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SURVEY OF ELECTRICAL RESISTIVITY MEASUREMENTS
ON 16 PURE METALS IN THE TEMPERATURE RANGE O TO 273°k *

L. A. Hall

Experimental electrical resistivity data for 16 pure metals
have been compiled, tabulated, and graphically illustrated
for a temperature range of O to 273°K. A section has been
prepared for each particular metal which includes references,
brief comments concerned with preparation of sample, purity,
and any other pertinent informastion, tabulated data, and
graph.

Key words: electrical resistivity, compilation, low temperature,
aluminum, beryllium, cobalt, copper, gold, indium,
iron, lead, magnesium, molybdenum, nickel, niobium,
platinum, silver, tantalum, tin.

1. INTRODUCTION

Many articles describing experimental measurements of electrical
reslstivity are found in the open literature. Many present results of
straight-forward temperature-dependent resistivity measurements on wires
or rods of high-purlty metals. Some deal with the effects of irradiation,
plastic deformation, magnetic fields, and alloying on resistivity, while
others show the variation in resistivity due to unusual shape of the
sample, e.g., whiskers or thin fillms. In the recent literature, super-
conductivity has also been studied extensively. Because the amount of
literature in this field is so large, we have restricted this survey to
the temperature-dependent resistivity measurements on very pure metals,

with the exception of the pressure-dependent measurements by Bridgman.

All of the data from this one area of resistivity measurements have
been organlzed into a relatively concise and useful form. For the experi-
mentallst, we have tried to present a complete plcture of what data are
already avallable so that he may plan his work in such a manner as to fill
In "gaps" in existing data or to check or "reinforce" existing measurements.

For the engineer, we have presented a method of predicting the electrical

* This study was supported in part by the National Aeronautics and
Space Administration, Office of Advanced Research and Technology,
Contract R-06-006-0L46.



behavior of a metallic specimen of known purity. When the purity 1is not
known, the resistivity of the metal may be predicted by measuring its residual
resistivity, which can be measured at 4.2°K, and applylng Matthlessen's

rule, as will be explalned below. With these obJectives in mind, we have
reviewed carefully all of the pertinent articles and noted in a "comments"
section the purity of the metals studled, thelr residual resistivity value,
any mechanical treatment of the sample and its final form durlng measure-
ments, and any other facts which might help explain the character of the
experimental data.

An earlier compilation* presented experimental resistivity data for
53 metallic elements. From the time of that publication toc the present,
the Compilation Unlt of the Cryogenic Data Center has been actively acquiring
electrical resistivity articles. These articles were entered into our
Storage and Retrieval System together with all the other cryogenically
oriented documents that have come to our attention by a systematic scanning
of the primary Jjournals, and secondary publications such as Chemical Abstracts,
Physics Abstracts, NASA STAR, Nuclear Science Abstracts, DDC TAB, and
International Aerospace Abstracts. A computer search of this Storage and
Retrieval System was the basis for this compilation. All pertinent articles

from the references listed in this search were obtalned and reviewed.
2. GENERAL DISCUSSION OF RESISTIVITY**

The measured resistivity is a function of temperature,

p
but on approaching absolute zerc ii approaches a constant residual resistivity
Po- The quantlity ps arises from the presence of impurities, defects, and
strains in the metal lattice. However, in pure annesled metals 1t is only

a small fraction of the total resistivity at room temperature. Subtraction

of pp from the measured resistivity gives a value of the resistivity

appropriate for a perfectly pure, straln-free speclmen. qpe temperature-

* ™A Compendium of the Properties of Materials at Low Temperatures (Phase II)",
R. B. Stewart and V. J. Johnson, editors, Natl. Bur. Standards, Cryogenic
Eng. Lab., WADD Tech. Rept. 60-56, Part IV (1961) DDC AD 272 T7&9.

** A more complete dlscussion of electrical resistivity can be found in
Electrical Resistance of Metals by G. T. Meaden, Plenum Press, New York,
1965.



dependent resistivity thus obtained is called the ideal or intrinsic
resistivity p,. It 1s caused by the interaction of the conduction

electrons with the thermally induced vibrations of the lattice ions,

and, if present, with the magnetic structure of the lattice. The
separation of the total resistivity pp into temperature dependent (p,)

and temperature-independent (py) contributions in this way is known as

Matthiessen's rule, which may be written

P =P + Py

This rule 1s a good approximation for all englneering purposes.

The 1ideal resistivity due to lattice vibrations may be expressed by

the Gruneisen-Bloch relation

C (T)5 f""’T 25z
p‘ = —
Mg \b, v (e2=1)(1—e-2)

where M 1s the atomic weight, C 1s & constant, and T is in °K.

OR 1s an empirical temperature characterizing the metal's lattice resis-
tivity in the same way the Debye temperature GD characterizes a solid's
lattice specific heat. It is often true that GR Q:GD,
300°K for most metals. Below about 0.1 OR this relation reduces to

py < T . It is found that a few of the metals follow the T° relation

typically about

closely. The exponent of T for most nonmagnetic metals generally lies
between 4.5 and 5.

A metal wlth a cuble crystal structure has the same resistivity
whether 1n polycrystalline or single crystal form, aspart from a small extra
contribution in a polycrystal that may sometimes be caused by graln bound-
aries gsince the cublc structure is isotropic. But in s single crystal of a
noncubic metal, the resistivity 1s often very anisotropic, its value
depending on the direction of the flow of current. Likewlse, polycrystalline
specimens of such metals, if preferentially oriented, as by rolling or

drawing, for instance, will have direction-dependent resistive properties.



In anisotropic metals, the electrical resistivity parallel to the
principle crystalline axis 1s designated Pu and electrical resistivity

perpendicular to the principle axls is designated When values for

P
4
P and 0 have been determined for single crystals, one may calculate

a value cof B for a polycrystalline sample using the equation of Voigt*

- 3P, Py
2oy * Py

Superconductivity 1s observed in at least 30 elements. At tempera-
tures less than thelr "superconducting transition temperatures, these
elements lose all resistance to electric current. Articles
dealing with superconductivity were not reviewed here and only the transi-
tion temperatures are noted for each metal. The curves on our graphs should
not be extrapolated below thls transitlon temperature. Some data for lead,
however, do appear in the superconducting region. These measurements were

made in the presence of a magnetic fileld, large enough to surpress the

superconductivity.

* Volgt, W., Lehrbuch der Kristallphysik (Teubner, Lelpzig, 1928), p. 959.




3. PRESENTATION OF DATA

A separate section has been devoted to each metal. These sections
have been prepared in the format of ocur regular preliminary compilations and
have been numbered consecutively with other worksheets dealing with other
propertles of materlals at cryogenic temperatures. With the collection in
this format, the user may easily remove any memorandum on a particular metal

that he is studying from the group. The sections contain the following:

a) Sources of data - references for the articles from which we have taken

the data.

b) Additional references - other articles dealing with electrical resistivity
of the metal which may be of interest to the reader.

c) Comments - a concise discussion of any factors influencing the character
of the experimenter's resistivity data, such as purlty, heat treatment,

shape of sample, crystal structure, etc.

d) Tables - tabulated experimental data. When the experimenters presented
thelr results graphlcally, an attempt was made to read values from the

graphs and put them Into tabular form.

e) Graph - the data have been plotted as ratios pT/pzva: that 1s, the
reslstivity at a glven temperature divided by the resistivity at
273.15°K. Many of the investigators have not gilven their p,,, value,
and in these Instances we have used a value which we believed to be
the most accurate value of pg,, 1n calculating pT/pzva° Table 1 shows
Pzra Vvalues given by the investligators and the value chosen as the most
accurate. The data are plotted on logarithmlc coordinates which tend to
emphaslze the differences in the values reported by the several experimenters

at the lower temperatures.

In Table 1 on pages 8 - 11, all experimental values of py,a have been
tabulated for the 16 metals. The "selected" value 1s in most instances the
lowest avallable value of py,5 for that particular metal.



4. HOW TO USE THE DATA

As has been stated before, this 1s an attempt to gather all
experimental data from temperature-dependent electrical resistivity
measurements into a relatively concise form. The graph presents st
a glance the amount of work done on a particular metal; however, for
some of the more popular metals not all the tabular data are plotted
because their curves would be superimposed on others. The annotated
bibliography gives an insight into the character of the data.

An engineer, wishing to predlct the reslstivity of a particular
metal,coulds;

1. review the comments section to find ocut if measurements have

been made on a sample slmilar to his. If he succeeds in
finding such measurements he can then refer to the tabular
data and expect his metal to perform similarly.

2. apply Matthlessen's rule, p, = Po + py- The resldual
resistivity, po, could be fgund by measuring the resis-
tivity at 4.2°K of the particular metal being used. The
ideal resistivity, p;, would be estimated from the graph
by drawing a stralght line downward from the portion of
the lowest curve where p «< T (shown in figure 1).

>_
t
> Pp
=
n
»
ul
[0 /
2 — Pi
po,’
*/
/
TEMPERATURE

Figure 1. Relationshilp between ildeal resistivity, p,,
residual resistivity, pp, and measured
resistivity at a given temperature, P

It is also possible to estimate the purity of a metal by measuring
its residual resistivity at 4.2°K, finding its position on the graph, and
referring to the comments section to find statements of purity for curves

in the same reglon of the graph.



Table 1 starts on the following page.
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PROJECT 80. 3150123 FILE NO. M-O
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ELECTRICAL RESISTIVITY OF ALUMINUM, Al (page 1 of 8)
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Cotmento:
The data for this pgruph were tuken from the references cited above under "Sources of Duta" and
are listed as ratios of electrical resistivity with respect to & datum temperature of | 3°%K.
then the actuul values of o954, are not ilable for the samples used by the investipators,
datum valuce reported by Broom (lyf?) (o?vy Ahow 1077 ohm cm) is suspected for caleulating
values of electrical resistivity from the rativs. These curves chould not be cxtrapclated to
lower tewperatures since aluminum becumes superconducting at 1.1/9°K.

In instances where data polnts were cuite widely ceparated or areas where datz did not exist, symucls
were used to show the availzvle data points so that the reader will know where arbitrary position
or shape of the graph was made.

The vulues listed in the Lundolt-Fdrnstein tables are those reported by Grincicen and Goons;
lolborn (1910); Justi and Schefferc; and Meissner and Voigt; and Thomas and lenduzi, le those
vulues listed by the Internztional Critical Tubles are from Holvorn (1202, 101v). Thesc vprimc Yy
sources are listed above under "Other References". The original authors are used in labeling the
curves cn the israph.

The camples used by lolborn are reported in Landolt-BOrnstein as polycerystalline with o impurities
of unknovm composition. The Holborn sample was anncaled at 250°C. The value of  pp-,.  ©o be used
with Holborn duta in caleulating values of electrical resistivity is Poma = Cob3 2 107% chm enm
Grineisen and Goens are reported to have used a polycrgstallinc sample with o small wrount of
Impurities present. Thelr pg-, vwvalue was 2.90 x 1077 ohm cm. The sarple used by Melssner and
Voigt is reported as a polycrystalline sample with undetermined impurities, which had been amealed
at 300°C for 2.9 hourc.

A single crystal with a small amcunt of impurities present is reported as the sample used bty Justi
and Scheffers. The sample used by Thomus and Mendoza was a polycrystalline sample with 0.00%%
impurities of unknown compocition which had veen annealed at 300°C for two hours in vacuc. No
uther pertinent inflormation was presented aibout any of the camples from the alove experimenteors.

Broon (1y52) meacured resistivities of wire samples at the annealing temperatures and the effccet of
def'ormation on the resistivity at the two higher temperatures, O and 100°C. His attempts to measure
effects of deformation on resistivity at lower temperatures were unsuccessful tecauce of repeated
fractures of the wire betweon the surface of the refricerant and the chuck. His aluminum was
D955 pure.

Bridgman {1952) studied pressure offects on clectricul registivity at room temperature. The reculte
are reported as a rutio of the resistivity at the given pressure to the recistivity at une atmosphere
here. His sample woas annezled in vacuum to 400°C.  The purity of the sample ic not iven.

The samples used by Caron (1953) were 99.92 and 29.995% pure. He reported his results as tho ratic
HESﬁ/H. Az Carcn did not give a value of  Roge, the vialue of  pa,. = 2079 x 1577 ohm en and

’ - ~—B . - . ' . L . -
fomg = £.53 x 10 ohr cm frow Aleksandrov and D'Yakov (1053) were used in determining tne rati.

R/ Ry

The sample of very pure aluminum, annecaled at 550°C and then ccoled at rutes of - 2°C/min.,
S1o9s]

was used by De Sorbo (1958) in his initial resistivity measurcerients.  He then studlied the er?
rapid auenchiny on the resistivity cof the cpecimen.

ects of
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The 3.66 mm diameter rod used by Powell et al. (1960) was initially 99.93%% pure; however, the
residual electrical resistivity was not as low as one would expect from a crystal of that purity.
This single crystal rod was annealed in vacuum at about 400°C for two hours.

In Maimoni (1962), data are tabulated for the resistance of eight specimens in the temperature range
2 to 26°K. Data for the specimen exhibiting the largest Bgoo /R4, value (6,630) are given in the
table below. This specimen had 1 mm square cross-section, and was machined from an ingot of
99.999%% pure ‘zone-refined! wluminum. It was annealed about 100 hours at 400°C, then stored for
one week at room temperature before measurements were made. o value 1s given for the residual
resistance. These values do not appear on the Electrical Resistivity of Aluminum graph.

A eylindrical single crystal sample of 99.999% purity was used by Aleksandrov and D'Yakov (1962)

in their measurements in the temperature range O to 273°K. 1In the lower temperature range (<4.2°K)
the crror in a single measurement amounted to § - 7H. All samples were annealed 1.5 to 2 days in
air at 300°C. The residusl resistivity was p, = 10°*° ohm cm.

Measurements were made by Ottensmeyer, et al. (1964) on 99.995% pure rods before and after tensile
strain. Thelr graph shows the effect cf strain on the resistivity.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken
from Meaden (1905). His book presents a comprehensive review of the literature dealing with
experimental determinations of electrical resistivity together with a relatively conclse account of
the modern thecry of the electrical resistance of metals and allcys.

The wire sarple used by Pawlek and Rogalla (196C) was 99.999% pure aluminum which had been
annealed at 400°C for cne hour.

Stevenson (1967) studied the effects of strain and purlty on resistance and magnetoresistance.

He used aluminum wire of 59 and &9 purity which had recelved extensive deformastion in the wire
drawing process and further deformation when wound on mandrels of 1/2-inch diameter in making the
samples for experiment. The mounled samples were anncealed at 150°C for 4 hours. The date can

be fitted to 35°K, with a maximum deviation of &6 by p - pp = 7.5 % 10 4 7.6 x 1077 T ohm cm.
Below 20°K the 5% purity sample showed a T8 temperature variation, and the 59 sample a 3
variation. Between 20 and 35°K, they showed ™! and T*** variations respectively.

Tables ot Values of Electrical Resistivity

¢ = resistivity, (ohm cm); Pome = resistivity st 273°K, (ohm cm).
R = resistance, {(chm); Rnu = resistance at 273K, (obm).

Holborn (1902, 131%9)
: . R
1 Temp.
°c

‘ -140
-180
[
c. ‘ -191.9% ) ‘

' L1, O% ISSE:
| | e o |

1
] 100R/Rans
|
i

3
=

ey

¥ Qbnerved values. All other wvalues have been interpolated.
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Justi and Scheffers (1938) Meissner and Voigt (1930) Thomas and Mendoza (1952)
Temp. p/p273 Temp . * R/'Re.73 Temp. R/Re.,3
°K °K °K
14 0.001k 1.32% 0.0067 4 0.0026
20 0.0018 L.21 0.0065
20. 44 0.0075
77.73 0.1008
273.16t 1.,0000
* The second decimal place of the temperature values is somewhat in doubt.
t pons = 2.60 x 107° ohm em;  p 4.4, = 0.017k x 10™° ohm cm.

17

Broom (1952) Bridgman (1952)
Temp. Temp. Resis}ivity 0/ Pong (Room Temperature)
K ¢ px107ohm cm (Data compared with the resistance st
9 -183 0.352 0. 14k one atmosphere taken as unity.)
1985 - 785 155 0.635 Pressure Reslstance Ratio
273 0 2.4k 1.00 kg /ont A/
373 100 3.59 1.47
0 1.000
10000 0.959
Caron (1953) 20000 0.923
30000 0.892
(usin, Paos = 2.75 x 107%0ohm cm (Aleksandrov, 40000 0.865
1962) and oy = 2.53 x 10™%chm cm 50000 0.843
(Aleksandrov & D'Yakov, 1963) 60000 .80
Q00 0.808
Temp. Resistance Ratio ggooo 0.794
K Rpeo /R | R/Rza0 ] R/Rza 138888 8'735
Purity - 99.998% il
78 12.35 0.08097 0.089
63 26.0 0.0385 0.042
20.4 1050 0.00095 0.00105 Powell, Hall, and Roder (1960)
ik.0 1530 0.00065 0.00072 (read from graph)
Temp. Resistivity 0/0273
°K p x 10° chm cm
De Sorbo (1958) i 0.025 0.010
(read from graph) ) 0.025 0.010
10 G.0255 ¢.010
Temp. p x 10° 2/ 023 15 ¢.026 0.011
K ohm cm 20 0.0285 0.017
2 2.94 0.0012 30 .04kl 0.019
i 2.95 $.0012 0 0.06k4 0.026
14 3.5 0.0014 £0 0.135 0.055
16 3.77 0.0015 70 0.185 0.076
18 4.06 0.0017 75 0.z2 0.090
20 L.y 0 0018
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Maimoni (1962)
Temp . R - R * Temp . R - R° *
°K Reoo - B °K Rsoo - R
11 5.51 x 1072
2 1.0 x 1077 12 6.84 x 107°®
3 8.0 x 1077 13 8.38 x 107°
i 2.7 x 1078 14 1.01 x 10°*
5 6.0 x 107° 15 1.19 x 107*
6 1.13 x 1078 16 1.43 x 10°%
7 1.70 x 107° 17 1.69 x 10°*
8 2.46 x 107° 18 2.01 x 10_%
9 3.32 x 1077 19 2.39 x 10_,
10 4.33 x 10 20 2.86 x 10
* R® = residual resistance. These values are not
plotted on the Electrical Resistivity of
Aluminum graph.

Aleksandrov and D'Yakov (1962)
Temp. R/RJ%s R/Rgva Temp. R/R.%, R/Ro¥a
OK OK
1.65 3.4 x 1078 3.7 x 1078 58 0.032 0.035
3.4 3.4 x 107° 3.7 x 1078 63.5 0.043 0.047
3.7 3.4 x 107° 3.7 x 107° 77.4 0.086 0.093
.00 3.4 x 10°° 3.7 x 107° 90.31 0.129 0.140
1k 9.6 x 107° 10.4 x 107° 111.6 0.226 0.246
20.4 2.7 x 107* 2.9 x 107% 273 0.92 1.0
* pogy = 2.75 X 107® ohm cm, from Aleksandrov (1962)
Pang = 2.53 x 107% ohm cm.

Ottensmeyer, Bratsberg, Graham, and Hollis Hallet (1964)
(read from graph - unstrained specimen)
Temp. | Puest/Pro "ideal resistivity" p x 10%ohm cm p/Psos
°K p; x 10°chm cm P=P1 * fo
(using pyo= 1077 chm cm) (where py = 10" "ohm cm)
12 0.00151 0.151 1.15 0.00047
15 0.00161 0.161 1.16 0.00048
20 0.011 1.1 2.1 0.00086
30 0.05 5 6 0.002L46
N 0.18 18 19 0.00779
50 0.k 40 b1 0.01680
60 0.7 T0 71 0.02910
ol 1.0 100 101 0.04139
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Pawlek and Rogalla (1966)
Temp. Resistivity p/Pang
°K p x 10%°chm cm
4.2 1.11 0.000451
20.k 2.38 0.000967
17 221 0.0898
195 1kho 0.586
273 260 1.000
Stevenson (1967)
(read from graph)
Resistivity*
Temp. p x 10° ohm cm
K 99.999% 99.999%
y.o 5.7h 2.27
5. 5.8 2.3
10. 5.8 2.4
15. 6.1 2.7
20. 6.7 3.2
25. 7.7 4.2
30. 10.1 6.2
34. 14.5 9.3
300. 2512. 2349,
* These values are not plotted on
the Electrical Resistivity of
Aluminum graph.
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ELECTRICAL RESISTIVITY OF BERYLLIUM, Be

(Atomic Number L)

Sources of Data:
Denton, H. W., A.E.R.E. Rept. No. G/R 101 (Feb 20, 1947).

