2.89 1300 65.85
12 0. 00237' 0.0G 48* 250 3.86 3.86 1400 76.44
13 0.00303.,  0.00214* 273.15 4.33 4.33 1500 88.37
14 0. 00391" 0. 00302* 293 4.77 4.77 1600 101.8*
15 0.00503; 0.00414'- 300 4.93 4.93 1700 117.1"

16 0. 00644* 0. 00555* 350 6.23 6.23 1800 135. 1*
18 0.0102* 0. 00934* 371 6.86 6.86 1900 157. '-
20 0. 0156* 0. 0147* 2000 184.4*
25 0.0370* 0.0361*
30 0.0711* 0.0702*

:' Provisional values.

I

.4!
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b. Pressure Dependence

There are 16 sets of experimental data available for the electrical resistivity

of sodium as a function of pressure. The information on specimen characterization and

measurement conditions for each of the data sets is given in Table 13. The data are

tabuht-ed in Table 14 and shown in Figure 8.

The available data and information for the pressure dependence of electrical

resistivity of sodium are inadequate for performing detailed analysis and synthesis at

this time. Consequently, no recommendations are made and only experimental data

are presented here.I

77
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c. Magnetic Flux Density Dependence

There are 21 sets of experimental data available for the electrical resistivity

of sodium under the influence of magnetic field. The information on specimen charac-

terization and measurement information for each of the data sets is given in Table 15.

The data are tabulated in Table 16 and shown in Figure 9.

£ The available data and information for the magnetic flux density dependence of

electrical resistivity of sodium are inadequate for performing detailed analysis and syn-

thesis at this time. Consequently, no recommendations are made and only experimental

data are presented here.
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4.3. POTASSIUM

Potassium, with atomic number 19, is a silvery, soft, very reactive alkali metal,

easily cut with a knife. Next to lithium, it is the second lightest known metal. It has

a body-centered cubic crystalline structure with a density of 0.862 g cm- 3 at 293 K.

It melts at 336.35 K and boils at about 1047 K. Its critical temperature has been deter-

mined to be 2280.8 ± 3 K. Naturally occurring potassium is composed of two stable

isotopes, 39K (93.10%) and 1K (6. 88%), and one radioactive isotope 40K (0. 00118%),

which has a half-life of 1.28 x 109 years. The radioactivity of 40K presents no apprec-

iable hazard. Potassium has six other radioactive isotopes known to exist. The metal

is the eighth most abundant element in the continental crust of the earth (2.09% by weight).

a. Temperature Dependence

There are 49 sets of experimental data available for the temperature dependence

on the electrical resistivity of potassium. The information on specimen characteriza-

tion and measurement conditions for each of the data sets is given in Table 18. The data

are tabulated i- Table 19 and shown in Figures 10 and 11. Determinations of the elec-

trical resistivity of potassium for the solid, liquid, and gas phases cover the continuous

temperature range from 1 to 2366 K.

There are 21 data sets obtained below 100 K. Among these, three sets are

single data points at liquid helium temperature. Dugdale E76] (curve 1) gave the

lowest residual resistivity, po = 0.00087 x 10 -8 Om. Dugdale and Gugan [8] tabulated

electrical resistivities at constant volume (curve 17), which are lower than those at

zero pressure (curve 18). Thirteen sets of intrinsic electrical resistivity values are

obtained by subtraction of residual resistivity po from the measured resistivity. In

deriving the smoothed most probable values of intrinsic resistivity from the available

data, the following overlapping temperature ranges were considered: below 10 K;

5-20 K; 10-40 K; 20-80 K; 30-150 K; etc. Within each range, a least-mean-square

fraction error fit of the equation p1  aTb was made to all the available intrinsic

resistivity data. The resulting values for adjacent ranges were intercompared and

the values were corrected for thermal linear expansion. These preliminary values

were then fitting with the cubic spline function equation (7) to generate the final

recommended values. The coefficients of equation (7) obtained in the fitting are

given in the following table:
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Temperature Range, K a b c d

1 - 2.86 -6.796 5.219 0.164 -0.186
2.86- 6.42 -4.391 5.252 -0.092 0.442
6.42- 7.14 -2.547 5.350 0.372 -182.8
7.14- 8.00 -2.316 4.193 -25.19 198.8
8.00- 10.50 -2.147 3.157 4.027 -16.89

10.50-100 -1.745 3.399 -1.978 0.603

Below 7 K, the intrinsic resistivity P, approximately follows Bloch' s T5 law.