Erfling, H. D., and Gruneisen, E., "Weitere Untersuchungen an Berylliumkristalle im transversalen
urd longitudinalen Magnetfeld," (Further Investigations in Beryllium Single Crystals in Transverse
and Longitudinal Magnetic Fields), Ann. Physik 41, 89-99 (1g42).

Griineisen, E., and Adenstedt, H., "Einfluss transversaler Magnetfelder auf Elektrizitits-und
Warmeleitung reiner Metalle bei tiefer Temperatur,” (The effect of a transverse magnetic field on
the electrical and thermal conduction of pure metals at low temperature), Ann. Physik 31, 71h-hy
(1938). -

Grlneisen, E., and Erfling, H. D., "Elektrischer wnd thermischer Widerstand von Berylliumkristallen

in transversalen Magnetfeld," (Electrical and Thermal Resistivity of Beryllium Crystals in a Transverse
Magnetic Field), Ann. Physik 38, 399-420 (1940).

Lewis, E. J., "Some Thermal and Electrical Properties of Beryllium," Phys. Rev. 34, 1575-87 (1929).

MacDonald, D. K. C., and Mendelssohn, K., "Resistivity of pure metals at low temperatures II. The
alkaline earth metals," Proc. Roy. Soc (London) 202, 523-32 (1950).

McLennan, J. C., and Niven, C. D., "Electrical Conductivity at Low Temperatures", Fhil. Mag. kL,
386-Lob (1927).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Meissner, W., and Voigt, B., "Messungen mit Hilfe von fllissigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen," (Measurements with the help of liquid helium. XI. Resistivity of
pure metals at low temperatures), Ann. Physik 7, 761-97 (1930).

Powell, R. W., "The Thermal and Electrical Conductivities of Beryllium", Phil. Mag. 4k, No. 353,
645-63 (Jun 1953).

Reich, R., "Etude des proprietes electriques et supraconductrices de metaux de differentes puretes,"”
(study of the Electrical and superconducting properties of metals with different purities), Mem.
Sei. Rev. Met. 62, No. 12, 869-920 (1965).

Reich, R., Kinh, V. Q., and Bonmarin, J., "Btude de la resistivite d'echantillons de beryllium de
differentes puretes en fonction de la temperature et determination de la temperature de Debye de

ce metal,"” (Study of the resistivity of samples of beryllium of different purities as a function of
temperature and the determination of the Debye temperature of the metal), Compt. Rend. gié, No. 26,
5556-61 (1963).

White, G. K. and Woods, S. B., "Thermal and Electrical Conductivities of Solids at Low Temperatures,"
Can. J. Pays. 33, 58-73 (1955).

Other References:

Bridgman, P. W., "The Compressibility and Pressure Coefficient of Resistance of Ten Elements,” Proc.
Am. Acad. Arts Sci. 62, 207-28 (1927).

Bridgman, P. W., "The Electric Resistance to 30,000 kg{cme of Twenty Nine Metals and Intermetallic
Compounds," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951).

Dyakov, I. G., Papirov, I. I., and Tikhinskiy, G. F. '"Residual Electrical Resistance of Beryllium"
Phys. Metals Metallog. 19, No. 5, 135-6 (1966), transl. of Fiz. Metal. i Metalloved. 19, No. 5,
788-90 (1965).
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lewis, E. J., "Some Thermsl and Electrical Properties of Beryllium," Phys. Rev. 34, 1575-87 (1929).

Lillie, D. W., "The physical and mechanical properties of beryllium metal," The Metal Beryllium,
Chapt. 6, 304-27 (1955).

Marder, A. R., "Beryllium, Effect of Ultra-High Pressure on Resistance," Science 142, No. 3593,
664 (Nov 1963).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data'. The
tabular values are ratios of electrical resistivity with respect to the resistivity at 273.15°K
(9273)- The pg,s value used by each investigator is listed in the tables and on the graph.

Since beryllium is an anisotropic metal, resistivity values will vary according to the relation of

the hexagonal ¢ c§¥stal axis to the direction of the resistivity measurements. Grineisen and co-
workers are the only investigators who have made measurements on single crystals. They report

o( 11)gys = 3.56 x 107® ohm cm and p(Ll)p,s = 3.12 x 107° ohm cm.

The lowest values of py,,; for polycrystalline beryllium were reported by Reich, et al. and Powell.
They repcrted

o(poly)ars = 2.7 x 107° ohm cm.

In instances where data points were quite widely separated or areas where data did not exist, sym-

bols were used to show the avallable data points so that the reader will know where arbitrary position
or shape of the graph was made.

The measurements by McLennan and Niven (1927) were made on thin sheets of beryllium. No information
is given on purlty or heat treatment of the sample.

Lewis (1929) used a rod of cross-sectional area 0.792 en made from 99.5% pure beryllium in his
measurements. He found that the amount of heat treatment greatly affected the resistivity and that
the best results were obtained after the sample had been slowly heated over a period of 24 hours to
about 700°C and held there for 12 hours and then cooled slowly to room temperature.

The Melssner and Voigt (1930) sample was a rod with a length of 1.5 em and hexagonal cross-section
0.18 x 0.15 cm. The 98% pure sample was electrolytlcally prepared.

Grineisen and Adenstedt (1938) measured resistivity of single crystals Be| 1 and Bej 2 in a direc-
tion parasllel to the hexagonal ¢ axis. The quallty of crystal structure and purity of Be” 1 were not
as high as those of Be||2; therefore the values for Belll were not tabulated. The density of Be‘IQ
was 1.84. The length was 1.55 cm and cross-section area was 0.00648 cr®. The values for Bej 2 in
the tables below were taken wlth zero magnetic fleld.

The Griineisen and Erfling (1940) measurements were made with single crystals Be,3, Be;l4, and Bey8

in s directifon perpendicular to the hexagonal ¢ axis {at 12°, 2°,and 30° angles to the secondary
axis). Crystal sizes are: for Belh, £1 = 0.91 cm and £, = 0.83 cm; and for Belﬁ, 41 = 1.40 cmand

Ly = 0.94 cm. Beij dimensions were not given. The values in the tables below were taken with

zero magnetic field. Their results show that deviation from the secondary axls has little effect
on the resistivity.
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Erfling and Grineisen (1942) made measurements on single crystals Be|,2 and Be,|6 in a direction

parallel to the hexagonal ¢ axis.Crystal sizes are: for Be"z, £1 = 0.5% cm and £, = O.45 cm; and
for Be|,6, £1 = 0.57¢cm, £y = 0.33cm. Be|,2 is the same sample used in the Grineisen and Adenstedt
(1938} determinations with a change in mounting. Be|'6 sample is a six sided prism of very regular
cross-section and of somewhat higher purity than Be||2. The values in the tables below were taken

with zero magnetic field.

Powell (1953) in a literature review of experimental electrical resistivity studies cites the
Denton (1947) measurements on rods 3.5 cm long and 0.3 cm diameter from a block of American G.E.C.
sintered beryllium. The values 1n the tables below were made on the samples after a 715°C heat
treatment.

The analytical purities of the samples used by MacDonald and Mendelssohn (1950) were not available
but they were stated to be of comparatively high purity. The samples were in the form of thin
strips. No mention 1is made of heat treatment.

Powell's (1953) resistivity measurements on beryllium were made on s bar 1.88L cm long by 0.865 cm
dlameter with a density of 1.84. This specimen was subsequently heated in a vacuum for 1 hour at
700°C and furnace cooled. The original material was from Brush Beryllium Company's crude reactor
product. No chemical analysls was made on the sample. The value for p,y, is 3.2 x 10”° ohm cm.

The specimens used by Whilte and Woods (1955), Be 1 and Be 2, were sintered polycrystalline rods
(5 mm and 4 mm diameters) with spproximately 2% and 0.1% impurities, respectively. Up to a temp-
erature of about 130°K, the resistance of the two specimens may be represented by

p=(p + 6.8 x20° T3) x 10® ohm cm.

Reich, et al. (1963) made measurements on polycrystalline beryllium wire which was annealed at 800°C
for one hour in a vacuum. The beryllium was electrolytically prepared and the analysis before
wiredrawing showed ~ 99.8% pure beryllium. The specimen had a fine grain structure very close to
the direction [1010]}. p, for this sample was 0.033 x 107® ohm cm.

Reich (1965) studied the influence of impurities on the resistivity of polycrystalline beryllium
wires at 4.2°K. In his article the type and amount of each impurity are given. His results are
presented in the table below.

The "ideal” resistivity values tabulated in the lower right-hand corner of the graph were taken
from Meaden (1965). His book presents a comprehensive review of the literature dealing with
experimental determinations of electrical resistivity together with a relatively concise account
of the modern theory of the electrical resistance of metals and alloys.
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Tables of Values of Electrical Resistivity

o = Resistivity, (ohm cm)

Pans = Resistivity at 273°K, (ohm om)
R = Resistance, {ohm)

Rz,s = Resistance at 273°K, (ohm)

McLennan and Niven (1927) Lewis (1929)
Temp. Specific Resistance® Temp. Temp. Resistivity 0/ 0203
°K micro chm °c °K p x 10° ohm cm
b2 13.6 -189 84.15 1.50 0.255
20.6 13.6 - 77 196.15 3,20 0.548
81 13.7 0 273.15 5.88 1.00
273 17.0%% + 21 294,15 048 1.10
293 17.6 + 25 298,15 6.50 1.11
% These values are not shown on
the Electrical Resistivity of
Beryllium graph.
*% Interpolated value.
Meissner and Voigt (1930) Grineisen and Adenstedt (1938)
Temp. 0/ Pana * Temp. Temp. Resistivity 0/ 0ons
°K . °c °K o x 10° ohm cm
273.16 1.00 Be | Bey @
81.73 0.3229
20 4k 0.3075 -252.82 20.33 0.00458 0.00128
2.38 0.3075 -194.,13 79.02 0.0kskL 0.01268
1.35 0.3077 0. 273.15 3.50 1.00
* pang = Te9 X 107°% ohm cm.
Grineisen and Erfling (1940)
Temp. Temp. Resistivity p/pa-,g
°k °a o x 10° ohm cm
Be, 3 Be b Be 8 Bel3* Be b Bz 8
273.15 0 3.12 3.13 3.12 1.00 1.00 1.00
90.29 -182.86 —_ 0.0868 — _ 0.02775 —
90.17 -182.98 5.0755 _ — 0.02hee _— —_
89.86 -183. ¢ —_— —_— 0.0770 — —_— 0.02467
78.05 -195.10 —_— 0.0473 — 0.01515
78.00 -195.15 o.chse —_ 0.01443 —_ —_
77.83 -195.32 0.0537 — — G.01717 _—
20.37 -252.78 —_ 0.012k% _ 0.00396 _—
20.36 -252.79 0.0078 —_— —_— 0.00251 —_
20.3h -052.81 —_ —_ 0.0076 — —_— 0.00243
* Beij values were plotted.
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Erfling and Gruneisen (1942)
Temp. Temp. Resistivity 0/Para
°c °K p x 10° ohm cm

Be 2 Be, 6 Be o% Be), &
-194.86 78.29 —_— 0.0404 —_— 0.01135
=194 .20 78.95 0.0450 —_ 0.01257 _—
-193.52 79.63 _— 0.04125 _ 0.01159
-183.03 90,12 0.0763 0.0728 0.02131 0.02045

Q. 273.15 3.58 3.56 1.00 1.00

* Bej 2 values were plotted.

Denton (1947) MacDonald and Mendelsschn {1350)
Temp. Temp. Resistivity p/pe73 Temp. R/R273
°c °Kk p x 10° ohm cm °K Be 1 Be o%
9 213.15 3450 1.00 273 1.000 1.000
-183 20.15 0.297 0.085 o
2 20.1 0.21 0.06 20 0.397 0.322
253 =0.15 . -06 20.4 0.384 0.276
Lye 0.384 0.276
* Be 2 values were plotted.

Powell (1953)

Temp. Resistivity*
°C p x 10° chm cm
0 2.7%*
20 3.2
50 L,1

100 5.3

200 8.1

300 11.1

400 13.5

500 16.7

600 20.4

* These values have not
been plotted on the
Electrical Resistivity
of Beryllium graph.

**% Extrapolated value.
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white and Woods (1955)
(read from graph)

Temp. Resistivity p/pz-,s

°K o x 10° chm em

Be 1 Be 2 Be 1%* Be 2

0 1.11 l.21 0.241 0.281
10 1.11 1l.21 0.241 0.281
30 1.11 1.21 0.241 0.281
50 1.12 1.22 0.243 0.284
70 1.18 1.28 0.257 0.298
90 1.25 1.35 0.272 0.314
273 L6 * 4,3 * 1.00 1.00
295 5.08 4.93 1.10 1.15
* pgvs values were interpclated. ** Be 1 values were plotted.

Reich, Kinh, and Bommarin (1963)

Temp. Resistivity* O/ngg
°K p x 10° ohm cm
20 0.033h 0.0122
50 0.0L407 0.0148
80 0.0719 0.0262
100 0.1237 0.0451
150 0.4690 0.1710
200 1.184 0.432
250 2,189 0.798
273.15 2.743 1.00
295 3.283 1.20

* These values were actually teken from
Meaden (1965) who received the experi-
mental values directly from Reich. The
pe value in Meaden (1965) should be
0.033 x 10°° ohm cm.

Reich (1965)
Resistivity at 4.2°K*
Sample Purity b x 10% ohm cm
After After annealing in s 107° Torr vacuum
drawing for 1 hour for 150 hours
H 1209/SR 99.99785 0.0375 0.0332 0.0361
H 978/CR 99.997586 0.512 0.465 0.492
F 887/cr 99.987L469 0.598 0.399 O.AQQ
F 671/CR 99.989032 1.050 0.938 1.008
* These values were not plotted on the Electrical Resistivity of Beryllium graph.
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ELECTRICAL RESISTIVITY OF COBALT, Co (page 1 of L)
(Atomic Number 27)

Sources of Datas

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Pubiished for the National Research Council by the McGraw-Hill Book Co. Inc., 12L-35 (i929).

Landolt-Bornstcin Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-46 {1959).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Meissner, W., and Voigt, B., "Messungen mit Hilfe von flussigem Helium. XI. Widerstand der reinen
metalle in tiefen Temperaturen,” (Measurements with the Help of Liquid Helium. XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik 7, 892-934 (1930).

Radhakrishina, P., and Nielsen, M., "Transport Properties of Cobalt at Low Temperatures,” Phys.
Status Solidi 11, No. 1, 111-15 (1965).

Semenenku, B. E., Sudovtsov, A. I., and Volkenshtein, N. V., "Temperature Dependence on the Electrical
Resistance of Cobalt between 1.3 and 4.2°K," Soviet Phys. JETP 18, No. k4, 957-58 (196k4), Transl. from
Zh. Eksperim. i Teor. Fiz. 45, 1387-88 (1963).

white, G. K., and Wocds, S. B., "Low Temperature Resistivity of the Transition Elements: Cobalt,
Tungsten, Rhenium," Can. J. Phys. 35, 656-65 (1957).

White, G. K., and Woods, S. B., "Electrical and Thermal Reslstivity of the Transition Elements at
Low Temperature,” Phil. Trans. Roy. Soc. (London) A251, 273-302 (1959).

Other References:

Bridgman, P. W., "The Electric Resistance to 30,000 kg/em® of Twenty Nine Metals and Intermetallic
Compounds," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951)

Grineisen, E., Handbuch der Physik 13, 1 (1928)

Grineisen, E , "Elektrische Leitf#higkeit der Metalle bel tiefen Temperaturen," (Electrical Conduc-
tivity of Metals at Low Temperatures), Ergebn. exakt. Naturw. 21, 50-116 (1945).

Holborn, L., Z. Physik 8, 58 (1921).

Olsen-Bar, M., Univ. of Oxford, Ph. D. Thesis {1956).

Meilssner, W., Physik. Z. 29, 897-904 (1928).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data" and are
listed as ratios of electrical resistivity with respect tc the resilstivity at a datum temperature of
Z73°K. When actual values of pgva for the samples used by the investigators are not available, a

datum value reported by White and Woods (pz.,3 = 5.24 x 107° ohm cm) is suggested for calculating
values of electrical resistivity from these ratios.

In instances where data points were quite widely separated or areas where data did not exist, symbols

were used to show the available data points so that the reader will know where arbitrary position or
shape of the graph was made,

The values listed in the Landolt-BSrnstein tables are those reported by Meissner and Voigt; and
Bridgman (1951); while those values appearing in the Internaticnal Critlcal Tables are from Holborn.
These primary sources are cited above under "Other References." The original asuthors are used in
labeling the curves on the graph.
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The Landolt-Bornstein tables list the sample used by Melssner and Voigt as an annealed, sintered
polycrystalline specimen with no mentlon made of impurities present. The sample used by Bridgman
was reported as polycrystalline with a very small smount of impurities. Bridgman reported only
Pang = 5.57 x 10® ohm cm. No information is given on the smount of impurity or nature of the
Holborn sample, and no further information 1s avallable on the mechanical strain or heat treat-
ment for eilther of the samples.

White and Woods' (1957) measurements were with 99.999% pure ccbalt rods. They report values of
ideal resistivity p, = p - p, (go = resistivity due to impurity scattering; p, values for the two
cobalt samples were 0.0902 x 1077 and 0.09075 x 10"® ohm cm). Their data are reported graphilcally
with tabular values taken from the graph. These tabular values may have an error of about * 1% due
to uncertalnty in the geometry of the specimens.

White and Woods' (1959) review paper gives values of resistivity based on their earlier measurements
(1957) between 15 and 295°K and the results obtalned by Olsen-Bir (1956) for temperatures below 20°K.

Semenenko, et al, (1963) used rods of 99.998L4% pure cobalt. No mention is made of mechanical strain
or heat treatment of the sample prior to measurement.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His bock presents & comprehensive review of the literature dealing with experimental
determinations of electrical resistilvity together with a relatively concise account of the modern
theory of the electrical resilstance of metals and alloys.

A polycrystalline wire of pure cobalt was annealed st 1040°C in vacuo by Radhakrishina and Nielsen
(1965) prior to resistance measurements. They do not state the percent purity of the sample. The
data were presented graphically and were fitted to the expression R = Ry + RyT + RQTE, where

Ry = 870.004 x 107*° ohm cm, R, < 3.13 x 1072 ohm em/°K, Ry = 0.9892 x 107! ohm cm/(°K)2.

Pana (5.24 x 107° chm cm) used in the resistance ratio was taken from White and Woods (1957).

Tables of Values of Electrical Resistivity

p = resistivity, (ohm cm); Poos = resistivity at 273°K, (ohm cm).
R = resistance, (ohm); Rgyy = resistance at 273°K, (ohm).
Meissner and Voigt {1930) Holborn (1921)
Temp. R/Rgya® Temp. 1000/payg
°K °c
1.5 0.0431 - 8o 574
L.p C.okes -100#% 48.2
20. 4 0.0L63 -120% 40.0
77.8 0.1516 -160% 24.8
86.9 0.1829 -180+% 17.4
273.16 1.0000 -192 13.5
* Poma = 5.94 x 10"% ohm cm, * Values from interpolation
pr.s = 0.256 x 10"%chnm cm.
White and Woods (1957)
Temp. "Ideal Resistivity" Resistivity, ¢ x 10° ohm em 8/pana
°K ps x 147 ochm cm p=p +0
(where 0, = 0.0905 x 107° ohm em)
15 0.,0025 0.0930 0.0177
20 0.0065 0.0970 0.0185
30 0,030 0.1205 0.0230
Lo 0.079 0.1695 0.0323
50 0,150 0.2405 0.0459
75 0.460 0.5505 0.1050
100 0.90 0.9905 0.1890
150 1.98 2.0705 0.3951
200 3.23 3.3205 0.6336
273 5.15 5.2405 1.000
295 5.80 5.8905 1.1239

30



Electrical Resistlvity of Cobalt (page 3 of L)
Cryogenic Data Memorandum No. M-10

White and Woods (1959)
Temp. "Ideal Resistivity™® Resistivity, p x 10° ohm cm /P393
°K py % 10°  ohm cm p =p; +p,
(where p, = 0.086 x 1{7Schm cm)

10 0,0011 0.,0901 0.0172
15 0.0027 0.0917 0.0175
20 0.0066 0.0956 0.0182
25 0.01k 0,103 0.0197
30 0.027 0.116 0.0221
Lo 0.072 0.161 0.0307
50 0.145 0.234 0.0kkT
60 0.25 0.339 0.06LT
70 0.38 0.469 0.0895
80 0.54 0.629 0,120
90 0.72 0.809 0.154
100 0.91 0.999 0.191
120 1.32 1.409 0.269
140 1.78 1.869 0.357
160 2.26 2.3kg 0,448
180 2.75 2,839 0,542
200 3.23 3.319 0.634
220 3.72 3.809 0.727
250 4,50 4,589 0.876
273 5.15 5.239 1.000
295 5.80 5.889 1.124

* There 1s uncertainty in the last digit of the resistivity data

Radhekrishna and Nielsen (1965) Semenenko, et al. (1963)
(read from graph) (read from graph)
Temp. Resistivity 8/ Baeray Tiip' R/Rers
°K p % 10° ohm cm
1.55 0.03819%
1.k 87.145 0,01663 2.0 0.038201
1.9 87.160 0.01663 2.5 0.038206
2.3 87.175 0.01664 2.8 0.038210
2.8 87.200 0.01664 3.2 0.038215
3.2 87.220 0.01665 3.55 0.038221
3.6 87.246 0.01665 k.2 0.038233
L.o 87.282 0.,01666
4.6 87.336 0.01667
5.1 87.380 0,01668
5.5 87.423 0.01668
5.9 87.465 0.01669
6.2 87.495 0.01670
6.4 87.520 0.01670
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‘ 273.15( 5.15 | 1.00

‘ 295, 5.80 | 1.13

: : * from Meaden {1965)

i : see text.
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ELECTRICAL RESISTIVITY OF COPPER, Cu (page 1of g)
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Suurces of Data:

International Critical Tavles of Numerical Data, Physics, Chemistry, and Technology, VI, lst Editicn,
Pubilichedd Tur the Nutional Research Council by the MeGraw-Hill Beok Ce. Ine., 125-35 (I929).

Lundolt-BSrustein Zahlenwerte und Funkticnen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechote Auflage, IT Band, O Teil, Springer-Verlag, Berlin, 1-Lo (10514).

Berman, R., und MucDonald, D. K. C., "The Thermal and Electrical Conductivity of Copper at Low

Temperatursns ™, Pr Roy. Boc. (London) (11, Lw=8 (1u50).

/o Elements, Alloys, and Compounds to 100,000 ke/enf ,"” Proc.
251 (Mar 1959).

Eridgman, Po W., "The Resistunce o

A Acad. Arte Sei. 31, Ho. b, 105-

Froom, T., "The Effect of Temperature of Deformaticn cn the Elecctrical Resistivity of Cold-worked
Mrtals and Alloys,"” Proc. Phys. Soc. (London) BOS, 871-81 (1052).

Domenicali, €. A., 2nd Christenscn, E. L., 'Bffects of Transition Metal Sclutes on the Electrical
Resistivity of Copper and Gold Between & snd 10U0°K, J. Appl. Phys. 32, No. 11, 2L450-5 (1961).
Gniewek, J. J., and Clark, A. F., "Preparation of Copper Crystals with Low Electrical Resistivity,"
J. Appl. Phys. 36, No.o 10, 3358-5u (14d9).

Mcaden, G. T., Elecctrical Resistance of Metals, Plenum Press, New York (1945) 218 p.

Meissner, W., and Voigt, B., "Messungen mit Hilfe von flissigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen,' (Measurements with the Help of Liquid Helium), Ann. Physik (5)
T, 7C- v (Aus0) .

Moore, J. P., McElroy, D. L., end Graves, R. S., "Thermal Conductivity and Electrical Resistlvity of
High-Purity Copper from 78 to 4UG°K," Can. J. Phys. 45, 3849-£5 (1957) .

Onnes, H. K., and Tuyn, W., "Data Concerning the Electrical Resistance of Elementary Substances
at Temperatures below -80°C," Communs. Phys. Lab. Univ. Leiden Suppl. 58 (1ue6).

stivity of Silver, Copper, Aluminum, and Zinc as

Prwlek, F., and Rogalla, D., "The Flectric
ropenics 0, Ho.o 1, -0 (1900) and Metall. 20, No. 9,

1 Function of Purity in the Ranie L - 04

Ghir=55 (1900).

Powell, K. L., Roder, He M., and Hall, W. J., "Low-Temperature Transport Properties of Copper and
Its Dilute Alloys: Pure Copper, innealed and Cold-Drawn,"” Phys. Rev. 115, No. =, 314-23 (1959).

Sekuls, 8. T., "Resistance Minimum and Recictivity of Copper nt Low Temperatures,” Phys. Rev. Letters
3, Noo o, hlo-18 (195%).

White, G. K., "The Thermal and Electrical Conductivity of Copper at Low Temperatures,” Australian
J. Phye. 4, Fo. L, 307-hob (1993).

White, G. K., and Woode, 5. B., "Electrical and Thermsl Resistivity of the Transition Elements at
Trw Temperatures,” Fhil. Truns. Roy. Sove. (London) A0L, o75-300 (100,

Other Heferences:

Blewitt, T. H., Coltman, K. X., and Redman, J. K., "Structural Dofects in Copper and the Electrical
Resictivity Minimum," Phys. Rev. 93, No. h, 821 (1054).

tuck, 0., "Vertourmung und clektrischer Widerstand von Kupfer-Einkristallen bl tiefsten Temperaturen,"”
(The Detormation and Electrical Resistivity of Copper Single Crystals at Low Temperatures), Phys.

Status 3ulidi o, Y3-by (Luo).

des Huus, W J., Ae boer, J. ., awd Van den Beeys, G. J., Physics I, 1110 (134) .

Douphinee, T. M., and Preston-Thomas, 1., "A Copper Resistance Temperszture Seale," Rev. Sci. Instr.
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Dolecek, R. L., and Schultz, D. J., "Residual Resistance of Copper Annealed in an Op Atmosphere,"
Acta Met. 8, 664 - 65 (1960).

Dugdale, J. S., and Gugan, D., "The Effect of Pressure on the Electrical Resistance of Copper
at Low Temperatures," Proc. Roy. Soc. (London) A2L1, 397-L07 (1957}.

Franck, J. P., Manchester, F. D., and Martin, D. L., "The Specific Heat of Pure Copper and of some
Dilute Copper and Iron Alloys Showing a Minimum in the Electrical Resistance at Low Temperatures,”
Proc. Roy. Soc. {London) A263, L9L-507 (1961).

Gruneisen, E., "Elektrische Leitfahigkeit der Metalle bei tiefen Temperaturen,” (Electrical
Conductivity of Metals at Low Temperatures), Ergebn. exakt. Naturv. 21, 50-116 (1945).

Hatton, J., "Effect of Pressure on the Electrical Resistance of Metals at Liquid Helium Temperatures'.
Phys. Rev. 100, No. 2, 681-k (1955).

Henning, F., "Gasthermometrische Messungen zwischen -193 und -258°," (Gas Thermometry Measurements
between -193 and -258°), Z. Physik 5, 264-79 (1921).

Holborn, L., Ann. Physik 59, 145 (1919).

Kannuluik, W. G., and Laby, T. H., "The Thermal and the Electrical Conductivity of a Copper Crystal
at Various Temperatures,” Proc. Roy. Soc. (London) Al2l, 640-53 (1928).

Kovacs-Csetenyi, E., Vassel, C. R., and Kovacs, I., "The Effect of Impurity Content and Heat Treat-
ment on the Ravs/Rve Resistivity Ratio of Aluminum and Copper,” Acta Phys. Acad. Sci. Hung. 21, No. 2,
195-8 (1966).

Lange, W., and Haussler, G., "Measurements of Residual Resistance in Ultra Pure Copper," Phys.
Status Solidi 2, K160-63 (1962), (Transl. available from SLA Transl. Center No. TP-65-13131.)

Mac Donald, D. K. C., "Minima of Electrical Resistance in Gold and Copper,' Proc. Intern. Conf.
on Low Temp. Physics, Oxford, 58 (1951).

Mac Donald, D. K. C., and Berman, R., "The Thermsl and Electrical Conductivity of Copper," Proc.
Roy. Soc. (London) A211, 122 (1952).

Meissner, W., "Thermische und elektrische Leitfiéhigkeit einiger Metalle zwlschen 20 und 373° Abs,"
(Thermal and Electrical Conductivity of Some Metals between 20 and 373°K), Ann. Physik 47, No. 16,
1001-58 (1915).

Meissner, W., Physik. Z. 29, 897 (1928).

National Bureau of Standards, Copper Wire Tables, Natl. Bur. Std. Handbook 100 (Feb 1966) Ll p.

Niceolai, G., "ﬁber den elektrischen Widerstand der Metalle zwilschen sehr hohen und sehr tiefen
Temperaturen," (The Electrical Resistance of a Metal between Very High and Very Low Temperatures) ,
Physik. Z. 9, 367 (1908) .

Pearson, W. B., "CIII. Electron Transport in Copper and Dilute Alloys at Low Temperature. III.
Solid Solutions of Iron in Copper,"” Phil. Mag. 46, 911 (1955).

Roder, H. M., Powell, R. L., and Hall, W. J., "Thermal and Electrical Conductivity of Pure Copper,"
Low Temperature Physics and Chemistry, Univ. of Wisconsin Press, p. 364-6 (Aug 1958).

Verel, D. J., "Recovery of the Resistivity of Copper Cold Worked at Low Temperatures,” Physica 29,
562-64 (1963).

Comments:

The data for this graph were taken from the references cited above under "Sources of Deta”. The
values listed in the Landolt-BOrustein tables are those reported by de Haas, de Boer and Van den
Berg; Holborn; and Melssner (1928); while those values 1n the International Critical Tebles are
from Henning. These primary sources are listed above under "Other References". The original
authors are used in labeling the curves on the graph.
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In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data roints so that the reader will know where arbitrary
position or shape of the graph was made.

The data in the Landolt-BSrnstein tables and the International Critical Tables tabulated here are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. When the actual values of P2vs for the samples used by the original investigators are
not evallable, a datum value determined by Powell, et al. (1959) {Paya = 1.545 x 10°% ohm cm) is
suggested for calculating values of electrical resistivity from these ratios.

The Landolt-Bdrnsteln tables report the samples used by the authors appearing in their compilation
as annealed polycrystalline specimens with a small amount of impurities present. No other pertinent
informatlon is given about the data reported in Landolt-BSrnstein tables or International Critical
Tables.

The Meissner (1915) paper gave Pars = 1.55 x 106° ohm cm.
Onnes and Tuyn (1926) measurements were made on "natural copper crystals".
Meissner and Volgt (1930) present the same date as Melssner (1928).

Berman and Mac Donald (1952) used 99.9988% pure copper wires which were annealed for 6 hours at
450°C in helium.

Bridgman (1952) used 99.9999% pure 0,001 inch thick copper sheets to measure the effect of pressure
on the electrical resistivity. He reported room temperature measurements as ratios of the
resistance at a glven pressure to the resistance at one atmosphere,

A 99.99% pure copper wire used by Broom (1952) was annealed for two hours at 00°C prior to
resistivity measurements. The tabular data are for the specimen before deformation (wire drawing) .
Broom's graphs show the effect of deformation on the resistivity.

White (1953) and White and Woods (1959) used wires of 99.999% purity which were annealed in vacuum
at 550 and 530°C for three hours prior to measurement.

Sekula (1959) studied the effect of oxidizing or reducing atmosphere on the electrical resistivity
minimum. The 99.999% pure copper wire specimen was first annealed in a vacuum of 2 x 10-° mm Hg at
950°C for two hours before measurements were made. Then the specimen was reheated in 10 microns of
air at 750°C for two hours before a second set of measurements was made. The resistance ratio
R/Reo°c is reported graphically for both sets of measurements; the value of R,,°. 1s not given.
The ratio pagy/Ppys = 1.7027/1.5527 from White and Woods was used in Getermining the ratio R/Rgqg -

Powell, et al. (1959) used 99.999% pure copper rods which were amnealed in vacuum at 400°C prior to
measurement at 4.2°K; the resistivity of the sample was (1.01 + 0.02) x 107% ohm cm. The values
in the table below are read from their graph.

The copper used by Domenicalil and Christenson (1961) contains 107* to 1074 impurities. The copper
was shaped in the form of square cross-section wires which were annealed at 500°C for several hours
in vacuo.

Gnievek and Clark (1965) used 99.99% pure copper in growing crystals in a 10”° Torr vecuum. Their
crystale were heated at 1000°C under a pressure of 5 x 10°® Torr for approximately 15 hours and then
cooled at a maximum rate of 150°C/hr.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book Presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with s relatively concise account of the modern
theory of the electrical resistance of metels and alloys.

The samples used by Pawlek and Rogalla (1966) were 99.9943% and 99.9994% pure copper wires which had
been annealed at 600°C for one hour and cooled no faster than 50°C/hr. The data in the table
below are for the 99.9994% pure sample.

The Moore et al. (1967) measurements were made with 99.99% pure, polycrystalline copper rods
5 - 8 cm long.
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Tables of Values of Electrical Resistivity

o = resistivity, (ohm cm);  pays = resistivity at 273°K, (omm cm) .
R = resistance, (ohm); Rgys = resistance at 273°K, (ohm).
Meissner (1915) Holborn (1919) Henning (1921) Onnes and Tuyn (1926)
T
Temp. o/ Pans x* Temp. R/Rav 3 Temp. 100R/Rans Temp. R/Rors
o ©- o o
K K € C
20.7 0.0026 81 0.1502 - 76 55.739 -18%4.53 0.17h9
90.7, 0.186, 195 0.6802 -183 18.858 -192.0k 01440
273.1 1.000 -z52.8 0.5291 0.1103
0.08LC
-8 00466
* pomg = 1.55 x 10 chm cm. 0.00154
*% These values are not plotted on the Electrical Resistivity of Copper 0.00Lxy
graph. 0.0010)
0.00097
Meissner and Voilgt (1930) | de Haas, et al. (1934) Broom (1952)
Meissner (1928) i (vefore deformation)
3% *h
Temp. R/Ryma Temp. 0/ Pgra Temp. Resistivity 0/ 0o a
°K °K °c o x 10° ohm cm
1.32 0.00029 ; 1.55 0.00117 -183 0.291 c.18
1.97 0.00028 L.23 0.00119 - 755 1.06 0.67
4.20 0.00029 1h.25 0.00128 ¢ 1.59 1.00
20.h2e 0.00078 2047 0.00175 100 2.23 1.50
81.6 0.1h4
273.16 1.000
% The second decimal place of the temperature values is somewhat in doubt.
#% The fifth decimal place of the electrical resistivity ratio values is somewhat in doubt.

Berman and Mac Donald (1995 ) Bridgman (1952)
(read from graph)
Temp. Conductivity | Resistivity 0/0pms® (room temperature)
°K o x 107°(ohm cm)” p x 10° chm cm ) (pata compared with the resistance at one

2,5 150 0.0007 0.00R3 atmosphere taken as unity)
10. 154 0.0065
15 150 0.0067 Pressure R/F’o
20. 135 : 4 OW004S k{;/cz.’l?
245 109 00t 0.9058

. 1 el 1.000
30. /9 0.01% 0008k -
33. 50 0017 5.011 10000 €981
4o, 30 0.008 0.018 e O-;z{
3. Bl 0.0k3 0.031 Zons 9-{35
53.5 15 0.0487 0.0h3 0ano C.y3h

50000 0,920

Ul 9 U1l 0.071 N
ron g 0.17 .11 201
80. 5 Q.0 0.13 0.595
9o, 3 0,33 O.21 0.69
* These values were not plotted un the Elcctrical Resistivity
of Copper graph.
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White (1953)
(read from graph)

Temp. "Ideal Resistivity" | Resistivity, p x 10° ohm em o/ b2 s
°K g, X 10° ohm em p=p +p,
(vhere i, = 5w 16T ol em)
1k 0,00035 0.00495 0.00319
2 0.00098 0.00558 0.00360
25 0.0030 0.00760 0.00490
30 0.0066 0,0112 0.00722
34 0,014 0.0186 0.0120
L1 0.028 0.0326 0.0210
55 0.074 0.0786 0,057
62 0.11 0.1146 0.0739
78 0.19 0.,1946 0.1255
91 0.28 0.2846 0.1835
100 0.33 0.38486 0.2480
120 0.55 0.5546 0.3576
190 0.98 0.98L6 0.6348

White and Woods (1959)

Temp. | "Ideal Resistivity" | Resistivity, o x 10% ohm cm p/Para
°K Py X 10° ohm cm p =py +p,

(where p, = 2.7 x 1077 ohm cm)

15 0.00017 0.00287 0.00185
20 0.0008 0.0035 0.0023
25 0.0025 0.0052 0.0034
30 0.0063 0.0090 0.0058
4o 0.022 0.0247 0,015
50 0.050 0.0527¢ 0.034
£0 0.095 0.0977 0,063
{0 0.153 0.1557 0.100
80 0.215 0.2177 0.140
90 0.280 0.2827 0,18z
100 0.350 0.3527 0.227
120 0.490 0.bozT 0.318
140 0.635 0.6377 0.411
160 0.775 C.7T7T7 0,501
180 0.92 0.9227 0.595
200 1.06 1.0627 0.685
220 1.20 1.2027 0.775
250 1.40 1.ko27 0.904
273 1.55 1.5527 1.00
295 1.70 1.7027 1.10
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Sekula (1959)
{read from graph)
Temp. R/Rz o’c R/ths
°K Vacuum Annealed Air Annealed Air Annesled
1.7 8.95 x 10°% 3.10 x 10°* 0.00034%0
L.6 8.85 x 1074 3.18 x 10t 0.000345
6.0 8.81 x 107 3.21 x 1074 0.000352
7.6 53.81 x 107* 3.27 x 1074 0.000359
9.0 8.85 x 1074 3.31 x 1074 0.000363
11.1 5.00 x 1074 3.46 x 1074 0.000379
13.5 9.37 x 1074 3.90 x 1074 0.000428
15.0 9.70 x 10°* L.28 x 10% 0.000469
16.5 10,10 x 10°% L,80 x 10* 0.000526
18.0 11.00 x 107% | mmdemaecee | mmameoen
* using the ratio poga/pgnn = 1.7027/1.5527 from
Wwhite and Woods {1959).

Powell, et al. (1959) Domenicali and Christenson (1961)
(read from graph)
(read from graph)
- Temp. Resistivity 0/9273*
° &
Temp. Resistivity y/p K p x 10° ohm em
°K 0x 128 chm cm o 1 0.01 0.0063
25 .02 0.013
0.00101 0,100 50 0.05 0.032
.00105 [T i 5 0.2 0.13
0.0011 L0007z 100 0.35 0.z22
000115 UL UDOTLL 150 0.7 0.40
ULl SV s 1S 200 1.05 0.66
00021 ST 250 1.4 0.89
=N L0030 :‘_‘;1‘14‘)1‘ 873 1.58 1.00
8.0 U190 5 300 1.75 1.11
<i3.15 1.545 * These values were not plotted on
the Electrical Resistivity of Copper
graph.
Gniewek and Clark (19(S)
Crystal Raook /Ra.o% | Re.o% /R o Pawlek and Rogulla (196.)
A polyerystalline 20000 L 0000548 Temp. Resistivity J 0/ 052
° .8 )
cingle 23000 5L 0000LTT K nx Lo%chm om
single 15800 ; oL SU0GTOS b U530
: 0.4 1.11
* Calculated using the values of White and Woods 77 192
(1959) for p,g. = 1.7027 x 107 %ohm em and 195 990
Pama = 1.5527 x 10"%chm cm. 273 1584
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Moore, McElroy and Graves (1967)
Temp. Resiativity 0/Pana®
°K p x 10° ohm cm

4.2 0.00172 0.0011
85 0.248 0.160
90 0.282 0.182
100 0.350 0.226
110 0.418 0.270
120 0.488 0.316
130 0.558 0.361
140 0.631 0.408
150 0.702 0.454
175 0.876 0.567
200 1.047 0.677
225 1.219 0.788
250 1.389 0.898
273.16 1.546 1.000

* These values have not been

plotted on the Electrical
Resistivity of Copper graph.
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TEMPERATURE, °R
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il R e
1.0 i } LA i i A1
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<
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- g S 5 0.032
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Sources of Datas

International Critical Tables of Numerical Data, Phycics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Council by the McGraw-Hill Book Co. Inc., 1°L-35 (iQEQ).

Landolt-BOrnstein Zahlenwerte und Funktionen aus Thysik, Chemie, Astronomie, Geophysik und Technik,
sechote Auflage, IT Band, © Teil, Springer-Verlag, Berlin, 1-46 (1959).

Bridiman, P. W., "The Resistance of 72 Blements, Alloys, and Compounds to 100,000 kg/em®," Proc.
Am. Acad. Arts Gel. 81, Ne. b, 165-051 (1950

de Huus, We Jo, sod Vun den Berg, (. J., "The Electrical Resistance of Guld and Silver at Low Tempera-
tures,” Phycica 3, No. 4, 4ho-4 (1936) and Communs. Kamerlingh Onnes Lab. Univ. Leiden No. oh1 D (1936).