There are 16 data sets in the temperature region from 100 K to the melting point,

336.35 K. Dugdale and Gugan [8] also tabulated electrical resistivities at constant volume

(curve 17), which are lower than those at zero pressure (curve 18). A least-mean-

square-error fit to the totality of experimental data except those measured at constant

value in this range was made with a third order polynomial. The resulting values were

corrected for thermal linear expansion, and then fitted the cubic spline function for

equation (7) to obtain the final recommended values In this temperature range. The

coefficients of equation (7) obtained are as follows:

Temperature Range, K a b c d

10.5 -270.65 -1.745 3.399 -1.978 0.603
270.65-336.35 -0.807 1.418 0. 574 22.28

There are 23 data sets available for the liquid state. Endo [40) (curve 29), and

Lien and Silversten [41] (curve 30) also tabulated the electrical resistivities at constant

volume. Freyland and Hansel [77] (curves 41 to 44) have measured the electrical re-

sistivity at several constant pressure conditions from the melting point up to the critical

temperature and above. The rest of the data are apparently measured at the saturated

vapor pressure. Below 1000 K they agree with one another within 10%, the error may be

somewhat higher above 1000 K. Roehlich and Tepper [17] (curve 26) give the highest

value while Solov'ev [52] (curve 31) gives the lowest values. Below 1300 K, all the

experimental data except those measured at constant volume and at constant pressure

were fitted by a logarithmic third order polynomials. Above 1300 K, the resistivity

values were obtained by extrapolating the fitted values and following the experimental

trend. These values were then fitting with the cubic spline function equation (7) to

generate the final recommended values. The coefficients of equation (7) obtained are

as follows:

Temperature Range, K a b c d

336.35-1090.3 1.146 1.154 0.494 0.287
1090.3 -2000 1.901 1.882 0.933 13.67
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At the melting point (336. 35 K), the electrical resistivity of potassium in the

liquid state increases to about 50% higher than that of the solid state.

The recommended values for the total and intrinsic electrical resistivity are

listed in Table 17, and those for the total electrical resistivity are also shown in

Figures 9 and 10. The recommended values for the liquid state are for the saturated

liquid. The recommended values of the total resistivities for the solid state are for a

99. 99r'% pure potassium and those at temperatures below 40 K are only applica-Ae to a

specimen with residual resistivity po = 0. 00085 x 1(r8 Orm. The recommended values

from 1 K to 336. 8 K are corrected for thermal linear expansion. The correction amounts

to -1. 74% at 1 K, -1. 1% at 135 K, and 0. 35% at 336. 35 K. Because there is a strong

indication for deviation from the Matthiesen' s rule for the electrical resistivity of

potassium 'L128], the values of p and p1 below 30 K are considered provisional. The

uncertainty of the recommended total electrical resistivity is believed to be within ± 20%

from 1 K to 30 K, within ±5§p from 40 K to 1500 K and within± 10% from 1500 K to 2000 K.

Above 30 K the uncertainty of the recommended values for the intrinsic resistivity is

about the same as that of the total electrical resistivity; below 30 K this uncertainty is

higher than that of the total electrical resistivity.
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TABLE 17. RECOMMENDED ELECTRICAL RESISTIVITY OF POTASSIUM
(Temperature Dependence)

[Temperature, T, K; Total Resistivity, p, 104 11m; Intrinsic Resistivity, pi, 10-6 nmi

Solid Liquid

T p pi T p Pi T P

1 0. 00085* 35 0.379 0.378 336.35 13.95
2 0.00086* 6.1 x 10 "' *  40 0.480 0.479 350 14.64
3 0.00091* 5.1 x 10-5 45 0.583 0.582 400 17.18
4 0.00109* 2.3 x 10-4*  50 0.689 0.658 500 22.91
5 0. 00161* 0. 00076* 60 0.905 0.904 600 29.58

6 0. 00284* 0. 00199" 70 1.12 1.12 700 37.31
7 0. 00523* 0.00437* 80 1.34 1.34 800 46.20
8 0. 00804* 0. 007194* 90 1.56 1.56 900 56.36
9 0.0114* 0.0106* 100 1.79 1.79 1000 67.94

10 0.0160* 0.0152* 150 2.99 2.99 1100 81.05

11 0.0218* 0. 0209* 200 4.26 4.26 1200 96.04
12 0. 0286* 0. 0278* 250 5.74 5.74 1300 114.0
13 0.0366* 0.0357* 273.15 6.49 6.49 1400 136.3
14 0. 0455* 0. 0446* 293 7.20 7.20 1500 164.6
15 0.0554* 0. 0545* 300 7.47 7.47 1600 201.4*

16 0. 0661* 0. 0652* 336.35 9.22 9.22 1700 249.7*
18 0. 0900* 0. 0891* 1800 313.8-
20 0. 117* 0. 116* 1900 399.6*
25 0. 195* 0. 194* 2000 575.3*
30 0. 283* 0.282*

Provisional values.