Domenicali, C. A., and Christenson, B. L.,"Effects of Transition Metal Solutes on the Electrical
Resistivity of Copper and Gold Between 4° and 1200°K,"J. Appl. Phys. 3z, No. 11, 2450-6 (1951).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 2153 P.

Meissner, W., and Voigt, B., "Messungen mit Hilfe von fllssigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturan,” (Measurements with the Help of Liquid Helium), Ann. Physik (5)
1, 761 (1939).

Onnes, H. K., and Clay, J., "On the Change of the Resistance of Metals at Very Low Temperatures and
the Influence Exerted on It by Small Amounts of Admixtures," Communs. Phys. Lab. Univ. Leiden No. 99c
(1907).

Omnes, H. K., and Clay, J., "On the Change of the Resistance of Pure Metals at Very Low Temperatures
and the Influence Exerted on It by Omall Amounts of Admixtures. II," Communs. Phys. Labt. Univ.
Lefden No. 107 (1U08).

Onnes, H. K., and Tuyn, W., "Data Cuncerning the Electrical Resistance o
r,
5

Elementary Substances at
Tenperatures below -80°C," Communs. Phys. Lab. Univ. Leiden Suppl. No. (

8 (1926).

Van den Berg, G. J., and Franken, B., "The Measuring of the Electrical Resistivity of Gold Mono-

cryctals by an Alternating Current Method,'" Bull. IIR Annexe 1958-1, 231-35% (Jun 1958).

Van der Leeden, P., "Geleiding van warmte en electriciteit dour metalen," (Conduction of heat by
metale), Gedrukt Bij Drukherig Waltman, Koornmarkt €2, Te Delft 11-76 (July 19L0).

White, G. K., and Woods, 3. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperatures,"” Phil. Trans. Roy. Soe. {London) AZ51, No. 995, 273-302 (1959).

Other References:

Cath, F. G., Onnes, H. K., and Burgers, W. G., Proc. Acad. Sci. Amsterdam 20, 1163 (1918) anad
Communs. Phys. Lab. Univ. Leiden No. 152¢ (1917). -

Croft, A. J., Faulkner, E. A., Hatton, J., and Seymour, E. F. W., "The Electrical Resistivity of
Gold at Very Low Temperatures," Phil. Mag. [7] Lk, 289-98 (1953).

Durdale, J. 5., and Mac Donald, D. K. C., "The Electrical Resistance of Some Metals and Alloys
below 1°K," Can. J. Phys. 35, 271-79 (1957).

Fenton, E. W., Rogerc, J. S., and Woods, S

. B., "Lorenz Numbers of Pure Aluminum, Silver, and Gold
#t Low Temperatures,” Can. J. Phys. b1,

'0-33 (1983).

Gauldukov, Yu. P., "Temperature Anomaly in the Resistance and the Hall Effect in Gold," Soviet

Phys. JETD |, Ho. b, S77-80 (1055), Transl. of Zh. Eksperim. i Teor. Fiz. 34, 836-4o (1958).
Gerritsen, A, N., Louc, G. J., and Van der Aa, J. M. L. C., "The Preparation of Dilute Binary Alloys
and the Determination of their Composition,™ Appl. Sci. Res. A, 385 (1957), Communs. Kamerlingh
Onnes Lac. Univ. Leiden No. 300c (157). -
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Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures,” Univ. of
Florida, Gainesville, Ph. D. Thesis (1964) 166 p., (Avail. from Univ. Microfilms, Ann Arbor, Mich.,
Order No. 65-5985).

Goree, W. S., and Scott, T. A., "Pressure Dependence of Electrical Conductivity of Metals at Low
Temperatures,” J. Phys. Chem. Solids 27, 835-48 (1966).

Grineisen, E., "Elektrische Leitfahigkeit der Metalle bel tiefen Temperaturen," (Electrical Conduc-
tivity of Metals at Low Temperatures), Ergebn. exakt. Naturw. 21, 50-116 (1945).

Hatton, J., "Effect of Pressure on the Electrical Resistance of Metals at Liquid Helium Tempera-
tures,” Phys. Rev. 100, No. 2, 681-L (1955).

Holborn, L., Ann. Physik 59, 145 (1919).
Justi, E., Physik. Z. 41, LB6 (194%0).

Kan, L. S., and Lazarev, B. G., "Effect of Hydrostatic Compression on the Electrical Conductivity of
Metals at Low Temperatures," Soviet Phys. JETP 7, No. 1, 180-81 (1958), Transl. of Zh. Eksperim. i
Teor. Fiz. 3k, 258-59 (1958).

Knook, B., and Van den Berg, G. J., "The Electrical Resistance of Pure Au and Ag at Low Temperatures,"
Physica 26, 505-12 (1960), Communs. Kamerlingh Onnes Lab. Unilv. Lelden No. 321c (1960).

Meissner, W., "Thermische und elektrische Leitfahigkeit einiger Metalle zwischen 20 und 373° abs,"
(Thermal and Electrical Conductivity of Some Metals between 20 and 373°K), Ann. Physik 47, No. 16,
1001-58 (1915).

Meissner, W., Physik. 2. 26, 689 (1925).
Melssner, W., Physik. Z. 27, 725 (1926).
Comments:

The data for this graph were taken from the references clted above under "Sources of Data" and are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. When the actual values of pp,y are not available for the samples used by the various
investigators, a datum value reported by White and Woods (1959) (pgrs = 2.02 x 10"® ohm em) is
suggested for calculating values of electrical resistivity from these ratios.

In instances where data points were quite widely separated or areas where data did not exlst,
symbols were used to show the avallable data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-BSrnstein tables are those reported by Holborn, Justi, and Meissner,
while the values appearing in the International Critical Tables are those from Cath, Onnes, and
Burgers. These primary sources are listed above under "Other References". The original authors

are used in labeling the curves on the graph. The Cath et al.measurements were made on "pure minting
gold" wires. Meissner (1915) reported pg,s = 2.065 x 107% ohm cm.

Onnes and Clay (1907) made their measurements on O.1 mm diameter wires which were heated in an
"annealing furnace for a long time and slowly cooled". The purity of the samples follows; Aurry
was ~ 99.985%, Aury and Auy were ~ 99.995%. Their 1908 measurements were on Auy.

Onnes and Tuyn (1926) 1list values taken by Meissner (1925) [see other referencesl on single crystal
gold. Onnes and Tuyn give no other information about the sample.

Meissner and Voigt (1930) present the same data as that found in the earller Meissner paper (1926).

The 99.999% pure gold used by de Haas and Van den Berg (1936) was in the form of a wire which was
annealed at 480°C for 5 hours prior to measurement.

Van der Leeden (1940) measured the resistivity of single crystal wires which were annealed at L80°C
for 2 hours. The purlty was not stated.
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The material used by Bridgman (1952) was specified as "“highest purity" but with no analysis. The
sample was rolled to 0.001 inch thickness and annealed. The measurements were made at room temp-
erature and the resistance ratic is the resistance at the given pressure compared to the resis-

tance at one atmosphere.

The purity of the two single crystal samples used by Van den Berg and Franken (1958) was 99.998%.
These single crystal samples were not prepared in high vacuum and were not annealed.

White and Woods (1959) used wire samples of 99.999% purity which had been previously annealed in
vacuo at 530 and T70C°C.

The gold used by Domenicali and Christenson (1961) contains 107* to 107%% impurities. The gold was
shaped in the form of square cross-section wires which were annealed at 500°C for several hours in
vacuo.

The "ideal” resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Tebles of Values of Electrical Resistivity

p = resistivity, (ohm cm); Pany = resistivity at 273°K, (ohm cm).
R = resistance, (ohm); Rans = resistance at 273°K, (ohm).
Onnes and Clay (1907) Cath, Onnes and Burgers (1918)
TEmp. Tfmp. R/Ro ¥ Temp. Temp. lOOR/R;73
C X AuIII AuIV AuV C °K
0 273.09 1. 1. 1. 0.0 273.09 100.
-103.83 169.26 0.59601 | 0.59389 [0.59306 - 84.97 188.12 66.443
-183.00 90.09 0.27653 | 0.27177 |0.27096 -102.22 170.87 59.628
-197.87 75.22 0.21456 | 0.20963 [0.20871 -130.28 142.81 48.507
-205.oi 68.08 0.17897 -145.86 127.23 ko.273
-215.3 57.75 0.14058 | 0.13407 |0.13337
-252.93 20.16 0.01602 | 0.008743 [0.008103 -164.37 108.72 3k. 764
_ -183.95 89.14 26.660
255.13 17.96 0.005691 105 .88 o1 1.6
-258.81 14.28 0.01095 | 0.004265 |0.003601 -195. 27' 3 al. 22
-261 12.09 0.002713 -205.31 77 17.59
-262 11.09 0.003257(0.002526 -208.18 64.91 16.365
* These are the values plotted on the Electrical :g;g'?g gg'gi ig'igg
Resistivity of Gold graph. -208.73 k.36 7.680
-232.62 39.47 5.804
-236.80 36.29 4. 667
Meissner (1915) Holborn (1919) -2k0.25 32.84 3.538
Temp. R/Rgya ™ Temp. R/Rors -243.68 29.41 2.553
K °K -245.80 27.29 2.039
-252.57 20.52 0.845
21.5 0.00836 81 0.2375 -255.01 18.08 0.594
91.5* 0.276k4 195 0.6955 -258.35 1k .7k 0.379
273.1 1.0000 -228.88 .21 0.223
_ _g -269.57 3.52 0.223
gg;ﬂc;_z‘OEB x 10 -271.61 1..8 0.223
** These values are not
plotted on the Elec-
trical Resistivity of
Gold graph.
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Melssner (1925) Meissner and Voigt (1930)
Meissner (192%6)
Tenmp. R/R,‘,-,a
°c Temp. R/R273
°K
-191.37 0.2320
-193.14 0.2252 1.61 0.00109
-200. * 0.195 * 4.20 0.00109
-220. * 0.109 * 20.41 0.00707
-2L0. * 0.033 * 81.75 0.2341
] 84.87 0.24B0
-252.69 0.0064k2 .
280, * 0 .0010% 273.16 1.0000
-268.89 0.00039
-269.38 0.00038
-271.48 0.00039
* Interpolated values.
Justi (1940)
Temp. R/Rz7a
°K
de Haas and Van den Berg (1936) li'g 8'88??3
Tigp. 100R/R goe ngp. 100R/R goe ;g:g 8:?2;09
20. bk 0.90L8 4.38 0.2890
18.08 0.6573 8.83 0.2826
17.03 0.5730 7.8 0.271h
16.05 0.5076 6.54 0.2685
15.17 0.hsén 6.08 0.267k Van der Leeden (1540)
- L Au 1 Au =
12.10 0.3386 L. 81 0.2651 Temp. . o ™
11.95 | 0.3348 523 0.26hk Smpe OOR/R. Tomp  L00R/R
11.84 | 0.3320 3.77 0,26k 20.13 | 0.9960 2041 | o.108
10.90 0.2967 ;.}g Q.qu? 18.23 0.7537 18.215 1854
2% 0-2959 =37 oo 17.38 0.6767 17.365 | 1.77h
103 0.200 16.32 0.596k 16.61 1.721
15.18 0.5240 15.37 16524
14.13 0.4720 14.23 1.560
* These values were not plotted on the
Electrical Resistivity of Gold graph.

Bridgman (1952)

(room temperature)

(Data compared with the resistance at cne
atmosphere taken as unity)

Pressure R/Ry | Pressure R/Rg
kg /en® ! keg/em®
G | 1.000 50000 0.855
10000 0.971 70000 0.855
20000 0.9k 80000 0.8:9
30000 0.919 20000 0.8:1
hoooo | 0.896 100000 0.815
50000 0.87k |
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Van den Berg and Franken (1958)
Temp. Ry x 10° |Ryp x 10° R1/Rana Rr1/Reqs
°K ohin ohm
1.365 1.1684 2.h2e7 0.003686 0.005953
1.762 1.1659 2.h217 0.003678 0.005950
1.968 1.1648 2.4211 0.003674 0.005949
2.229 1.1633 2.4209 0.003670 0.005948
2.719 1.1619 2.4207 0.003665 0.005948
3.196 1.1602 2.4205 0.003660 0.005947
3.713 1.1604 2.h214 0.003661 0.005949
L.2bo 1.1599 2.4223 C.003659 0.005952
273.0 317.0 L0T7.0 1.0 1.0
white and Woods (1959)
Temp. "Ideal Resistivity” Resistivity, p x 10° ohm em p/0gna
°K p; % 16® ohm cm | p=py + Po
(where p, = 6.23 x 107° ohm cm)
10 0.0006 0.0068 0.00337
15 0.0037 0.0099 0.00L491
20 0.0125 0.0197 0.00977
e 0.027 0.0332 0.0165
30 0.050 0.0562 0.0279
ig] 0.1z 0.1262 0.0626
50 0.20 0.206: .10z
€0 0.9 0.2962 0.147
70 0.38 0.3862 0.192
80 O.héy 0. 4662 0.231
90 0.5k 0.5512 0.273
100 G630 0.6362 0.316
120 0.7% 0.796% 0.395
140 0.9% 0.961; 0.477
160 1.1 1.1262 0.559
180 1.28 1.:2862 ¢.638
200 .44 1.4462 0.717
220 1.60 1.6062 0.797
250 1.83 1.8362 0.911
273 2,01 2.0162 1.000
295 2.20 2.2062 1.094
Domenicall and Christenson (1561)
(read from graph)
Temp. Resistivity 0/ Pans
°K p x 10° ohm em
1 0.01 0.005
10 0.01 0.005
25 0.04 0.020
50 0.2 0.099
75 Ok 0.20
100 0.6 0.30
150 1.08 0.53
200 1.45 0.71
250 1.86 0.92
273 2,08 1.00
300 2.3 1.1h

ks



Electrical Resistivity of Gold

(page 6 of 6) Cryogenic Data Memorandum No. M-13
TEMPERATURE, °R
2 4 6 8 10 20 40 60 80 100 200 400
1.0 T T T 117 T - ‘ y s
% T T 111 1 [ | .4
ELECTRICAL RESISTIVITY RATIO /
FOR GOLD
-6
P73=202x10 “ohm cm
\Holborn —
A
g y 4
N '
N
N /
o
—
<
o White and Woods
>-
L
2
= O Domenicali and Christenson \/
2 > /i
2
\ Nl
I /4
= ~ Z
'
~ AVAY -
(&) \ ///
3 AN -
] N\ . % N
Van den Berg and Franklin 1 de Hoas and Von |den Berg
1 I ; L1
#// /S/ Onnes and Clay "Tdeal” Resistivity*
.00I S — \J% of Gold
ti
Meissner and Voigt £ s Temp. | pyx 10° oaéﬂm
P [
P "Cath, Onnes, ond Burgers 28: 2.0125 8:2862
L1 80. 0.460 | 0.23
T~ —f 100. 0.630 | 0.31
Meissner 150. 1.0 | o0.52
200. | 1.84 jo.72
250. | 1.83 ]o0.91
273.15| 2.01 | 1.00
295. | 2.20 | 1.09
* from Meaden (1965)
see text.
.0001 L1111 ]
! 2 4 6 8 10 20 40 60 80 100 200

TEMPERATURE, °K

46



CRYOGENIC DATA MEMORANDUM

PROJECT NO. 3150123 FILE NO. M-14

ELECTRICAL RESISTIVITY of INDIUM, In (page 1 of T)
(Atomic Number 49)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Council by the McGraw-Hill Book Co. Inc., 12L-35 (1929).

Landolt-Blrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-46 (1959).

Aleksandrov, B. N., "Size Effect in Electrical Resistivity of High-Purity Metals," Soviet Phys.
JETP 16, No. 2, 286-94 (1963), Transl. from Zh. Eksperim. i Teor. Fiz. 43, 399-410 (Aug 1962).

Aleksandrov, B. N., and D'Yakov, I. G., "Variation of the Electrical Resistance of Pure Metals with
Decrease of Temperature," Soviet Phys. JETP 16, No. 3, 603-08 (1963), Transl. from Zh. Eksperim. i
Teor. Fiz. L3, 852-59 (Sept 1962).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys, and Compounds to 100,000 kg/em®," Proc.
Am. Acad. Arts Sei. 81, No. L, 165-251 (1952).

Kaznoff, A. I., Orr, R. L., and Hultgren, R., "Thermophysical Properties of Indium Metal",
Thermodynamik -Symposium, Heidelberg, Germany, Sept. 1967 (Sponsored by International Union
of Pure and Applied Chemistry) Paper No. IV-3.

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Olsen, J. L., "Magnetoresistance and Size Effects in Indium at Low Temperatures”, Helv. Phys.
Acta. 31, T713-26 (1958).

Orlova, M. P., Astrov, D. N., and Medvedeva, L. A., "Indium Resistance Thermometers for Temperature
Range 3.4 to 300°K," Cryogenics L4, No. 2, 95-97 (1964), Transl. from Pribory i Tekhn. Eksperim.
No. 2, 160 (1963).

Powell, R. W., Woodman, M. J., and Tye, R. P., "The Thermal Conductivity and Electrical Resistivity
in Indium," Phil. Mag. 7, 1183-86 (1962).

Protopopescu, M., Zamirca, St., Petrescu, N., and Trita, V., "Rezistivitatea Electrica a Indiuliu
in Functie de Gradul de Puritate," (Electrical Resistivity of Indium in Relation to Purity), Acad.
Rep. Populare Romine, Studii Cercetari Met. 7, 305-17 (1962).

Swenson, C. A., "Some Properties of Indium and Thallium at Low Temperatures,"” Phys. Rev. 100, 1607-
14 (1955), ASTIA AD 103 810. —

Other References:

Bridgman, P. W., "The Electric Resistance to 30,000 kg/cm? of Twenty Nine Metals and Intermetallic
Compounds," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951).

Buckel, W., and Hilsch, R., "Einfluss der kondensation bei tiefen Temperaturen auf den elektrischen
Widerstand und den Supraleitung fur verscheidene Metalle," (Effect on the Electrical Resistance and
Superconduction of Various Metals of Condensation at Low Temperatures), Z. Physik 138, 109-20 (1954}).
Cotti, P., "A New Size Effect"”, Phys. Letters 4, 11k-6 (1963).

Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures," Univ. of
Florida, Gainesville, Ph.D. Thesis (1964) 166 p. (Avail. from Univ. Microfilms, Ann Arbor, Mich.,
Order No. 65-5985).

Goree, W. S., and Scott, T. A., "Pressure Dependence of Electrical Conductivity of Metals at Low
Temperatures,” J. Phys. Chem. Solids 27, 835-48 (1966).

Lithi, B., and Wyder, P., "A Monte-Carlo Calculation for a Size Effect Problem," Helv. Phys. Acta 33,
667-T4 (1960).

L7



(page 2 of T) Electrical Resistivity of Indium
Cryoperic Data Memorandum No. M-14

Mc Lennan, J. C., and Niven, C. D., "Electrical Conductivity at Low Temperatures,” Phil. Mag. 4,
386-hok (1927).

Meissner, W., Franz, H., and Westerhof'f, H., "Messungen mit Hilfe von flissigem Helium. XV. Widerstand
von Barium, Indium, Thallium, Graphit und Titan in tiefen Temperaturen,” (Measurements with the lelp

of Liquid Helium. XV. Resistance oif' Darium, Indium, Thallium, Graphite, and Titanium at Low Tempera-
tures), Ann. Physik 13, 555-63 (1932).

Meissner, W., and Voigt, B., "Messungen mit Hilfe von flissigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen," (Measurements with the Help of Ligquid Helium. XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik (5) 7, 751-97 (1930).

Meissner, H., and Zdanis, R., "Paramagnetic Effect in Superconductors. VI. Resistance
Transitions in Indium Wires," Phys. Rev. 109, No. 3, 581 (1958).

Tuyn, W., and Onnes, H. K., "Further Experiments with Liquid Helium. 3. On the Electrical Resis-
tance of Pure Metals ecte. XII. Measurements Concerning the Electrical =erlctance of Indiam in the
Temperature Field of Liquid Helium,"” OCommuns. Phys. Lab. Univ. Leiden Ne. 177a (1923) and Koninkl.
Ned. Akad. Wetenschap. Proc. =&, SCh-y (1923).

Tuyn, W., and Onnes, H. K., Arch. Heerl. Sci. Ser. III A 7, =59 (1o,

P
White, G. K., and Wouds, S. B., Rev. Sci. Instr. &8, £36 (1957).

White, G. K., Wocds, S. B., and Anglin, F., "Indium Resistance Thermometer,” Rev. Seil. Instr. o4
No. 2, 181-82 (1958).