'11
4t
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b. Pressure Dependence

There are 12 sets of experimental data available for the electrical resistivity

of potassium as a function of pressure. The information on specimen characterization

and measurement conditions for each of the data sets is given in Table 20. The data

are tabulated in Table 21 and shown in Figure 12.

The available data and information for the pressure dependence of electrical

resistivity of potassium are inadequate for performing detailed analysis and synthesis

at this time. Consequently, no recommendations are made and only experimental data

are presented here.

.

I
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c. Magnetic Flux Density Dependence

There are 35 sets of experimental data available for the electrical resistivity

of potassium under the influence of magnetic field. The information on specimen charac-

terization and measurement information for each of the data sets is given in Table 22.

The data are tabulated in Table 23 and shown in Figure 13.

The available data and information for the magnetic flux density dependence of
electrical resistivity of potassium are inadequate for performing detailed analysis and

synthesis at this time. Consequently, no recommendations are made and only experi-

mental data are presented here.
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4.4. RUBIDIUM

Rubidium, with atomic number 37, is a silvery-white soft alkali metal. It has

a body-centered cubic crystalline structure with a density of 1. 532 g cm - at 293 K. It

melts at 312.64 K and boils at about 959 K. Its critical temperature has been determined

to be 2106 K at a pressure of 408.2 atom and the density at the critical temperature was

0.1818 g cm - 3 . Naturally-occurring rubidium is composed of one stable isotope, 8 5Rb

(72.15%), and one unstable isotope, STRb (27.85%), which is radioactive and has a half-

life of 5 x 1011 years. Ordinary rubidium is sufficiently radioactive to expose a photo-

graphic film in about one to two months. Fifteen other radioactive isotopes of rubidium

are known to exist. Rubidium ranks 22nd in the order of abundance of elements in the

continental crust of the earth (0. 009% by weight).

a. Temperature Dependence

There are 33 sets of experimental data available for the temperature dependence

on the electrical resistivity of rubidium. The information on specimen characterization

and measurement conditions for each of the data sets is given in Table 25. The data are

tabulated in Table 26 and shown in Figures 14 and 15. Determination of the electrical

resistivity of rubidium for the solid and liquid phase cover the continuous temperature

range from 1.13 to 1866 K.

There are 15 sets of experimental data obtained below 100 K. Among these,

4 sets (curves 10, 12, 13, and 14) are at constant volume under various pressures and

2 sets are for thin films (curves 5 and 6). Aleksandrov, Lemonos, and Semenova [85]

(curve 32) gave the lowest residual resistivity, p0 = 0.0134 x 10-8 Om. Four sets of

the intrinsic electrical resistivity at zero pressure are obtained by subtraction of the

residual resistivity p0 from the measured resistivity. In deriving the smoothed most

probable values of intrinsic resistivity from the available data, the following overlapping

temperature ranges were considered: below 8 K; 5-20 K; 10-40 K; 20-80 K; 30-150 K;

etc. Within each range, a least-mean-square fraction error fit of the semiempirical

* equation p, = aT was made to all available intrinsic resistivity data. The resulting

values for adjacent ranges were intercompared and the values were corrected for thermal

linear expansion. These preliminary values were then fitting with the equation (7) to

generate the final recommended values. The coefficients of equation (7) obtained in

the fitted are given in the following table:

.t!---w.i~~ Sl
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Temperature Range, K a b c d

1.97- 7.16 -3.322 3.325 1.9'Z -3.042
7.16- 10.72 -1.375 2.671 -3.140 10.75

10. 72- 12. 10 -0. 945 2. 561 2. 514 -40. 51
12.10- 14.46 -0.810 2.491 -3. 851 10.85
14.46- 50.04 -0.635 2.089 -1.327 0. 57650.04-100 0.196 1.161 -0. 396 0. 562

There are 19 data sets in the temperature region from 100 K to the melting point,

312.64 K. Among these, 4 sets (curves 10, 12, 13, 14) are at constant volume under

various pressures and 1 set (curve 1) is a single data point at 273 K. Messiner and

Voigt [29] (curve 26) give the highest value, which is about 60% higher than all the

other data; therefore, this data set and those sets measured at constant volume are
excluded for the computer fitting. A least-mean-square fractional error fit to the

totality of experimental data in this range was made with pi = aT b  The resulting values

were corrected for thermal linear expansion, and then fitted with the cubic spline function
equation (7) to obtain the final recommended values in this temperature range. The

coefficients of equation (7) obtained are as follows:

Temperature Range, K a b c d
50.04-312.64 0.196 1.161 -0.396 0.562

There are 11 data sets measured in the liquid state. Endo [40] (curve 22) and

Lien and Silvertsen [41] (curve 2) have tabulated the electrical resistivity at constant

volume up to 470 K. The rest of the data are apparently measured at the saturated vapor

pressure. Solov'ev [52] (curve 3) gives the lowest values while Kapelner and Bratton

[43] (curve 8) give the highest values. Grosse [5] derived electrical resistivity values
(curve 34) from the melting point to his estimated critical temperature, 2106 K, by

fitting the data of Kapelner and Bratton [43] (curve 8) to a hyperbola. Below 1000 K,

all the experimental data except those measured at constant volume were fitted by a

logarithmic third order polynomials. Above 1000 K, the electrical resistivity values

are obtained by extrapolating the fitted values and following the experimental trend.

The resulting values are fitted with the cubic spline function equation (7) to obtain the
final recommended values. The coefficients of equation (7) obtained from fitting are

as follows:

Temperature Range, K a b c d
312.64- 611.74 1.353 1.051 0.485 -0.498
611.74-1087.7 1.689 1.207 0.049 4.138

1087.7 -2000 2.057 2.007 3.153 -0.531
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At the melting point (312.64 K), the electrical resistivity of rubidium in the

liquid state is about 63% higher than that of the solid state. Motts formula (Eq. 5)
gives the electrical resistivity about 75% higher than that of the solid state.

The recommended values for the total and intrinsic electrical resistivity are

listed in Table 24, and those for the total electrical resistivity are also shown in

Figures 11 and 12. The recommended values for the liquid state are for the saturated

liquid. The recommended values of the total resistivities for the solid state are for

a 99. 99+% pure rubidium and those at temperatures below 50 K are only applicable

for a specimen with residual resistivity p0 = 0. 0131 x 10-8 OIm. The recommended

values from 1 K .to, 312. 64 K are corrected for thermal linear expansion. The correction

amounts to -1. 77% at 1 K, -0. 9% at 160 K, and 0. 2% at 312. 64 K. The uncertainty of

the recommended total electrical resistivity is believed to be within ± 5% from 1 to

1500 K and within ± 10% from 1500 K to 2000 K. Above 20 K the uncertainty of the

intrinsic resistivity is about the same as that of the total electrical resistivity; below

20 K this uncertainty is higher than that of the total electrical resistivity.

3 ....
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TABLE 24. RECOMMENDED ELECTRICAL RESISTIVITY OF RUBIDIUM
(Temperature Dependence)

[Temperature, T, K; Total Resistivity, p, 10- Om; Intrinsic Resistivity, pi, 10-6 Dm]

Solid Liquid

T p Pi  T p p, T p

1 0.0131 35 1.02 1.01 312.64 22.52
2 0.0136 0. 00050* 40 1.21 1.20 350 25.42
3 0.0153 0. 0022* 45 1.40 1.39 400 29.51
4 0.0194 0. 0063* 50 1.58 1.57 500 38.27
5 0.0270 0. 0139* 60 1.94 1.93 600 47.61

6 0.0384 0. 0253* 70 2.29 2.28 700 57.48
7 0.0528 0. 0397* 80 2.65 2.64 800 68.50
8 0.0691 0.0560* 90 3.00 2.99 900 81.50
9 0.0872 0. 0741* 100 3.36 3.35 1000 97.26
10 0.109 0.0954* 150 5.27 5.26 1100 116.7

11 0.134 0. 121* 200 7.49 7.48 1200 140.8
12 0.165 0. 152* 250 10.14 10.13 1300 170.3
13 0.197 0. 184* 273.15 11.54 11.53 1400 206.3
14 0.229 0. 216* 293 12.84 12.83 1500 249.7
15 0.263 0. 250* 300 13.32 13.31 1600 301.8*

16 0.298 0. 285* 312.64 14.21 14.20 1700 364.1*
18 0.370 0. 357* 1800 438. 2*
20 0.444 0.431 1900 525.9*
25 0.636 0.623 2000 629.44"
30 0.830 0.817

* Provisional values.

4i

3
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b. Pressure Dependence

There are 10 sets of experimental data available for the electrical resistivity

of rubidium as a function of pressure. The information on specimen characterization

and measurement conditions for each of the data sets is given in Table 27. The data

are tabulated in Table 28 and shown in Figure 16.