Comments:

"

The data for this graph were taxen Trom the refercrces cited avove under "Scurces of Data". The
values listed in the Landolt-EBOrnstein tables are those reported Ly Meissner, Franz, and Westerhoff;
and Meissner and Voigt; while those values appearing in the Internaticnsl Zritical Tebles are frum
Tuyn and Onnes. These primary sources are listed above under "Other Refersnces'. The oripginal
authors are used in labeling the three curves on the graph. The curm chould net Le extrapclated
to luwer temperatures since indiuwm becomes a superconductor bLetween 3.37h and 3450 °K.

In instances where data points were quite widely ceparated or sress where data did act exiet,
symbols were used to show the avallable data points so that the reader
position or shape of the graph was nade.

111 xnow where arbitrary

The data in the Landolt-Blrnstein tables and the Internaticnal Critical Tables, tabulated here, are
listed as ratios of electrical resictivity with respect to the resistivity at a datun temperature

of 273°K. The actual values of ¢g,, were not available for the samples used by Melssner and Volgt;
and Tuyn and Onnes,so a datum value reported by Powell, Woodiman , und Tye (pope = 0.00 x 1078

ohm ecm) is suggested for calculating values of electrical resistivity from these ratics.

The Landolt-ESrnstein tables list the samples of Loth references as polycrystalline with C.:%
impurities in the sample used Ly Meissuer and Voigt and & very small amcunt of impurity in the
samples used by Meissner, Franz and Westerhoff. No menticn is rmade of the amount of impurities in
the sample used by Tuyn and Onnes, and no information was plven on the mechanical strain or heat
treatment for any of the samples frum any of the above authors.

Bridgman (1952) studied the effect of pressure on electrical resistivity. The sample was rolled
and cut into strips and was believed to be 99.9% pure.

The purity of the indium wire samples used by Swenson (1955) was 99.9%, The wirss were evtrudcd
and not annealed. The values of resistance ratio in the table below fer ZC, LU, ™0, and | .2°K
are extrapolated; all others are experimental.

Olsen's (1958) measurements were made cn ten wire specimens with diameters varying from 0.2

to 2.54 mm in diameter from three different sources. No statement of purity was made. Belcw
3.37°K, where indium becomes superconducting, the zero field resistance wes obtalned by extra-
polating from measurements in fields greater than the critical. The values in the table below
are for the 2.0 mm diameter wire; this wire having the lowest residual reciustivity

fo = 0.27 x 107% chm cnm.
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The cylindrical indium samples used by Aleksandrov (1962) had a purity of 99.9993% and were annealed

1-2 days at 25-50°C before measurements were made.
resistivity of indium and estimates the error in a sin
sample at 4.2°K to be 1.5%.

He found

Pogs = 9 X 10°® ohm cm.

He observed the effect of sample size on the
gle measurement on the thickest and purest
The samples of indium used by

Aleksandrov and D'Yakov (1962) were the seme as those of Aleksandrov (1962) with the exception

that they were all polycrystalline.

Powell, et al. (1962) used 99.9997% pure rods in thelr measurements.
or mechanical treatment to the sample.

They found

following tabular values are taken from that graph.

Para= 8.37x 107%chm cm, py =3 x107*° ohm cm.

No mentlon is made of heat
The experimental data were plotted on a graph and the

Protopopescu, et al. (1962) reported the influence of purity on the electrical resistivity of

indium.

four purest samples.

Wire samples of 99.9994% purity were used by Orlova, et al.

thermometers.
ments.

The samples range from 96.05 to 99.998% pure.

The table below presents values for the

(1963) in constructing resistance

The thermometers were annealed at ~ 100°C for 3 hours prior to resistivity measure-

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Kaznoff et al. (1967) used 99.99% pure polycrystalline rods which were 0.3" in diameter. The
table below gives smoothed values.

Tables of Values of Electrical Resistivity

p = Resistivity, (ohm cm); Para = Reslstivity at 273°K, (ohm cm).
R = Resistance, (ohm); Roos = Reslstance at 273°K, (ohm).
Tuyn and Onnes (1923, 1u2k)
Temp. Temp. 100R /Rgn 3 Temp. Temp. 100R /Ry
°c °K °C °K
-182.79 90.30 28.75 -254.95 18.14 5.173
-194.06 79.03 2h.92 -256.61 16.48 L. 796
-202.07 T1.0z2 22.20 -258.89 14.20 L.317
-209.98 63.11 19.52 -268.87 Loz 3.394
-218.30 54,79 16.71 -269.49 3.60 3.392
-252.65 20 .l 5.739 -269.61 3.48 3.387
Meissner and Voigt (1930) Meissner, Franz and
Westerhoff (1932)
Temp. R/Reva
ox Temp. R/Rans
—— _ OK
h.21 0.00387
20,46 0.0256 4.23 0.0015
T7.82 0.2177 20.4 0.0216
88.90 0.2567 77.8 0.212
273.16 1.0000 273.16% 1.000
* Poyg = 8.19 x 107% ohm cm.
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Bridgman (1952)
R/Rs (At Room Temperature)
Pressure (Taking the Resistance at
kg /en® Atmospheric Pressure as Ry)
o 1.000
10000 0.891
20000 0.810
30000 0.746
L0000 0.694
50000 0.650
60000 0.610
70000 0.578
80000 0.548
90000 0.520
100000 0.493
Swenson {1955) Olsen (1958)
Temp. R/Roma. 2% Temp. p x 10° 0/ Pana
°K °K ohm cm
L.2 0.0010 1.45 eird 3.39 x 10':
20.0 0.0200 1.6 277 3.39 x 10‘E
4Lo.0 0.0820 2.0 .295 3.61 x 10'5
60.0 0.1520 2.5 .321 3.93 x 10’E
77.7 0.2189 3.0 .356 4.36 x 10'5
. . .32 x 107
117.6 0.3607 32 _ gs Z.% o~
143.0 0.4549 4.0 567 9k x 1072
160.5 0.5214 k.2 .620 7.59 x 10
180.7 0.6023 * - 8.1 —6
. Pawg = 8.17 x 107" ohm cm was calculated
19k T 0.6576 us;;g Olsen's pogg = 8.79 x 107% ohm cm
210.8 0.7224 and the Aleksandrov and D'Yakov ratio
227.0 0.7929 Pars /Paes -
24k2.0 0.8603
257.3 0.9286
272.2 0.9942

50



Electrical Resistivity of Indium
Cryogenic Data Memorandum No. M-1k

(page 5 ofT )

Aleksandrov (1962)
Temp. Type of R /Rygs R /Ranqs
°K Crystal
4,2 Polycrystal 0. 000073 0. 000079
3.4 Polycrystal 0. 000048 0. 000052
4,2 Single crystal 0. 000065 0. 000070
Aleksandrov and D'Yakov (1962)
Temp.
‘K R /Rz*ga R /R:'ra
3.4 4.8x10°° 5.2 x 10°%
3.7 5.4x10°° 5.8x 10°°
4,22 7.3x107® 7.8x107®
4. 46 8.6x10°° 9.2x10°°
14.0 6.7x107° 7.2x 1078
20.4 0.018 0. 019
58. 0 0.128 0.138
77. 4 0.193 0. 207
90, 31 0.232 0. 249
111. 6 0.309 0.332
273.0 0.93 1. 000
* proa = 9 x107° ohm em and psn,s = 8.37 x 10°% ohm cm.
Powell, et al. (1962)
Temp. Temp. Resistivity /
°C °K p x 10%° ohm cm P/Pars
-200 73.15 1.65 0. 206
-150 123.15 3.08 0. 385
-100 173.15 4.60 0.575
- 50 223,15 6.22 0.778
0 273.15 8. 00 1. 000
50 323.15 10,00 1.250
100 373.15 12.15 1.519
120 393.15 13. 00 1. 625
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Protopopescu, et al. (1962)

[
Sample Purit Poaa % 1P pgp x 10° * *
NumEer % ’ ohm cm z?nn em Pao/puss peo/pera
5 (electrically 99. 99 8.16 1.62 ‘ 0.199 : 0,216
refined)
6 (zone refined) 99. 988 8.28 1. 69 1 0.204 0,221
7 (zone refined) 99.996 7.92 1.33 ‘ 0,168 0.182
8 (zone refined) 99, 998 7.49 ] 1,23 | 0. 164 0.178

* These values are not plotted on the Electrical Resistivity of Indium graph.

Orlova, et al. (1963)

Thermometer Lo o Resistance Ratios* o
Number Roon+/Ravs Rs.z/Raovs
1 } 0, 02123 0. 0004216
2 0.02103 0. 0004066
3 0. 02105 0. 0002968
4 0.02103 0. 0002792
6 0.02101 0. 0002704
8 1 0. 01289 l 0.0002887

* These values are not plotted on the Electrical Resistivity of Indium graph.

Kaznoff et al. (1967)

Temp. p x 10° p/Pg7a Temp. p x 10° p/P2va

°K chm em °K ohm cm
80 1.826 0.222 180 4.869 0.593
100 2.431 0.296 200 5.499 0.670
120 3.038 0.370 220 6.155 0.750
140 3.647 0. 44k 240 6.894 0.840
160 4.257 0.518 260 7.694 0.937
273 8.211 1.000
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ELECTRICAL RESISTIVITY RATIO, P/ Parrs

(page 7 of 7)

TEMPERATURE, °R
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ond D' Yakov i | L ‘» 50. | 094 ] o0.12
837 IOohm 1 Olsen € 80. 1.80 0.23
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b TT | ‘ 200, | 5.3 | 0.68
— e Pl L ' o 250. 7.15 0.89
L 2— Superconducting Trreshold (See Text) ‘ 273.15( 8.0 | 1.00
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l D ‘ see text.
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ELECTRICAL RESISTIVITY OF IRON, Fe (page 1 of 7)
(Atomic Number 26)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,

Published for the National Research Councll by the McGraw-Hill Bock Co. Inc. 124-35 (1929).

Landolt-BSrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, & Teil, Springer-Verlag, Berlin, 1-46 (1959).

Backlund, N. G., "An Experimental Investigation of the Electrical and Thermal Conductivity of Iron
and Some Dilute Iron Alloys at Temperatures Above 100°K," J. Phys. Chem. Solids 20, Nos. 1-2, 1-16
(1961).

Broom, T., "The Effect of Temperature of Deformation on the Electrical Resistivity of Cold-worked
Metals and Alloys," Proc. Phys. Soc. (London) B65, 871-81 (1952).

Grineisen, E., and Goens, E., "Untersuchungen an Metallkristallen. V. Elektrizitats und Warmelelt-
ung von ein- und vielkristallinen Metallen des regularen Systems," {Investigation of Metal Crystals.
V. Electrical and Thermal Conductivity of Single and Polycrystalline Metals of Regular Systems), Z.
Physik Lk, 615-42 (1927).

Kannuluik, W. G., "The Thermal and Electrical Conductivities of Several Metals Between -183°C and
100°c," Proc. Roy. Soc. (London) Albl, 159-68 (1931).

Kemp, W. R. G., Klemens, P. G., and Tainsh, R. J., "Thermal and Electrical Conductivities of
Rhodium and Iron," Ann. Physik 5, 35-41 (1959).

Kemp, W. R. G., Klemens, P. G., and White, G. K., "Thermal and Electrical Conductivity of Iron,
Nickel, Titanium, and Zirconium at Low Temperatures," Austrailian J. Phys. 9, No. 2, 180-88 (1956).

Kondorsky, E., Galkina, O. 5., and Tchernikova, L. A., "Nature of Electrical Resistivity of the
Ferromagnetic Metals at Low Temperatures," J. Appl. Phys. 29, No. 3, 243-6 (1958), also Zh. Eksperim.
i Teor. Fiz. 34, No. 5, 1070-6 (1958).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Semenenko, E. E., and Sudovtsov, A. I., "Some Features in the Temperature Dependence of the Electrical
Reslstance of Ferromagnetic Metals at Low Temperatures," Soviet Phys. JETP 15, No. 4, 708-10 (1962),
Transl. of Zh. Eksperim. i Teor. Fiz. 42, 1022-26 (1962).

Semenenko, E. E., Sudovtsov, A. I., and Shvets, A. D., '"Temperature Dependence of the Electrical
Resistance of Iron in the Range 0.38 - L.2°K," Soviet Phys. JETP 15, No. 6, 1033-4 (1962), Transl.

of zh. Eksperim. i Teor. Fiz. 42, 1488-9 (1962).

Soffer, S., Dreesen, J. A., and Pugh, E. M., "Hall Effects, Resistivity, and Thermopower in Fe and
Fey_, Ni, for x = 0 to 0.2," Phys. Rev. 1k0, No. 24, 668-75 (Oct 1965).

-x

White, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperatures,” Phil. Trans. Roy. Soc. (London) A251, 273-302 (1959).

Other References:
Cleaves, H. E., and Hiegel, J. M., J. Res. Natl. Bur. Stds. 28, 643 (1942).
Holborn, L., Ann. Physik 59, 145 (1919).
Kohlhaas, R., and Richter, F., Arch. Eisenhuettenw. 33, 291-99 (1962).
Meissner, W., Physik. Z. 29, 897-90k (1928).

Meissner, W., and Voigt, B., Ann. Physik (5) 7, 892 (1930).
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Migaud, B., and Witenberger, M., "Etude du Vieillissement du der pur, par mesure de resistivite
auf tres basses Temperatures,' (Study of the Aging of Pure Iron by the Measurement of Resistivity
at Very Low Temperatures), Compt. Rend. 246, No. 3, 425-28 (1958).

Pallister, P. R., "The Specific Heat and Resistivity of High-Purity Ircn up to 1250°C," J. Iron
Steel Inst. (London) 161, 87-90 (1949).

Powell, R. W., "Further Measurement of Thermal and Electrical Conductivity of Iron at High
Temperatures,” Proc. Phys. Soc. (Londen) 51, L07-18 (1939).

Stromberg, H. D., and Stephens, D. R., "Effects of Pressure on the Electrical Resistance of Certain
Metals," J. Phys. Chem. Solids 25, 1015-22 (196L).

Sudovtsov, A. I., and Semenenko, E. E., "Peculiarities of the Temperature Dependence of the
Electrical Resistance of Ferromagnetic Metals at Low Temperatures,” Soviet Phys. JETP i, 592 (1957),
Transl. of Zh. Eksperim. i Teor. Fiz. 31, 525-25 (1956).

Yoshida, I., "Electrical Resistivity of Pure Metals Below 1°K," Phys. Letters 15, No. 1, 12-13 (1965).
Comments:

The data for this graph were taken from the references cited above under "Sources of Data'. The
values listed in the Landolt-BSrnstein tables are those reported by Meissner; and Cleaves and
Hiegel; while those values appearing in the International Critical Tables are from Holborn. These
primary sources are cilted sbove under "Other References.” The original authors are used in
labeling the curves on the graph.

In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data points sc that the reader will know where arbitrary
position or shape of the graph was made.

The data in the Landolt-BOrnstein tsbles and the International Critical Tables, tabulated here, are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. When the actual values of Para for the samples used by the several investigators are
not available, a datum value reported by Backlund (1961) (pgpa = 8.7 x 107° ohm cm) is

suggested for calculating values cf electrical resistivity from these ratics. The value

Para = 8.7 x 10"® ohm cm will be used for all data sets, except those investigations which
measured pPgog -

The Landolt-Birnstein tables list the sample used by Cleaves and Hiegel as an annealed poly-
crystalline specimen with less than 0.01% impurities. Thelr value for resistivity at 293°K was
.71 x107°% ohm cm. The sample used by Meissner is reported as an annealed polycrystalline
specimen with a very small amount of impurities present.

The Holborn (1919) sample contalned 0.00% impurity and was heated to 500°C for several minutes,
then annesled at 380°C for 3 hours.

Grineisen and Goens (1927) report the following information about their iron samples: Iron 1 -
double electrolytically refined, first hammered, then tempered; Iron 2 - electrolytically
separated many crystals, technically "pure", not tempered; Iron 3 - electrolytic, hammered many
times, tempered for one hour at 500°C.

Meissner and Volgt (1930) presented the same data as Melssner (1928).

Kannuluik (1931) used a 99.88% pure iron wire.

The samples used by Broom (1952) were 39.993% pure and were annealed at 600°C for two hours
before measurements were made. The tabular values below are for resistivity measurements
before deformation. Broom's graphs show the effect of deformation cn resistivity.

Kemp, et al. {1956) made resistivity measurements on 2 mm diameter rods (239.99% purity) which
were annealed at 750°C for four hours in vecuc. White and Woods (1959) presented a table of
smoothed values based on the Kemp, et al. (1956) work and the subsequent work of White and Woods
(1959) .

The iron wires used by Kondorsky (1958) were made from chemically pure material. The specimens
were heated in a vacuum at 900°C for cne hour and then cooled slowly within the furnace. The
residual resistivity was 1.458 x 177% chm cm.
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Kemp, et al. {1959) used iron specimens, believed to be from the same material as that of

Grineisen and Goens which was described as follows: "Doubly refined electrolytic iron, not
melted in vacuo but cut out of a precipitated plate, annealed at 950°C to remove then
compressed to destroy the precipitation structure and reannealed in vacuo at 950°C". However,

the residual resistivity found by Kemp, et al. indicates that the samples were not as pure as the
ones used by Gruneisen and Goens. The Kemp samples were cut into the shape of bars and measure-
ments were made without any further treatment. The values listed in the table below are for
Kemp's second sample, a slightly modified bar with projections of the same iron as the sample on
which the potential and thermometer connections were made.

Backlund (1961) used very pure iron bars (cross section of about 15 mm® and length of 100 mm)
which were annealed at about 500°C for 10 hours to remove the cold-work effects.

The iron specimen used by Semenenko and Sudovtsov (1952) was grown by distillation in vacuum in
the form of a needle, having a grain size approximately equal to the specimen diameter. The
purity of the sample was greater than 99.99% and compensation was made for the earth's magnetic
field during the measurements. They give two equations to represent their data in the temperature
ranges of their investigations:

1) for 1.23 to 4.2°K, R/Ryo, = 3.9606 x 107° + 3.1 x 107°T + 1.10 x 107°T%; and
2) for 14 to 20 °K, R/Rge, = 3.9606 x 107% + 1.64 x 107°7% + L.o2 x 1071 7P,

The values in the table below have been read from their graph.

Semenenko, et al(1962) found "the residual resistance of the iron was R(0°K)/R(0°C) = 3.9606 x 1072
in a compensated earth's field, for a measuring current of 150 mA; R{O°K) = 1.2595 x 1073{; . The
temperature was determined accurate to 102 °K from the helium vapor pressure'. No information is
given about the sample. They found the equation R = 3.9606 x 1072 + 3.1 x 1077 + 1.1 x 107%T°

to represent their data.

The iron rectangular plate sample used by Soffer et al. (1965) was made from an ingot of zone-refined
iron with a purity of 99.999815%. The sample was cocld rolled and annealed to minimize strains. The
sample size was 10 cm x 1 cm x 1 mm.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Tables of Values of Electrical Resistivity

o = Resistivity, (ohm cm)

Pare = Resistivity at 273°K, (ohm cm)

Holborn (1919)

Temp., °C| 10R/Rana || Temp., °C 1O00R/R ;v
- 78.1 57.86 -192.7 £.48
- 8o * 55.9 -200 * 6.2
-100 * L7.3 -0P0 * 2.7
-120 * 38.1 -2ho * 1.4
-140 * 29,2 -253 1.13
-160 * 20,7

¥ Values from interpolation
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Grineisen and Goens (1927)
Sample Peva,n X 108 Pagn,2 X 108 Por.pr X 10° Pgs,::/ Pans,2 021.2/0273. 2
Number ohm em chm cm ohm cm
8.71 0.77s 0.068, 0.0893 0.00782
2 9.11 0,92, 0.143, 0.1020 0.01120
3.95 1.91, 1.060 0.1927 0.,01937
Melssner and Volgt (1930) Kannuluik (1931)
Melssner (1928)
Temp. Temp. Spec ificS Resistance p/pz.,a *
Temp. ox*® 9/0273** °C °K p x 10° ohm cm
-183 90.15 1.531 0.160
1.98t 0.00618 - 78.5 | 194.65 5.74 0.600
L.21 0.00620 0 273.15 9.57 1.00
20.40 0.00761
78.24 0.07h1 * These values were not plotted on the Electrical
273.16% 1.000 Resistivity of Iron graph.
* The second decimal place
i1s in doubt.
** The fifth decimal place Broom (1952)
1s in doubt.
Temp. Temp. Rescistivit “onea
t pgos = 9.11 x 10~%0hm cm i K A Pfran
P1.98= C.0563 x 10”"%chm cm £ x10% ohm cm

-183.0 90.15 1.09 0.120
- 78.5 194 .65 5,78 0.638

0.0 273.15 9.06 1.000
100.0 373.15 14,73 1.6L8

Kemp, Klemens, and White (1956)
(read from graph)
Temp. "Ideal resistivity" |Resistivity, px 10" ohm em of e
°K A P=p + 0
py x 167 ohm em wh;re °
Ne = 2.48 x 107" chm em ) 3
16 0.010 0.258 0.02E9
23 0.01k4 0.262 0.0293
30 0.028 0.276 0.0309
35 0,041 0.289 0.0323
Lo 0.050 0.298 0.03323
58 0.19 0.438 0.0450
80 0.hs5 0.638 0.0781
100 0.98 1.228 0.137
130 2.0 2.248 0.251
200 : 5.0 5.248 0.587
273 9.0 9.248 1.00C
293 10.0 10.248 1.146
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Kondorsky, Galkina, and Tchernikova (1958)
(read from graph)
Temp. Resistivity 0/ Pama
°K p x 10° ohm cm
2 1.4 0.168
20 1.5 0.172
Lo 1.6 0.184
60 1.9 0.218
73 2.3 0.264
Kemp, Klemens, and Tainsh (1959)
Temp. Resistivity p/ Par3
°K p x10% ohm cm
L.2 0.092 0.0103
15.2 0.097 C.0109
20.8 0.100 0.0112
26.1 0.106 0.0119
32.5 0.120 0.0134
Sh.h 0.269 0.0301
61.2 0.368 0.0412
Th.2 0.631 0.0706
79.1 0.7hh 0.0832
90.2 1.06 2.818
0% D% .
553.8 18.%7 1.1(5)2

* Interpolated value.