The available data and information for the pressure dependence of electrical

resistivity of rubidium are inadequate for performing detailed analysis and synthesis

at this time. Consequently, no recommendations are made and only experimental data

atre presented here.
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c. Magnetic Flux Density Dependence

There are three sets of experimental data available for the electrical resistivity

of rubidium under the influence of magnetic field. The information on specimen charac-

terization and measurement information for each of the data sets is given in Table 29.

The data are tabulated in Table 30 and shown in Figure 17.

The available data and information for the magnetic flux density dependence of

electrical resistivity of rubidium are inadequate for performing detailed analysis and

synthesis at this time. Consequently, no recommendations are made and only experi-

mental data are presented here.
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4.5. CESIUM

Cesium, with atomic number 55, is a silvery-white, soft, ductile, alkali metal.

It has a body-centered cubic crystalline structure with a density of 1.873 g cm at 293 K.

It melts at 301.55 K and boils at about 944 K. Its critical temperature has been measured

to be 2051 + 4 K. Cesium has only one stable isotope, 133Cs, though twenty other radio-

active isotopes are known to exist. It ranks 45th in the order of abundance of elements

in the continental crust of the earth (0. 003% by weight).

a. Temperature Dependence

There are 56 sets of experimental data available for the temperature dependence

on the electrical resistivity of cesium. The Information on specimen characterization

and measurement conditions for each of the data sets is given in Table 32. The data

are tabulated in Table 33 and shown in Figures 17 and 18. Determinations of the elec-

trical resistivity of cesium for the solid, liquid, and gas phases cover the temperature

region from 1.5 to 8800 K.

There are 18 data sets obtained below 100 K. Among these, Aleksandrov, Lomonos,

Ignat~v, and Gromov [961 (curve 49) gave the lowest residual resistivity p0 = 0.00236

x 1V" Olm for 99.995 pure specimen. Dugdale and Phillips [901 reported the electrical

resistivities for several constant volumes (curves 10, 12, 13, and 14). Appleyard [97J

tabulated the electrical resistivity of Cs thin film (495 1) on pyrex glass (curve 24).

McWhan and Stevens [981 tabulated the electrical resistivity data for several constant

pressures (curves 50-52). Eight sets of intrinsic electrical resistivity are obtained by

subtraction of residual resistivity p. from the measured resistivity. In deriving the

smoothed most probable values of the intrinsic resistivity from the available data, the

following overlapping temperatures were considered: below 10 K, 5-20 K, 10-40 K,

20-80 K, 30-150 K, etc. Within each range, a least-mean-square fraction error fit

with the semiempirical equation p1 
f aTb was made to all available intrinsic resistivity

data. The resulting values for adjacent ranges were intercompared and the values

were corrected for thermal linear expansion. The preliminary values were then fitted
with the cubic spline function equation (7) to generate the final recommended values.

The coefficients of equation (7) obtained in the fitting are given in the following table:
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Temperature Range, K a b c d

1 - 9.11 -3.551 2.829 1.293 -1.192
9.11- 11.10 -0.698 2.019 -2.137 20.63

11.10- 12.55 -0.529 2.105 3.149 -36.25
12.55- 22.14 -0.413 2.131 -2.670 2.793
22.14-100 -0.00765 1.323 -0. 603 0. 436

There are 17 data sets in the temperature region from 100 K to the melting point

301.55 K. Among these, four sets (curves 10, 12, 13, and 14) are for constant volume

and three sets (curves 50-52) are for constant pressure. For the rest of the data, ex-

cluding curve 30, after subtracting the residual resistivity, they agree with one another

within 5%. A least-mean-square fraction error fit of the totality of experimental data

except those measured at constant volume in this range was made with pi = aTb.

The resulting values were corrected for thermal linear expansion, and then fitted with

the cubic spline function equation (7) to obtain the final recommended values in this

temperature range. The coefficients of equation (7) obtained are as follows:

Temperature Range, K a b c d

22.14-202.68 -0.00765 1.323 -0.603 0.436
202.68-301.55 1.095 1.373 0.655 -5.028

There are 32 data sets available for the liquid state. Endo 1401 also tabulated

the electrical resistivities at constant volume (curve 27). Pfeifer, Freyland, and Hensel

[991 (curves 32-39), Renkert, Hensel, and Franck (1001 (curves 40-45), Tamski,

Ross, Cusak, and Endo [691 (curves 46 and 47), and Barol'skii, Ermokhin, Kulik,

and Mel'mikov 1101J (curve 53) have investigated the electrical resistivities at various

constant pressure. The rest of the data are apparently measured at the saturated vapor

pressure. Below 1000 K they agree with one another within 10% and somewhat higher

above 1000 K. Below 1000 K, all the experimental data except those measured at con-

stant volume and at constant pressure were fitted by a logarithm third order polynomial.