White and Woods (1959)
Temp. "Ideal Resistivity" |[Resistivity, px 10°chm cn| 0/ pzqa
K Py x 10%chm em P= o+
where
o =0.095 x 10~% ohm cm
10 0.001, 0.0965 0,0110
15 0.003, 0.0984 0.0112
20 0.00, 0.102 0.0116
25 0.012; 0.1075 0.0122
30 0.022 0.117 0.0133
Lo 0.060 0.155 0.0176
50 0.135 0.230 0.0262
60 0.25 0. 345 0.0392
70 0.k 0.515 0.0586
80 0.6k 0.735 0.0836
90 0.92 1,015 0.115
100 1.2, 1.335 0.152
120 1.9 2.0L5 0.233
140 2.7a 2. 825 0.321
160 3055 3'6)"5 O.l&ll}
180 L by b, Lgs 0.511
200 5.3 5.3%5 0.613
220 6.2 6. 2695 0.716
250 7.5¢ T. 645 0.869
273 8.7 8. 795 1.000
295 9.8 9. 895 1.125
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Backlund (1961)
(read from graph)
Temp. Resistivity D/pg.‘,;i
°K » w107 chm em
90 1.1 G, 103
195 5.1 C.570
273 8.7 1.000
293 9.8 1.09%

Electrical Resistivity of Iron
Crycgenic Data Memorandum No. M-15

Semenenko and Sudovtsov {(196&)
(read from graph)
Temp. Resistance Ratio
°K R /Ryep
£.0 0.003%7
4,0 0.00399
9.2 ¢.00410
1z.0 0. 00421
13.8 ¢.C0k30
16.0 0.,0ChLe
17.0 0.00450
0.0 0, 00h7h

Temp. Resistance
°K R x 10° ohm
0.38 1261.35
1. 1263.9
2. 1270.7
3. 1279.6
4, 1291.1
273.0 318000.

Semenenko, Sudovtsov and Shvets (1962)
(read from graph)

R/Rgyg*

.G0397
0.00399
0.00402
0.00406
1.000

* These values are almost identical to

the Semenenko and Sudovtsov (1962) values
and are therefore not plotted on the
Electrical Resistivity of Iron graph.

0.00396
G

Soffer, Dreesen, and Pugh (1965)

{read from graph)

Temp. Resistivity p/pzvé*

°K ¢ x 10° chm cm
77 0.6 C.067
112 1.8 0.20
169 L.c 0.h5
231 6.9 0.77
273 8.ul 1.00
300 10.7 1.20

| % These values are not plotted on

the Electrical Reslstivity of
Iron graph because these points
coincide with others previously
plotted.
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ELECTRICAL RESISTIVITY OF LEAD, Pb (page 1 of 5)
(Atomic Number 82)

Sources of Data:

Landolt-BSrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-46 (1959).

AMleksandrov, B. N., "Size Effect in Electrical Resistivity of High-Purity Metals," Soviet Phys.
JETP 16, No. 2, 286-9L (1963), Transl. of Zh. Eksperim. i Teor. Fiz. L3, 399-L10 (1962).

Aleksandrov, B. N., and D'Yakov, I. G., "Variation of the Electrical Resistance of Pure Metals
with Decrease of Temperature," Soviet Phys. JETP 16, No. 3, 603-08 (1963}, Transl. of Zh. Eksperim.
i Teor. Fiz. 43, 852-59 (1962).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys and Compounds to 100,000 kg/em®," Proc. Am.
Acad. Arts Sci. 81, No. &4, 165-251 (1952).

Buckel, W., and Hilsch, R., "Einfluss der Kondensation bei tiefen Temperaturen auf den elektrischen

Widerstand und den Supraleitung fur verschiedene Metalle," (Effect on the Electrical Resistance and
Superconduction of Various Metals of Condensation at Low Temperatures), Z. Physik 138, 109-20 (1954).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Meissner, W., Ann. Physik (L) 47, 1001-58 (1915)

Onnes, Ho K., and Clay, J., "On the Change of the Reslstance of the Metals at Very Low Temperatures
and the Influence Exerted on It by Small Amounts of Admixtures,” Communs. Phys. Lab. Univ. Leiden

No. 99c¢ (1907).

Van der Leeden, P., "Geleiding van warmte en electriciteit door metalen,” (Conduction of heat by
metals), Gedrukt Bij Drukherig Waltman, Koormmarkt 62, Te Delft 11-76 (July 1940).

Other References:

Bridgman, P. W., "Miscellaneous Measurements of the Effect of Pressure on Electrical Resistance,"
Proc. Am. Acad. Arts Sci. 82, No. 2, 83-100 (1953).

Gruneisen, E., Ergebn. exakt. Naturw. 21, 50 (1945).
Holborn, L., Ann. Physik (4) 59, 145-69 (1919).

Jaeger, W., and Diesselhorst, H., "Warmeleltung, Elektricitatsleitung, Warmecapacitat und Thermokraft
einiger Metalle," (Heat Conduction, Electrical Conductivity, Specific Heat and Thermal Power in
Metals), Wiss. Abhandl. physik-tech. Reichsanstalt 3, 269-h2k (1900).

Meissner, W., Ann. Physik (5) 13, 641 (1932).

Meissner, W., and Franz, H., Z. Physik 65, 30 (1930).

Onnes, H. K., and Tuyn, W., Communs. Kamerlingh Onnes Lab. Univ. Leiden Suppl. No. 58 (1926).
Onnes, H. K., and Tuyn, W., Communs. Kamerlingh Onnes Lab. Univ. Leiden No. 160b (1922).

Van den Berg, G. J., "The Electric Resistance of Potassium, Tungsten, Copper, Tin, and Lead at
Low Temperatures,” Physica 14, 111-38 (Apr 1948), also Communs. Kamerlingh Onnes Lab. Univ. Leiden
No. 27hka (1948).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data'. The
“data listed in the Landolt-BOrnstein tables are those reported by Meissner and Franz; Meissner;
Onnes and Tuyn; and Van den Berg; listed above under "Other References”. The original authors are
used in labeling the curves on the graph.
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The curves on the graph should not be extrapclated to lower temperatures as lead becomes a super-
conductor at 7.22°K. It will be noted, however, that the data of Van den Berg; Aleksandrov

and D'Yakov; and Melssner extend intc the superconducting region. These dats below the transi-
tion temperature were based on observations of the electrical resistance with the lead subjected
to a super-critical magnetic field to maintain electrical resistance.

The data tabulated here are ratios of electrical resistivity with respect to the resistivity at
a datum temperature of 273°K. When the actual values of Pawa &re not avallable for the samples
used by the original lnvestigators, a datum value reported by Aleksandrov and D'Yakov

(p273 = 19.2 x 10"%ohm cm) is suggested for calculating values of electrical resistivity from
these ratilos.

In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The Landolt-Bornstein tables report the samples used by all of the investlgators in their compila-
tion as polycrystalline with a very small amount of impurities present.

Yaeger and Diesselhorst {1900) report the sample used in determining o¢,,, as polycrystalline
with less than 0.05% impurities. Their value at 273°K was 19.2 x 10"° ohm cm.

The purity of the lead strip used Ly Onnes and Clay (1907) was 99.985%. No other information is
given about the preparation of the sample. The values listed in the table below are resistances
compared with the resistance at 0°C.

Meissner (1915) reported 0pps = 19.2, x 10°° ohm cm.

Van der Leeden (1940) used a polycrystalline lead wire (0.025 em diameter) in his electrical
resistivity measurements. The purity of the sample was not stated.

The purity of Bridgman's (1952) sample was 99.999%. His measurements show the effect of pressure
on electrical resistivity at room temperature.

Buckel and Hilsch (1954) prepared metal layers for their measurement by low temperature condensa-
tion (4°K). They report only one measurement at 273°K of 19.9 x 10-° ohm om.

Aleksandrov (1962) used polyerystalline samples of 99.99964% purity, The samples were in the
form of 0.5 to 2.5 mm diameter rods. He estimated the error to be << 1%. Measurements were
made in a magnetic field of H = 540 Qe in addition to H = 0 at 4.2°K. He used Pama = 19.3 x 107°
ohm cm.

Aleksandrov and D'Yakov (1962) used the same lead samples as Aleksandrov (1962). However, they
did not reduce the diameters so much so that the resistance would be affected. The measurements
for temperatures below 7.22°K were made in the presence of a magnetic field. Using a quadratic
dependence of p on H, they obtained values of p for H = O. Their Po = 4 x 107 ohm em.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His bock Presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.
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p = resistivity, (ohm cm);

Tables of Values of Electrical Resistivity

Pava

R = resistance, (ohm);
Onnes and Clay (1907)
Temp. Temp. Resistance ratio
°K °c R/Rana
14.39 -258.70 0.01311
18.02 -255.07 0.0231k
20.31 -252.78 0.03032
56.48 -216.61 0.17129
68.57 -20k .52 0.21742
T7.94 -195.15 0.25257
89.44 -183.65 0.29439
169.46 ~103.63 0.59548
273.09 - 0.0 1.000
289 .42 16.33 1.0652

(page 3 of 5)

= resistivity at 273°K, (ohm cm).

Rays = reslstance at 273°K,

(ohm

).

Meissner (1915)

%

Temp. 0/ Pams
°K

21.8 0.035,

91.7 0.303

273.1% 1.000

Pama = 19.24 x 107% ohm cm.

** These values are not plotted on the
Electrical Resistivity of Lead graph.

Onnes and Tuyn (1926)

Meissner and Voigt (1930)
Meissner and Franz (1930)

Meissner (1932)

Temp¥ R/Rana Temp¥ R/Rzna Temp. R/Rzns

oK °K °K

7.06 0.0010 7.26 0.0007 1.3 1.55 x 1074%*
14,32 0.0113 14.02 0,010k Lo 1.75 x 1674
20.52 0.0301 20.37 9.0292
73.1% 0.2321 273.16 1.0000
88.56 0.2895

* The second decimal place of the temperature values is somewhat in doubt.

** These measurements were made with the ald of a supercritical magnetic field

at temperatures at which lead is normally a superconductor.

Van der Leeden (1940)

Temp. 100R/Ro* | Temp. 100R /Ry *
OK OK

90.33 29,65 20.40 3.015

82,06 26.51 19.35 2.639

73.16 23.19 18.21 2.272

67.09 20.92 17.29 1.988

55.33 16.51 16.00 1.620
15.03 1.356
14,10 1.1:8

graph.

* These values have not been plotted
on the Electrical Resistivity of Lead
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Van den Berg (19483) Bridgman (1952)
Tempf R/R?f: (Resistance compared with the resistance at room
ok temperature and one atmosphere pressure.)
2.30 0.00013 t Pressufe R/RQ Pressufe R/RO
3.22 0.00015 t ke/on® kg/cn’
Lok 0.00019 1t
- _— 0 1.000 £0000 0.570
;'fé g'ggg§3 10000 0.873 70000 0.543
)0'32 0.0361 20000 C.779 80000 0,521
20.3 -0 300C0 G.70k 90000 0.502
LOooO 0.647 100000 0487
50000 C.603

% The second decimal place of the temperature values is somewhat in doubt.

*#% The fifth decimal place of the electrical resistivity ratioc values is
somewhat in doubt.

* These measurements were made with the aid of a supercritical magnetic field
at temperatures at which lead is normally a superconductor.

Aleksandrov {(1962)
Sample Temp. R/Rogs T R/Rovat
°K
Polycrystal H = 640 Oe b 0.00007 0.000038
Polycrystal H = O L.z 0.000043 ©.000008
Polycrystal 20.4 0.00208 0.00290
T pogs = 0.9 x 107® ohm em and Para = 19.3 X 107® chm cm.

Aleksandrov and D'Yakov (19652)

*
Tenp. R/Ro&s R/Rpas Temp. R/Ro2s R/R. %,
- ox

1.9 x 10774 | 2.1 x 1070 7.2 £.3 x 107t €.8 x10*
2.15 x 1077t | 2.33 x 107° 14.0 9.5 x 1572 10.3 x 1o7®
3.8 x 1071 b x 107 20.4 6.07 0.029
4,52 x 10751 4.90 x 107° 58.0 0.108 0.180
5.3 x 107°% 5.7 x 1070 77k 0.230 0.249
£.28 x 107°1 £.80 x 1077 90.31 C.272 0.295
7.8 x107°t 8.4 x 107 || 273.0 0,917 1.00

* Using pggs = 0.9 x 107% ohm cm  and pora=™19.2 x107% ohm cm from
Aleksandrov (1952).

t Measurements below 7.-°K were made in the presence of a magnetic field.
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CRYOGENIC DATA MEMORANDUM

PROJECT NO. 3150123 FILE NO. M-17

ELECTRICAL RESISTIVITY OF MAGNESIUM, Mg (page 1 of 5)
(Atomic Number 12)

Sources of Data:

Landolt-Bornstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, © Teil, Springer-Verlag, Berlin, L-h& (1959).

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst
Edition, Published for the National Research Council by the McGraw-Hill Book Co., Inc., 12k-35 (1929).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys and Compounds to 100,000 kg/ex® ," Proc.
Am. Acad. Arts Sci. 81, No. 4, 165-251 (1952).

Goens, E., and Schmid, E., "Elastische Konstanten, electrischer Widerstand und thermische
Ausdehnung des Magnesiumkristalls,"” (Elastic Constants, Electrical Resistance and Thermal
Expansion of Magnesium Crystals), Physik. Z. 37, 385-91 (1935).

Grinelsen, E., "Elektrische Leitfahigkeit der Metalle bei tiefen Temperaturen," (FElectrical
Conductivity in Metals at Low Temperatures), Ergebn. exakt. Naturw. 21, 50-116 (1945).

Hein, R. A., and Falge, R. L., "Resistance Minimum of Magnesium: Electrical Resistivity Below 1°K,"
Phys. Rev. 105, 1433-34 (1957).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Spohr, D. A., and Webber, R. T., "Resistance Minimum of Magnesium: FElectrical and Thermal Resistivities,"
Phys. Rev. 105, 1k27-33 (1957).

Other References:
Bridgman, P. W., "Electrical Resistance Under Pressure, Including Certain Liquid Metals," Proc.
Am. Acad. Arts Sci. 56, 61-154 (1921).

Bridgman, P. W., "The Electric Resistance to 30,000 kg{cm2 of Twenty Nine Metals and Intermetallic
Compounds ," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951

Das, K. B., and Gerritsen, A. N., J. Appl. Phys. 33, 3301 (1962).
Dewar, J., and Fleming, J. A., Pnil. Mag. (5) 36, 271 (1893).

Kan, L. S., and Lazarev, B. G., "On the Resistance Minimum of Magnesium at Low Temperatures," Akad.
Nauk. SSSR Doklady 81, 1027-29 (1951).

MacDonald, D. K. C., and Mendelssohn, K., Proc. Roy. Soc. (London) 4202, 523-33 (1950).

Melssner, W., and Voigt, B., "Messungen mit Hilfe von flussigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen," (Measurements with the Help of Liquid Helium. XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik (5) 7, 761-97 (1930).

Niccolail, G., ”ﬁber den elektrischen Widerstand der Metalle zwischen sehr hShen und sehr tiefen
Temperaturen,” (Concerning the electrical resistance of metals between very high and very low temp-
eratures), Physik. Z. 9, 367 (1908).

Nichols, J. L., J. Appl. Phys. 26, 470 (1955).

Rorschach, H. E., and Herlin, M. A., "The Resistance Minimum in Magnesium at Low Low Temperatures,’
Phys. Rev. 87, 193 (Jul 1952).

Rosenberg, H. M., "The Thermal and Electrical Conductivity of Magnesium at Low Temperatures,”
Phil. Mag. 45, 73-9 (1954).

Stager, R. A., and Drickamer, G. H., "Effect of Temperature and Pressure on the Electrical Resistance
of Four Alkaline Earth Metals," Phys. Rev. 131, No. 6, 2524-27 (1963).
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Yntema, G. B., "Magnetoresistance of Mg, Cu, Sb, and Al at Liquid Helium Temperatures,” Phys. R 1
1388-94 (sept 1953). ’ v ’ ye. Reve 2

Comments:

The data for this graph were taken from the references cited above under "Sources of Data' and are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. Since magnesium is an anisotropic metal, we list suggested values of p,,y for Mgli,
Mgl, and polycrystalline magnesium to be used in calculating electrical resistivity from these

ratios. These values are: p(ll) = 3.48 x 107° ohm cm, (D) = 4.18 x 10°® ohm cm,
273 27a

and = 3.94 x 107° ohm cm.

p(POlY) 273
These values are from Grineisen (1945).

In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-Bornstein tsbles are those reported by Melssner and Voigt; Niccolai:
Rosenberg; and Yntema; while those values lilsted in the International Critical Tables are from Dewar
and Fleming. Those primary sources are listed above under "Other References". The original authors
are used in labeling the curves on the graph.

The sample used by Melssner and Voigt 1s reported by Landolt-Bornstein as polycrystalline and
annealed in a vacuum at 250°C for 2.5 hours. The sample used by Yntems was of a polycrystalline
nature with less than 0.02% impurities present. The Yntema sample was also annealed but no
mention is made of conditions. The sample used by Niccolai was reported as polycrystalline with
very few impurities present. Rosenberg's sample was & 1.5 mm dlameter rod (99.95% pure) which
was annesled in vacuo at 500°C for six hours.

The Goens and Schmid (1936) measurements were made with cylindrical shaped single crystals which
were grown from the melt of 99.95% pure starting material. Only two resistivity values are given
for a temperature of 18.0°C:

Py = 3TTs X 10~® ohm em and
P, = L.53 % 10~% ohm cm.

Griineisen (1945) uses Goens and Schmid's data to determine the resistivity values at 0°Cs

Py = 3.48 x 107® chm cm and
Pl = 4.18 x 107® chm cm

and by averaging the two using Voigt's equation, he calculates for the guasiisotrope:
Pams= 3.94 Xx 107® ohm cm.

Bridgman (1952) measured the effect of pressure on electrical resistivity. His sample was from
"old single crystal stock” rolled to a thickness of 0.002 inch with widthe varying from 0.013 to
0.039 1inch.

Spohr and Webber (1957) measured the reslstivity of two specimens in the shape of rods about 9 cm
long and 3 mm in diameter. The first specimen Mg(Fe) was 99.98+ % pure with iron as the major contam-
inant and the second Mg(Mn) was 99.95+ % pure with manganese as the only significant contaminant.
Prior to measurements Mg(Fe) was cold-worked and Mg(Mn) was annealed for 24 hours at 300°C and rapidly
quenched in water at 40°C. The data in the table below have been read from their graph.

Hein and Falge (1957) extended the measurements of Spohr and Webber to temperatures below 1°K. They
used the same specimens, Mg(Fe) and Mg(Mn). The values in the table below were taken from thelr
graph.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His bock presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.
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Tables of Values of Electrical Resistivity

p Resistivity, (ohm cm)
P23 = Resistivity at 273°K, (chm cm)

Dewar and Fleming (1893) Meissner and Volgt {1930) Yntema (1953)
Temp. 100p/pama Temp.** | R/Ry0a Temp. R/Rans
°c °K °K

- 78.3% 68.0% 1.27 t | 0.0329 1.30 0.00537
- 80 67.4 3.16 0.0326 4,21 0.00516
-100 59.0 L.20 0.0323

-120 505 20.46 | 0.034k

-140 41.9 77.61 0.1576

-160 33.2 88.19 0.2006

-180 244 273.16% 1.0000

-182.9% 23.0%

* Results of actual observations.