Above 1000 K, the electrical resistivity values are obtained by extrapolating the fitted

values and following the experimentn? trend. The resulting values are fitted with the

cubic spline function equation (7) to obtain the final recommended values. The coefficients

of equation (7) obtained from fitting are as follows:

Temperature Range, K a b c d

301.55- 532.3 1.567 0.880 -0.030 0.739
532.3 - 652.4 1.794 1.000 0.516 -0.652
652.4 -2000 1.886 1.076 0.343 4.426

At the melting point (301. 55 K), the electrical resistivity of cesium in the liquid

state increases to about 73% higher than that of solid state. Using Motts formula (Eq. 5),

it gives (PL/pL) Tm 75%.
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Borolrskil, Ermoklin, Kul/k, and Mel'nlkov [1011 (curves 53-56) have investigated

the electrical resistivity of dense nonideal plasma at various pressures up to 8800 K.

The recommended values for the total and intrinsic electrical resistivity are

listed in Table 31, and those for the total electrical resistivity are also shown in Figures

17 and 18. The recommended values for the liquid state are for the saturated liquid.

The recommended values of the total electrical resistivities for the solid state are for

a 99.99% pare cesium and those at temperatures below 50 K are applicable only to a

specimen with residual resistivity p0 
= 0.00232 x 10"s (Im. The recommended values

are corrected for thermal linear expansion from 1 K to 301.55 K. The correction amounts

to -1.8% at 1 K, -1. 1% at 140 K, and 0. 06% at 301.55 K. The uncertainty of the rec-

ommended values for the total electrical resistivity is believed to be within k 5% from

1 K to 1500 K and k0l% from within 1500 K to 2000 K. Above 20 K the uncertainty of

the intrinsic resistivity is about the same as that of the total electrical resistivity;

below 20 K this uncertainty is higher than that of the total electrical resistivity.

I

II
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TABLE 31. RECOMMENDED ELECTRICAL RESISTIVITY OF CESIUM
(Temperature Dependence)

(Temperature, T, K; Total Resistivity, p, 10 4 Gm; Intrinsic Resistivity, p,, 10- mj

Solid Liquid

T p Pi T P Pi T p

1 0.0026 35 1.72 1.72 301.55 36.93
2 0.0048 0.0024* 40 1.99 1.99 350 42.11
3 0.0118 0.0092* 45 2.27 2.27 400 47.45
4 0.0255 0. 0229* 50 2.54 2.54 500 58.46
5 0.0474 0. 0448* 60 3. 07 3.07 600 70.30

6 0.0771 0. 0745* 70 3.61 3.61 700 82.97
7 0.114 0. 111* 80 4.16 4.16 800 96.97
8 0.155 0.152* 90 4.71 4.71 900 113.4
9 0.198 0.195* 100 5.28 5.28 1000 133.4

10 0.243 0.240* 150 8.43 8.43 1100 158.1

11 0.294 0. 291* 200 12.22 12.22 1200 189.0
12 0.354 0.351* 250 16.66 16.66 1300 227.6
13 0.419 0.416* 273.15 18.75 18.75 1400 276.3
14 0.485 0.482* 293 20.46 20.46 1500 337.8
15 0.550 0. 547* 300 21.04 21.04 1600 415.5*

16 0.614 0.611* 301.55 21.16 21,16 1700 513.9*
18 0.738 0.735* 1800 638.8*
20 0.859 0.856* 1900 797.6*
25 1.15 1.15 2000 1000.0*
30 1.44 1.44

* Provisional values.

47-
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b. Pressure Dependence

There are 17 sets of experimental data available for the electrical resistivity

of cesium as a function of pressure. The information on specimen characterization and

measurement conditions for each of the data sets ts given in Table 34. The data are

tabulated in Table 35 and shown in Figure 20.

The available data and information for the pressure dependence of electrical

resistivity of cesium are inadequate for performing detailed analysis and synthesis at

this time. Consequently, no recommendations are made and only experimental data

are presented here.
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c. Magnetic Flux Density Dependence

There is only one set of experimental data available for the electrical resistivity
of cesium under the influence of magnetic field. The information on specimen charac-

The data are tabulated in Table 37 and shown in Figure 21.