** The second decimal place is in doubt.

Y Pgaz = 5.00 x 10°® ohm cm;

Pr.gy = 0.164 x 107® chm cm. »

All other values from interpcolations.

Goens and Schmid (1936)

Temp. Temp. Resistance Ratio, R/Ro*
c K Vel Me 1
+100 373.15 1.429 1.421

0 273.15 1.000 1.00C
-183.1 90.05 0.182, 0.17%
-195.2 77.90 0.131, 0.127,
-252.8 20.35 0.001, 0.0014

* Ry 1s the resistance at 0°C.
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Rosenberg (1954) Bridgman (1952)

T / (Resistance compared to resistance at room
emp . P/ Peva temperature and one atmosphere pressure.)
°K

Pressure R/RO Pressure R/Ro
2.5 0.00630% 2 Lo
5 0.00623% kg/cm kg/ on
£an¥ ]

10 0.00632 0 1.000 600CT 0.817

15 0.0068 10000 0.953 TOLOU ©.800

25 0.0096 20000 0.91€ BuUCU U785

30000 0.886 90000 0.776
% The fifth decimal Plelelele} 0.859 10000U 0.767
place is in doubt. 50000 0.837
Spchr and Webber (1957) ¥
Temp. Resistivity, o x10%chmem £/ Pans
°K Mg(Mn) Mg(Fe) | Mg(Mn)
1 14.79 0.0168 0.0375
3 13.21 0.73165 0.0335
5 12.70 0.0164 0.0322
7 12,24 0.016L 7.0311
10 1o 00 0.0166 U.0305
12 11.90 0.0168 0.0302
15 11.87 0.C172 | 0.0301
17 11.95 0.0L76 0.0303
20 e 12.20 0.u18L 0.0310
2 1z 0.0315

* read from graph.

Hein and Falge (1957) *

Temp . Resistivity, 1 x 107 ohm cm
°K Mg(Fe) | Mg(Mn)
0.2 6.92 16.90
0.4 5.86 1640
U8 Curs 15.66
1.2 5,70 15.18
1.6 £.66 14.78
2.0 6.60 14,48
2.k £.£20 14.20
2.8 .59 13.96
3.2 [ERps] 13.72
3.6 C.u8 13.60
4.0 £.uh 13.48

* read from graph.
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TEMPERATURE ,°R
2 4 6 8 1 2 4 6 810 20 40 60 100 200 400
BRI
i ] | [ ! i
1.5 1
1.0
Ll Y4
ELECTRICAL RESISTIVITY RATIO
Dewar and
FOR MAGNESIUM ~Fleming{—_f
F Punars - 3.48 x 108 ohm cm T Feoy T / 7]
Pliprs © 4.18 x 10 ohm cm l I //
- Pigoly)aps = 394 1 108 ohm cm ﬁj s
o
& |
¥ +Goens and
Q“ Schmid
9 -} :‘Mg(||)<_
: 10 Meissner and Voig! ~4-Mgll)
_ -6
(1 4 ,0273-5.001( 10 "ohm c¢m —
e , a
; /Hein and Falge Mg(Mn) /I
; p(poly) i
2 *
= —T i
& o= e e L *:
@ L l k
= Spohr and Webber Mg(Mn)\,o
2 T e Y P L
T Spohr .and Webber Mg(Fe)
AT =T
GIJ S Hein and Falge Mg(Fe) ,O(poly)
0 i, ] 1. / RIS .
Rosenberg AT : — = -
TN oo L e
44 . B Temp. | pyX 10° Ds/szs
. . °K ohm cm ®
1 Y",*%’T‘q, Roop | | 14— | ] 20. [o.0085 | 0.0022
50. |0.12 0.030
80. |0.55 0.1h
- o 100. |0.89 0.23
150, | — —_
200, |2.6 0.66
t+——HF 1 250. | — —
273.15| 3.9%4 1.00
295. |4.30 1.09
* from Meaden (1965)
see text.
|O-3 ; 1 TTTIII I I
A 2 4 6 81 2 4 6 810 20 40 60 100 200 400
TEMPERATURE, °K x 2/67
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ELECTRICAL RESISTIVITY OF MOLYBDENUM, Mo (page 1 of L)
(Atomic Number 42)

Sources of Data:

International Critical Tables of Numerical Data, Fhysics, Chemistry, and Technology, VI, lst
Edition, Published for the Natilonal Research Council by the McGraw-Hill Book Co., Inc., 1l24-35

(1929).

Landolt-Bornstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Tell, Springer-Verlag, Berlin, 1-46 (1959).

Holmwood, R. A., and Glang, R., "Resistivity and Temperature Coefficient of Pure Molybdenum,"
J. Chem. Eng. Data 10, 162-3 (1965).

Kannuluik, W. G., "The Thermal and Electrical Conductivities of Several Metals Between -183°C and
100°C," Proc. Roy. Soc. (London) Alkl, 159-68 (1931).

Mclennan, J. C., Howlett, L. E., and Wilhelm, J. O., "On the Electrical Conductivity of Certain
Metals at Low Temperatures," Trans. Roy. Soc. (Canads) 23, 287-306 (1929).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

white, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements
at Low Temperatures,” Phil. Trans. Roy. Soc. (London) A251, 273-302 (1959).

Other References:
Blom, E. C., "Temperature Coefficient of Resistance of Molybdenum," Phys. Rev. 13, 308 (1919).

.

Bridgman, P. W., "The Electric Resistance to 30,000 kg{cm? of Twenty Nine Metals and Intermetallic
Compounds ," Proc. Am. Acad. Arts Sci. 79, 149-T79 (1951

Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures," Univ. of
Florida, Gainesville, Ph.D. Thesis (1964), (Avail. from Univ. Microfilms, Ann Arbor, Mich., Order

No. 65-5985).

Holborn, L., Ann. Physik 59, 145 (1919).

Meissner, W., Physik. Z. 29, 897-904% (1928).

Melssner, W., and Voigt, B., "Messungen mit Hilfe von fliissigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen,” (Measurements with the Help of Liquid Belium. XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik 7, 892-936 (1930).

Northcott, L , Molybdenum, Butterworths, London (1956)

Taylor, R. E., and Finch, R. A., "The Specific Heats and Resistivities of Molybdenum, Tantalum,
and Rhenium from Low to Very High Temperatures,"” North Am. Aviation Inc., Atomics Intern. Div.,
Canocga Park, Calif., NAA-SR-6034 (1961) Contr. AT(11-1)-Gen-8, 32 pp.

Taylor, R. E., and Finch, R. A., "The Specific Heats and Resistivitles of Molybdenum, Tantalum,
and Rhenium," J. Less Common Metals 6, No. 4, 283-94 (Apr 1964).

Tye, R. P., "Preliminary Measurements on the Thermal and Electrical Conductivities of Molybdenum,
Nicbium, Tantalum and Tungsten," J. Less Common Metals 3, No. 1, 13-18 (Feb 1961).

Volkenshtein, N. V., Romenov, E. P., Starostina, L. S., et al., "Temperature Dependence of Electric
Resistance of Molybdenum Single Crystals,” Fiz. Metal. 1 Metalloved 17, No. L, 627-9 (1964).

Volkenshteyn, N. V., Starostina, L. S., Startsev, V. Ye., and Romanov, Ye. P., "Temperature
Dependence of the Low-Temperature Electrical Conductivity of Molybdenum and Tungsten Single

Crystals,"” Phys. Metals Metallog. 18, 85-90 (1964), Transl. of Fiz. Metal. i Metalloved. 18, No. 6,
888-9k (1964).
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Worthing, A. G., "Physical Propertles of Well Seascned Molybdenum and Tantalum as a Function of
Temperature,"” Fhys. Rev. 28, 190-201 (1920).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data" and

are listed as ratios of electrical resistivity with respect to the resistivity at a datum temper-
ature of 273°K. When the actual values of pg,, for the samples used by the several investigators
are not available, a datum value reported by Holmwood and Glang (pasz = 5.0 x 107® chm cm) is
suggested for calculating values of electrical resistivity from these ratios.

In instances where data points were qulte widely separated or areas where data did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-BSrnsteln tables are those reported by Meissner and Volgt; and
Blom; while the values lilsted by the International Critical Tables are from Holborn. The samples
used by both authors are listed as polycrystalline with no mention made of impurities present.

No reference is made as to the nature of the sample used by Holborn, and no information is
available on mechanical strain or heat treatment for any of the samples from any of the above
sources of data. Melssner& Voigt gave pyy, = 5.22 x 10"°chm cm. Blom gave Pora = bk x 10"%chm cm.

The McLennan et al. (1929) wire sample was "baked in vacuo at a high temperature for a number of hours"
prior to measurement. They do not list the purity of the sample.

Kannuluik (1931) used a 99.83% pure wire sample.

The three samples used by White and Woods (1959) were 99.9% pure wires. One sample was vacuum
annealed at 1350°C prior to measurement, but the other two were nct glven any further treatment.
The tabular data are smoothed values obtained from large-scale graphs.

Holmwood and Glang (1965) measured the resistivity of a 99.999% molybdenum bar, zone purified in
vacuum and nearly single crystalline.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Tables of Values of Electrical Resistivity

o = Resistivity, (ohm cm)
Paws = Resistivity at 273°K, (cohm cm)
R = Resistance, (chm)
Rons = Reslstance at 273°K, (chm)
Holborn (1919) Mc Lennan, Howlett, and Wilhelm (1929)
. R, a
ngp 100R/Rz27 5 Temp. Resistance Ratio
K R/Rgec
- 18.2 66,60 2.3 0.079
- 8o 65.9 ) 0.079
-100% 574 20.6 0.079
-120% 48.9 Bh,1 0.206
-140% 40,5 273.1 1.00
-160% 32.2 298.6 1.12
-180% 24,2
-192.5 19.11
* Values from interpolation

76



Electrical Resistivity of Molybdenum (page 3 of 4)
Cryogenic Data Memorandum No. M-18

Meissner and Voigt (1930) Kanmuluik (1931)
Temp. 9/9273* Sample Temp. Temp. Specific Resistance p/p273
°K °¢ °K p x 10° ohm cm
1.5 0.0h62* Mo 1 -183.0 | 90.15 0.952 0.181
b2 0.0b55 - 18.5 | 194.65 3.39 0.646
20,4 0.0L4L8 0. 273.15 5.25 1.00
77.8 0.1370 100. | 373.15 T.67 1.46
8.9 o- 1101 Mo 2 183.0 | 90.15 0.882 0.171
(o] - . . . -
273.16 1.0000 78.5 | 194.65 3.33 0.644
M - o 20 x 10 omm om; 0. | 273.15 5.17 1.00
e - 3 o1 % 107 ohm om. 100. | 373.15 7.56 146

White and Woods (1959)

Temp. "Tdeal resistivity" [Resistivity,r x10%chm cm e/ P2ns

°K Py X 10° chm cm p=~pP + P

where
£o=0.227 x 10" %chm cm

25 0.00ks 0.232 0.0458
30 0.01p 0.239 0.0kT72
Lo 0.0k4, 0.27h 0.0541
50 0.114 0.340 0.0671
60 0.21s 0.443 0,087k
70 0.354 0.581 O.11h7
8o 0.51 0. 7he 0.1L46k
90 0.714 0.941 0.1857
100 0.92 1.1h7 0.2264
120 1.36 1.587 0.3132
140 1.8, 2.0k7 0.40ko
160 2.2, 2.k97 0.4928
180 2.73 2,957 0.5836
200 3.15 3.Lkot 00,6724
220 3.6, 3.867 0.7632
250 4,3 L sht 0.8974
273 L.8&, 5.067 1.0000
295 533 5.557 1.0967

Holmwood and Glang (1L965)

Temp. Temp. Resistivity*
°c °K o x 10°, ohm cm
-196 T7.15 0.486
o] 273.15 5.00
25 298.15 5.57
50 323.15 6.17
75 348.15 6.78
100 373.15 7.40

% These values are not plotted on the
Electrical Resistivity of Molybdenum
graph.
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TEMPERATURE
2 4 6 8 10 20 60 80 100 200 400
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° RN |

ELECTRICAL RESISTIVITY RATIO
FOR MOLYBDENUM

Po73= 5.0x 16® ohm cm
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w MC Lennan, Howlett, and Wilhelm, /
Sy
= h/ / "Ideal" Resistivity®
of Molybdenum
' Temp. |pgx 10° | g /0574
/ K |ohm cm @
20. —_ —
/ 50. | 0.113 | 0.0233
/' 8. | 0.515 | 0,106
7 100. |o0.92 0.19
150. | 2.05 0.42
s — —/
- _r_ T “7“_—9 = 200. | 3.18 | 0.657
\ . 250. 4,32 0.893
Meissner and Voigt 273.15] 4.B4 1.00
-6 295. 5.33 1.10
Pazs =522xI0 ohm cm % trom Meaden (1365)
‘ t t ! l see text.
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CRYOGENIC DATA MEMORANDUM

PROJECT NO. 3150123 FILE NO. M-19

ELECTRICAL RESISTIVITY OF NICKEL, Ni (page 1 of 5)
(Atomic Number 28)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Councill by the McGraw-Hill Book Co. Inc., 12k-35 {1929).

Landolt-BOrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Tell, Springer-Verlag, Berlin, 1-46 (1959).

Broom, T., "The Effect of Temperature of Deformation on the Electrical Resistivity of Cold-Worked
Metals and Alloys," Proc. Phys. Soc. (London) B65, 871-81L (1952).

Greig, D., and Harrison, J. P., "The Low Temperature Electrical Transport Properties of Nickel and
Dilute Nickel-Copper Alloys," Phil. Mag. 12, No. 115, 71-79 (1965).

Kemp, W. R. G., Klemens, P. G., and White, G. K., "Thermal and Electrical Conductivities of Iron,
Nickel, Titanium, and Zirconium at Low Temperatures," Australian J. Phys. 9, 180-88 (1956).

Kondorsky, E., Galkina, O. S., and Tchernikova, L. A., "Nature of Electrical Resistivity of the
Ferromagnetic Metals at Low Temperatures,"” J. Appl. Phys. 29, No. 3, 243-6 (1958), also Zh. Eksperim.
i Teor. Fiz. 34, No. 5, 1070-6 (1958).

Mesaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Meissner, W., and Voigt, B., "Messungen mit Hilfe von flussigem Helium, XI. Widerstand der
reinen Metalle in tiefen Temperaturen,” (Measurements with the Help of Liquid Helium, XI.
Resistance of Pure Metals at Low Temperatures), Ann. Physik (5) 7, 892 (1930).

Sudovtsov, A. I., and Semenenko, E. E., "Pecullarities of the Temperature Dependence of the
Electrical Resistance of Ferromagnetic Metals at Low Temperatures," Zh. Eksptl. 1 Teor. Fiz. 3,
525 (1956), Soviet Phys. JETP 4, 592 (1957).

Wwhite, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperatures,” Phil. Trans. Roy. Soc. {London) A251, 273-302 (1959).

Other References:

Bridgman, P. W., "The Electric Resistance to 30,000 kg{cma of Twenty Nine Metals and Intermetallic
Compounds ," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951

Dewar, J., Proc. Roy. Soc. {London) 73, 2hk (1904).
Fleming, J. A., Proc. Roy. Soc. (London) 66, 50 (1900).

Grineisen, E., "Elektrische Leitfshigkeit der Metalle bel tiefen Temperaturen,” (Electrical Conduc-
tivity of Metals at Low Temperatures), Ergebn. exakt. Naturw. 21, 50-116 (1945).

Meissner, W., Physik. Z. 27, 725 (1926).

Mott, N. F., "Resistance and Thermoelectric Propertles of Transition Metals," Proc. Roy. Soc.
(London) Al56, 368-82 (1936).

Schwerer, F.C., and Silcox, J., "Electrical Resistivity of Nickel at Low Temperatures,” Phys.
Rev. Letters 20, No. 3, 101-3 (Jan 1968) .

Volvick, G., "Influence de la pression d'un gaz neutre sur la resistance d'un fil de nickel,"
(Effect of the Pressure of a Neutral Gas on the Resistance of Nickel Wire), Compt. Rend. 252, 1285-87
{1961).

Wise, E. M., Proc. Inst. Radioc Engrs. 25, 71k (1937).
Comments:

The data for this graph were taken from the references cited above under "Sources of Data" and are
presented here as ratios of electrical resistivity with respect to the resistivity at a datum
temperature of 273°K. When the actual values of pp,3 for the samples used by the several Egvesti-
gators are not available, a datum value reported by White and Woods (1959) (pgya = 6.23 x 107" ohm cm)
is suggested for calculating values of electrical resistivity from these ratios.
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In instences where data points were quite widely separated or areas where data did not exlist,
symbols were used to show the avallable date poilnts so that the reader will know where arbltrary
position or shape of the graph was made.

The values listed in the Landolt-Bornstein tables are those reported by Melssner and Wise; while
those values appearing in the Internatlonal Critical Tables are from Dewsr and Fleming. These
primary references are cited sbove under "Other References”. The original authors are used in
labeling both curves on the graph.

The Landolt-Bornstein tables list the sample uged by Wise as polycrystalline with 0.01% impurities
of unknown composition. A value of 6.14k x 107 ohm cm was reported by Wise for 273°K. The sample
used by Melssner 1s reported as polycrystalline and was annealed in a hydrogen atmosphere.

Meissner and Voigt (1930) report the same data as Meissner (1926).

Broom's sample (1952) was 99.8% pure nickel wire and was annealed for twoc hours at 600°C before
measurements were made. The values in the table below were before deformation.

The purity of the nickel sample used by Kemp, et al. (1956) was greater than 99.99%. The sample
was In the form of a 2 mm diameter rod which was annealed four hours in vacuo at 750°C pricr to
measurement .

The Sudovtsov and Semenenko (1957) paper avallable to us was the Russlan versilon and therefore
I could not find out anything about the sample.

The nickel wires used by Kondorsky et al. (1958) were made from chemically pure material. The specimens
were heated in a vacuum at 900°C for one hour and then cooled slowly within the furnace. The residual
resistivity was 0.20 x 107% ohm cm.

White and Woods (1959) used 99.997% pure nickel rods which were annealed in vacuo at 800°C prior
to measurement. These smoothed tabular values were read from a large-scale graph.

Greig and Harrison (1965) used 99.998% pure nickel rod with 2 mm diameter which had been annealed
for 12 hours at 850°C. The values in the table below were read from their graph.

The "ideal" resistivity values tabulated in the lower right-hand corner cf the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Tables of Values of Electrical Resistivity

P = Resistivity, (ohm cm)

tons = Resistivity at 273°K, (ohm cm)

Dewar and Fleming (1904, 1900)
Temp. Temp. 100 ¢/ Pom s ‘ Temp. Temp. 10C o/ Pzna
°c °K . °c °K
- 78.3 194.85 61.3 ' 180t 93.15 21.7
- 80 f 193.15 50.5 | -182,9 91,25 20.8
-100 t 173.15 51.8 ! -200 ¥ 73.15 15.6-
<120 1 153.15 L3.7 i o0t 53.15 11,2
-1ke  t 133.15 36.1 2ho 1 33.15 8.9
-160 1 113.15 28,7 -252,7 20.45 8.5
t Values are from interpolation
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Meissner and Voigt (1930)
Meissner (1926) Broom (1952)
Temp . * R/Rgqpe ** Temp. Temp. Resistivity 8/ 0294
g C °K o x10%chm cm
-183. .
1.34t 0.00503 83.0 90.15 1.77 0.24
h.21 0.00508 - 78.5 194.65 k.59 0.62
2:.;0 0.00662 0.0 273.15 7.37 1.00
78. 0.0919
874 0.1179 100.0 373.15 11.56 1.57
273.16% 1.0000
* The second decimal piace is in doubt.
(#% The fifth decimal place is in doubt.
t pr.as = 0.035 x 10°° ohm cm.
Pawa = T:07 x 10~° ohm cm.

Kemp, Klemens, and White (1956)
(read from graph)

Temp. "Ideal Resistivity" Resistivity, p x 10%chm cm p/Pars
°K py x 10%0hm cm P=1p + po
(where 0, =0.0347 x 10" % chm cm)

12 0.0043 0.0390 0.0063
15 0.0055 0.04k02 0.0065
17 0.0075 0.0k22 0.0068
27 0.02k4 0.0587 0.0095
38 0.066 0.101 0.0163
57 0.20 0.235 0.0379
78 0.k5 0.485 0.0782
110 1.3 1.33 0.215
160 2.5 2.53 0.408
293 T.2 T.22% 1.166

~_* Reported in text.