The available data and information for the magnetic flux density dependence of
electrical resistivity of cesium are inadequate for performing detailed analysis and syn-

thesis at this time. Consequently, no recommendations ate made and only experimental

data are presented here.
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4.6. FRANCIUM

Francium, with atomic number 87, is the last member of the alkali metal series
and is unstable and radioactive. Its chemical properties closely resemble those of ces-

ium. It is a solid at room temperature having a melting point of 300. 2 K and a boiling

point of 950 K. Francium. has no stable isotope, but twenty short-lived radioactive iso-

topes are known to exist, with half-lives ranging from far less than 1 millisecond (215Fr)

to 22 min. (22 3 Fr). The longest-lived isotope (2 33 Fr) exists in nature in uranium min-

erals, but the total amount of it in the crust of the earth at any time is probably less

than an ounce.

a. Temperature Dependence

There is no experimental determination of electrical resistivity oni francium.

Solov'ev 1521 calculated the electrical resistivity from 293. 15 to 1273. 15 K by assum-

ing that the atomic electrical resistances of alkali metals are all the same.

On the basis of the expected similarities between francium. and the other alkali

metals, we have roughly estimated the electrical resistivity values from 100 K to 1500 K

by extrapolation to the atomic number 87 of a curve drawn through the values for sodium,

pot.assium, rubidium, and cesium in a graph of electrical resistivity versus atomic num-

ber with temperature as a parameter. The change of resistivity at the melting point

was obtained by using Mott's formaula, Eq. (5), with a latent heat of 0.4 K cal/mole,

which was also obtained by extrapolating the data of latent heat versus atomic number

of lithium, sodium, potassium, rubidium, and cesium to 87 (Fr).

The provisional values for the intrinsic electrical resistivity are smoothed by
the cubic spline function Eq. (7). The four term coefficients for the function Eq. (7)
are given in the following:

Temperature Range, K_ a b c d
100-300.2 0.934 0.952 0.0137 1.286

300.2-881 1.74 0.907 -0.276 0.820
881-1500 2.19 1.186 0.874 1.522

These values are listed in Table 38 and shown in Figure 22 with the data of Solov'ev.
The uncertainty of the provisional values is believed to be within *5011.
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TABLE 38. PROVISIONAL ELECTRICAL RESISTIVITY OF FRANCIUM
(Temperature Dependence)

[Temperature, T, K; Intrinsic Resistivity, p,, 10-8 am]

Solid Liquid

T Pi T Pi

100 8.6 300.2 55
150 12.9 400 71
200 18.0 500 86
250 25.0 600 102
273.15 28.9 700 119

293 32.6 800 138
300.2 34.0 900 158

1000 181
1100 211
1200 251
1300 307
1400 385
1500 497

.



117

NN

N0

COOD
w

W w

zz
_j Z 0

wu- .0'A..LLI

-<I -



118

~i

uz It
3z

S. VIM

a al



119

5. SUMMARY AND CONCLUSION

The electrical resistivities of the alkali elements have been surveyed and studied

from time to time by a number of investigators, including Meaden [111], Kaye& Laby [112],

Grosse [5], and Shpil'rain, et al. [113], to name just a few. Electrical Resistivity

data are compiled in a number of handbooks such as those sponsored by Landolt-

B7rnstein [114], AlP [115], CRC [116], and Liquid-Metals Handbook [117], etc. How-

ever, their main concern is to provide a general picture through only one or a few

particular sets of data, and only a limited temperature range is covered. The purpose

of the present work is quite different from that of the above mentioned works. There

are two major aims: (1) to exhaustively search the open literature so that all the avail-

able experimental data are comprehensively compiled, and (2) to generate recommended

reference values by critical evaluation, analysis, and synthesis of the existing experi-

mental data.

The above aims are now achieved. The recommended values were obtained by

least squares fitting of the selected experimental data, or by correlating the related

properties, and by smoothing with a cubic spline function. The comparison of electrical

resistivity data from the literature with the present recommended values are shown in

Table 41. The values from AP [115] are taken from the book by Meaden [111] so that

they are identical.

With a view to bring out any similarities or differences between the recommended

values for the alkali elements, the recommended values of the intrinsic resistivities

are plotted together from 2 to 2000 K and shown in Fig. 23.

I

e
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7. APPENDIX

7.1. Methods of Measuring Electrical Resistivity

A. Steady State Methods

1. Voltmeter and ammeter direct reading (V) 1118,? p. 159; 119, pp. 244-51

2. DC Potentiometric Method (A) [111, pp. 151-81

a. 4-probe potentiometric method

3. DC Bridge Method (B) [111, pp. 144-511

a. Kelvin Double Bridge

b. Mueller Bridge

c. Wheatstone Bridge

4. van der Pauw Method (P), [1201*

5. Galvanometer Amplifier Method (G), [121, pp. 159-62]

B. Non-steady State Methods

1. Periodic currents involved

a. Direct connection to sample

(1) AC Potentiometric Method (C) 1111, pp. 161-21
(2) AC Bridge Method (D) 111, p. 162]
(3) Q-Meter Method (Q)

b. No connection to sample

(1) Mutual Inductance Method (M) [1221 *

(2) Self-inductance Method (S) 11231*
(3) Rotating Field Method (R) [1241*

2. Non-periodic currents involved

a. Direct connection to sample

(1) Transient (subsecond) technique (T) 11251*

b. No connection to sample

(1) Eddy current decay method (E) 1126;,*111, p. 1031

C. General Comments

1. Code "I" means Induction Method

This is a combination of Items B. 1. b. and B. 2.b. above. Subsumed under I is
M, R, S, or E. Used only if author indicates induction method used and does

not report which specific one.

2. The symbol "-J' used if method described by the author is not sufficient to assign
a specific code presently used. Example:

References are given in Section 6.
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a. If the author says an "AC Method" was used, the following wording would be
used under the Item "Measuring conditions" in the column Composition, Spe-
cifications, and Remarks: "Experimental Method described as an AC Method."
Note this "Method" corresponds to the heading B. 1. above. In the column
for Method Used on the Specification Table the following symbol would appear:
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7. 2 Conversion Tables for Units of Temperature, Pressure, and
Magnetic Flux Density

TABLE 42. CONVERSION TABLES BETWEEN THE KELVIN, CELSIUS,
FAHRENHEIT, AND RANKINE TEMPERATURE SCALES

K 0 0F0R

0 -273.15 -459.67 0
50 -223.15 -369.67 90

100 -173.15 -279.67 180
150 -123.15 -189.67 270
200 -73.15 -99.67 360

250 -23.15 -9.67 450
273.15 0 32 491.67
293 19.85 67.73 527.4
300 26.85 80.33 540
350 76.85 170.33 630

400 126.85 260.33 720
450 1716.85 350.33 810
500 226.85 440.33 900

1000 726.85 1340.33 1800
1500 1226.85 2240.33 2700

2000 1726.85 3140.33 3600
3000 2726. 85 4940.33 5400
4000 3726.85 6740.33 7200

*This table Is based on the universal constants from "The International System of
Units (SI), 1 NBS Special Publication 330, National Bureau of Standards, U.S.
Department of Commerce.
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TABLE 43. CONVERSION FACTORS ON UNITS OF PRESSURE*

atm dyme incher cm Hg PASCAL lb/in.2  lb/ft2

I atmosphere= 1 1.013 406.8 76 1.013 14.70 2116
x 10 6  x 10 5

1 dyne per cm2 = 9.869 1 4.015 7.501 0.1 1.450 2.089
x 10-q x 10 - 4  x 10-S x 10- 5  x 10-3

1 inch of water at 2.458 2491 1 0.1868 249.1 3.613 5.202
40 Ca - x 10 "3 x 10 " 2

1 centimeter of mer- 1.316 1.333 5.353 1 1333 0.1934 27.85
cury at 00 Ca= x 10-2 x 10 4

1 NEWTON per 9.869 10 4.015 7.501 1 1.450 2.089
METER2 =1 PASCAL= x 10- x 10- 3  x 10-4 x 10 "4 x 10 "2

1 pound per in. 2= 6.805 6.895 27.68 5.171 6.895 1 144
x 10- 2  x 104  x 103

1 pound per ft2 = 4.725 478.8 0.1922 3.591 47.88 6.944 1
X 10-4 X 10-2 x 10 - 3

a Where the accleration of gravity has the standard value 9.80665 meters/sec2 .

I bar = 105 Pa I Kbar = l10 Pa

TABLE 44. CONVERSION FACTORS ON UNITS OF MAGNETIC FLUX DENSITY*

gauss in2 T ,SLA nilss gamma

1 gauss (line per 1 6.452 10-4 1000 105

cm 2) = x 10-3

1 kiloline per in. 2 = 155.0 1 1.550 1.550 1.550
x 10-2 x 101 x 10

1 WEBER per 104 64.52 1 10? 109
METER2 = I TESLA =

1 milligauss = 0.001 6.452 10-7 1 100
x 104

1 gamma= 10- 6.452 10-1 0.01 1
x 10.s

* This table is baed on the universal constants from "The International System of

Units (S)," NBS Special Publication 330, National Bureau of Standards, U.S.
Department of Commerce.
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