Sudovtsov and Semenenko (1957) Kondorsky, Gaelkina and Tchernikova (1958)

(read from graph) (read from graph)

Temp. R/R”s Temp. Resistivity p/p.‘,.,a
°K °K p x 10° ohm em
1.2 0.010105 2 0.20 0.032
1.6 0.010108 20 0.29 0.040
2.0 0.010112 4o 0.35 0.056
2.6 0.010120 60 0.50 0.081
3.0 0.010125 73 0.71 0.11
3.6 0.010136
4.0 0.0101k4
4.2 0.010148
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White and Woods (1959)
Temp. "Ideal Resistivity"| Resistivity, r x 10° ohm cm P/ Pzrs
°K py x 10%chm cm P="p + P
(vwhere pg=0.0280 x 10~%chm cm)

15 0.00kg 0.0325 0.0052
20 0.009 0.037 0.0059
25 0.017 0.045 0.0072
30 0.030 0.058 0.0093
Lo 0.07a 0.101 0.0162
50 0.15 0.178 0.0286
60 0.2k 0.273 0.0438
70 0.38 0.408 0.0655
80 0.55 0.578 0.0928
90 0.75 0.778 0.125
100 1.0 1.028 0.165
120 1.k, 1.488 0.239
140 1.9, 1.998 0.321
160 2.5, 2.548 0.409
180 3.1o 3.128 0.502
200 3.7z 3.748 0.602
220 L, 3g L.388 0.705
250 S.hg 5.L28 0.8712
273 6.2, 6.228 1.00
295 TeO4 7.068 1.13

(read from graph)

Greig and Harrison (1965)

Temp. Resistivity 0/ pars

°K p x 10° ohm cm

7.5 0.001 0.00016
10.05 0.002 0.00032
15.09 0.005 0.00081
21.0 0.01 0.0016
26.0 0.02 0.0032
35.0 0.05 0.0081
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TEMPERATURE, °R
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1 p273- 7.37xI0 "ohmc
i1
& " l‘f
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o A S i [ N N
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m ot
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E Kondorsky, et al.
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21 —r | |
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- I ,# N - o/ 2ORVEE L
<a 1 !
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E | Meissner “and Voigt R Y A [
L _ -6 - ) 4L R
S P _ =707 xI0 "ohm cm | i ]
Y 273
(] R S N ) _ ! _
"Ideal" Resistivity*
g3 of Nickel
L NEN / ] i Temp. [pyx 20°| p,/pors
/ B i °K ohm cm ®
/ t+-+ 20. [0.009 | 0.0015
L, Loy o s0. [0.15 0.024
‘ 80. |0.55 0.089
- T 100, [1.00 0.16
/ 150. {2.23 0.36
Greig and Harrison 2058: ,-}IS 8:3‘;
273.15/ 6.20 1.00
/ 295. |7.04 1.14
* from Meaden (1965)
see text.
104 I T [
! 2 4 6 8 10 20 40 60 80 100 200 400
TEMPERATURE, °K ROW 12 /66
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CRYOGENIC DATA MEMORANDUM

PROJECT NO. 3150123 FILE NO. M-20

ELECTRICAL RESISTIVITY OF NIOBIUM, Nb (page 1 of 4)
(Atomic Number L41)

Sources of Data:

Landolt-Bornstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Tell, Springer-Verlag, Berlin, 1-46 (13959).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys and Compounds to 100,000 kg/em®," Proc.
Am. Acad. Arts Sei. 81, No. 4, 165-251 (1952).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

White, G. K., and Woods, S. B., "Low Temperature Resistivity of Transition Elements: Vanadium,
Niobium, and Hafnium," Can. J. Phys. 35, 892-900 (1957).

White, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperatures,” Phil. Trans. Roy. Soc. (London) 4251, No. 995, 273-302 (1959).

Other References:

Argent, B. B., and Milne, G. J. C., "The Physical Properties of Niobium, Tantalum, Molybdenum and
Tungsten,"” J. Less Common Metals 2, 154-62 (1960).

Bridgman, P. W., "The Electric Resistance to 30,000 kg/cm2 of Twenty Nine Metals and Intermetallic
Compounds," Proc. Am. Acad. Arts Sci. 79, 149-79 (1951).

Mc Lennan, J. C., Howlett, L. E., and Wilhelm, J. 0., "On the Electrical Conductivity of Certain
Metals at Low Temperatures,” Trans. Roy. Soc. Can. Sect. III, 23, 287-306 (1929).

Meissner, W., Franz, H., and Westerhoff, H., Ann. Physik (5) 17, 593 (1933).

Potter, H. H., "Electrical Resistance and Thermoelectric Power of the Transition Metals," Proc.
Phys. Soc. {London) 53, 695-705 (1941).

Relmann, A. L., and Grant, K., Phil. Mag. (7) 22, 34 (1936).

Tye, R. P., "Preliminary Measurements on the Thermal and Electrical Conductivities of Molybdenum,
Nioblum, Tantalum and Tungsten,” J. Less Common Metals 3, No. 1, 13-18 (1961).

Comments:

The data presented here were taken from the references clted above under "Sources of Data" and are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature of
273°K. The value of the electrical resistivity at 273°K (p2,3) for niobium to be used in calculating
values of electrical resistivity (p) is 13.96 x 10™® ohm cm from White and Woods (1959). These data
should not be extrapolated to lower temperatures as nilobium becomes a superconductor at sbout 9.3°K.

In instances where data points were quite widely separated or areas where data did not exlst, symbols
were used to show the avallable data points so that the reader will know where arbitrary position
or shape of the graph was made.

The values listed in the Landolt-BSrnsteln tables are those reported by Meissner, Franz and
Westerhoff; and Reimann and Grant, cited above under "Other References". The Landolt-Bornstein
tables list the samples used by Melssner, et al. as polycrystalline with 0.08% 0, and 0.02% Ta
impurities present. No other pertinent information is given about either of the samples. Reimann
and Grant reported a value of pg,, = 16.1 x 107° ohm cm.

Bridgman {1952) measured the effect of pressure on electrical resistivity of metal sheets of

0.0012 inch thickness. The purity of the sample was not given. His reported values are ratios of
resistance at the glven pressure to resistance at room temperature and one atmosphere pressure.

The niobium samples used by White and Woods (1957) were 99.7 and 99.9% pure and were in the form of

rods and wires. Their table of values "may be regarded as somewhat tentative below 30°K, Mattheissen's
rule not being strictly valid". They found that niobium becomes superconducting at 9.25°K.
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White and Woods (1959) clte their 1957 work as the basis for thelr tabular values.
differ from the earlier ones in the lower temperature region.

uncertainty in the value of pg.

Electrical Resistivity of Niocbium
Cryogenic Data Memorandum No. M-20

These values

They note that there is appreciable

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from

Meaden (196

5).

His book presents a comprehensive review of the literature dealing with experimental

determinations of electrical resistivity together with a relatively conclse account of the modern
theory of the electrical reslstance of metals and alloys.

Tables of Values of Electrical Resistivity

Parz =

Meissner, Franz and Westerhoff (1933)

Temp. R /Roos
°K
3.33 0.035
20 .4 0.0617
78 0.2416
273.16 1.0000

Resistivity, (ohm cm)
Resistivity at 273°K, (ohm cm)

Bridgman (1952)

Pressure R/Ro
kg/cm® {Resistance compared with the
resistance at room temperature
and 1 atmosphere)
0 1.000
10000 0.986
20000 0.973
30000 0.961
L0000 0,950
S0000 0.938
60000 0.928
70000 0.918
80000 0.909
90000 0.901
100000 0.894

White and Woods (1957)
Temp. "Tdeal Resistivity " | Resistivity, r x 10%chm cm p/ Pzas
°K p, x 15%chm cm p=p *r
(where pg=0.46x10%chn cm)

15 0.034 0.498 0.0357

20 0.084 0.5hk 0.0390

30 0.2 0.71 0.0508

Lo 0.5¢ 1.02 0.0730

50 0.9, 1.43 0.102

75 2.3s 2.82 0.202
100 3.9 4,36 0.312
150 7.0 7.46 0.53h
200 9.8 10.26 0.735
250 12.3 12,76 0.91k
273 13.5 13.96 1.00
295 1k.5 14,96 1.07

86



Electrical Resistivity of Niobium
Cryogenic Data Memorahndum No. M-20

White and Woods (1959)
Temp. "Ideal Resistivity"| Resistivity, p x 10° ohm em p/pans
°K Py x 10%chm cm P="P *+ P
(where po = 0.46 x10%chm cm)
15 0.03g 0.495 0.0354
20 0.08 0.5k 0.0387
25 0,14 0.61 0.0437
30 0.25 0.71 0.0508
Lo 0.5¢ 1.02 0.0730
50 0.9 1.43 0.102
60 1.5 1.96 0,140
70 2.0 2.53 0.181
80 2.64 3.1k 0.225
%0 3.30 3.76 0.269
100 3.9 44 0.316
120 5.2 5.66 0,405
1ko 6.4 6.86 0,491
160 T.5s 8.01 0.57h
180 8.7 9.16 0.656
200 9.8 10.26 0.735
220 10.8 11.26 0.806
250 12.3 12,76 0.91k4
273 13.5 13.96 1.00
295 k.5 14.96 1.07
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Cryogenic Data Memorandum No. M-20
TEMPERATURE, °R

T T T
ELECTRICAL REESISTIVITY RATIO| | | o
FOR NIOBIUM L/

Pa73=13.96 x 10 ohm cm

Meissner, Franz,and Westerhoff

y

)Y/

o

ELECTRICAL RESISTIVITY RATIO, p/pzn

P e g g g SR e g e ———— G S S g |

/ White and Woods
_ - + }
4 B8

"Idenl" Resistivity*
of Niobium
Temp. [pyx 0%} py/pans
°K ohm cm ®
20. 0.08 0.006

50. 0.97 0.072
80. 2.68 0.199

\

I i s Sttt de

- 100. 3.95 0.293
. 150. 6.95 0.515
Superconducting 200. | 9.8 0.73
Threshold 250. |12.3 0.91
273.15/13.5 1.00
(See Text) non. |1k 107
* from Meaden (1965)
see text.
162 [TT1T T
| 2 4 6 8 10 20 40 60 80 100 200
TEMPERATURE, °K ROW 12 /66
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CRYOGENIC DATA MEMORANDUM

PROJECT NO. 3150123 FILE NO. M-21

ELECTRICAL RESISTIVITY OF PLATINUM, Pt (page 1 of 7)
(Atomic Number 78)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Council by the McGraw-Hill Bock Co. Inc., 1254-35 (1929).

Landolt-BOrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-46 (1959).

Cath, P. G., Onnes, H. K., and Burgers, J. M., "On the Measurement of Very Low Temperatures. XXVIII.
Comparison of the Platinum and the Gold Resistance Thermometers with the Helium Thermometer," Communs.
Phys. Lab. Univ. Leiden No. 152¢ (1917).

de Haas, W. J., and de Boer, J., "The Electrical Resistance of Platinum at Low temperatures,"
Physica 1, 609-16 (1933-1934); Communs. Kemerlingh Onnes lab. Univ. Leiden No. 23lc.

Hoge, H. J., and Brickwedde, F. G., "Establishment of a Temperature Scale for the Calibration of
Thermometers between 14° and 83°K," J. Res. Natl. Bur. Std. 22, 351-73 (1939).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Melssner, W., and Voigt, B., "Messungen mit Hilfe von fliissigem Helium. XI. Widerstand der reinen
Metalle in tiefen Temperaturen," (Messurements with the Help of Liquid Helium. XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik (5) 7, 892 (1930).

Powell, R. W., Tye, R. P., and Woodman, M. J., "Thermal Conductivities and Electrical Resistivities
of the Platinum Metals," Platinum Metals Rev. 6, No. 4, 138-43 (1962).

Powell, R. W., Tye, R. P., and Woodman, M. J., "The Thermal Conductivity and Electrical Resistivity
of Polycrystalline Metals of the Platinum Group and of Single Crystals of Ruthenium," J. Less-Common
Metals 12, No. 1, 1-10 (1967).

Van der Leeden, P., "Geleiding van warmte en electricitelt door metalen," (Conduction of heat by
metals), Gedrukt Bij Drukherig Waltman, Koornmarkt 62, Te Delft 11-76 (July 1940).

White, G. K., and Woods, S. B., "Thermal and Electrical Conductivity of Rhodium, Iridium, and Platinum,"
Can. J. Phys. 35, 248-57 (1957).

white, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperature,” Phil. Trans. Roy. Soc. (London) A251, No. 995, 273-302 (1959).

Other References:

Berry, R. J., "Relationship between the Real and Ideal Resistivity of Platinum," Can. J. Phys. 41,
No. 6, 946-82 (Jun 1963).

Berry, R. J., "Ideal Resistivity of Platinum below 20°K," Can. J. Fays. 45, No. 5, 1693-708 (May 1967).

Bridgmsn, P. W., "The Electric Resistance to 30,000 kg/wma of Twenty Nine Metals and Intermetallic
Compounds ," Proc. Am. Acad. Arts Sci. 149-79 (1951).

Grineisen, E., "Electrische Leitfahigkeit der Metalle bei tiefen Temperaturen", (Electrical Conduc-
tivity of Metals at Low Temperatures), Ergebn. exakt. Naturw. 21, 50-116 (1945).

Hatton, J., "Effect of Pressure on the Electrical Resistance of Metals at Liquid Helium Temperatures,’
Phys. Rev. 100, No. 2, 681-4 (1955).

Henning, F., Handbuch der Physik IX, Berlin, Springer-Verlag (1926).

Holborn, L., Ann. Physik 59, 145 (1919).

Kos, J. F., and Lamarche, J. L. G., "The Electrical Resistivity of Thermometrically Pure Platinum
below 11°K," Can. J. Phys. 45, No. 2, Part 1, 339-54 (1967).
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Meissner, W., "Thermische und elektrische Leitf#higkeit einiger Metalle zwischen 20 und 373° abs.”
(Thermal and Electrical Conductivity of Some Metals between 20 and 373°K), Ann. Physik 47, No. 16,
1001-58 (1915).

Meissner, W., Physik. Z. 27, 725 (1926).

Meissner, W., and Grassmann, P., Physik. 2. 34, 516 (1933).

Onnes, H. K., and Tuyn, W., Communs. Phys. Lab. Univ. Leiden Suppl. No. 58 {1926).

Powell, R. W., Tye, R. P., and Woodman, M. J., Platinum Metals Rev. &, 138 (1962).

Sharevshaya, D. I., and Strelkov, P. G., "The Resistance of Thermometric Platinum in the Liquid
Helium Temperature Range," Izmeritel. Tekhn. No. 2, 18-19 (1960).

Van der Horst, H. D., Tuyn, W. and Onnes, H. K., Private communication with the editors of the
International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, (1929).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data" and are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature of
273°K. The value of electrical resistivity at 273°K (p,,,) for platinum to be used in calculating
values of electrical resistivity {p) 1s 9.60 x 10”° ohm cm. This value is taken from White and
Woods (1959).

In instances where data points were quite widely separated or areas where date did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-BOrnstein tables are those reported by Holborn; Meissner; and
Meissner and Grassmann; while those values appearing in the International Critical Tables are from
Henning; Onnes and Tuyn; and Van der Horst, Tuyn and Onnes. These primary sources are listed above
under "Other References'. The original authors are used in labeling the several curves on the
graph. The sample used by Holborn 1s reported in the Landolt-BOrnstein tables as cast polyerys-
talline with a very small amount of impurities present. The Meissner sample from the 1915
reference is reported to have been annealed. Meissner found pu,; = 9.81 x 10°® ohm cm. The sample

used by Melssner and Grassmann is reported as an annealed polycrystalline sample with less than 0.001%
of Cu and Pb impurities present.

The Cath et al. (1917) measurements were made with "extremely pure" platinum wires with 1/10 mm
diameter. The wires are designated Pt-21 and Pt-26.

Meissner and Voigt (1930) report the same data as that found in tge earlier Meissner paper (1928).
The calculated value of pg,5; from the (1930) paper 1s 9.53 x 10" °chm cm.

The samples used by de Haas and de Boer (1933-1934) were 99.999% pure wires (6mm diameter) which had
been previously tempered for 20 minutes at 750°C.

Hoge and Brickwedde (1939) measured the resistance of several platinum resistance thermometers in
an effort to establish a method for measuring temperature below 83°K by a means other than the gas
thermometer. The data for thermometer L6 was used to construct a table of smoothed values. The
purity of the platinum was not stated.

Van der Leeden's (1940) measurements were made with 0.15 mm diameter wire which had been vacuum
annealed at 840°C for 2 hours. The purity of the sample was not stated.

White and Woods {1957) used 99.99% pure rods which had been annealed at 1050°C prior to measurement.
White and Woods (1959) used their 1957 measurements plus some additional measurements to cbtain
thelr table of smoothed values.

Powell et al. (1962) used 99.9997% pure platinum polycrystalline rods which were annealed at
~ 1000°C prior to measurement. They report one value at 273°K, pgry = 9.85 x 10™® ohm cm.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical reslstivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.
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Powell et al.(l967) measured the resistivity of polycrystalline rods which were annealed at 1273°K
prior to measurement. The purity of the sample was ~99.999995$.

Tables of Values of Electrical Resistivity

p = resistivity, (ohm cm); Pgrs = resistivity at 273°K, (ohm cm).
R = resistance, {(ohm); Rews = resistance at 273°K, (ohm).
Meissner (1915) Cath, Onnes, and Burgers (1917)
b
Temp. p/0ans Pt-21 Pt-26
X Temp. R/Ro* Temp. R/Ro*
20.7 0.00631 °K °K
91.4 0.250 >
73.09 | 1.00000 273.09 | 1.00000
2731 1-000 250.08 | 0.90890 250.08 | 0.90867
* pang =9.81 x10"%chm cm 230.07 | 0.82907 230.07 | 0.82839
s

211.79 0.75545 211.79 0.75453
170.07 0.58615 170.07 0.58468
160.37 0.54627 160.37 0.54469

152.26 0.51277 152.26 0.51111
142,72 0.47313 142,72 0.47132
129.44 0.41762 129.44 0.41570

89.14 0.24605 89.14 0.24375
85.98 0.23249 85.98 0.2301k
77.21 0.19475 T7.21 0.19233
67.78 0.15459 67.78 0.15210
6h.91 0.14261 64.91 0.14011
61.0k4 0.12667 61.04 0.12419
56.83 0.10959 56.83 0.10704

50.31 0.084278
44,38 0.063510

43.83 0.061757
43,78 0.061566
43,09 0.059297
41.39 0.05L016
39.48 0.0L832L
36.29 0.039554

36.25 0.039425 36.28 0.037087
32.83 0.031219 32.83 0.028743
31.32 0.027921 31.31 0.025470
29.88 0.025195 29,88 0.022698
29.42 0.024253
28.40 0.022524

27.30 0.020618 27.30 0.018208

20.62 | 0.012535 20.58 | 0.010172
20.52 | 0.012b15 20.52 | 0.010103
20.50 | 0.012412 20.52 | 0.010098
19.04% | 0.011235 20.50 | 0.010093

18.08 0.010559 20.31 0.010015

16.94 0.0098758 20.25 0.0098924
15.36 0.0090808 18.08 0.0083504
14.20 0.0085984 14,18 0.0065589

# These values are almost ldentical with
the values of Van der Horst et al. and
therefore were not plotted on the Electri-
cal Resistivity of Platinum graph.
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Meissner and Voigt (1930) Meissner and
Holborn (1919) Meissner (1926) Grassmann (1933)
Temp. RRz72 Temp. ¥ R /Rova** Temp. * P/ Para¥*
°K °K °K
20 0.0060 1.35 ¢ 0.00165 1.35 0.00031
81 0.2060 4,21 0.00168 b2 0.00031
195 0.6860 20.4 0.00607 20.4 0.00k25
9l.h 0.250
27316 + | 1.000
* The second declmal place 1s in doubt. t py.ag = 0.016 x 10~® ohm cm,
#** The fifth decimal place 1s in doubt. Pays = 9-53 x 107® ohm cm.
Onnes and Van der Horst Henning (1926)
Tuyn (1926) et al. (1929)
Temp., °C 100R/Ra73 100R/R2,3 1000/ Paqs
- 80 68.158 68.017 67.782
- 90 64.113 63.955 63.688
-100 60.053 59,87k 59.576
-120 51.863 51.650 51.295
~140 43.595 43,337 42,928
-160 35.213 3k .90k 34 463
-180 26.709 26.356 25.885
-200 18.176 17.750 17.268
-210 14.009 13.563 -
-020 - 9.587 --
-230 - 6.030 -
-24o -- 3.252 --
-250 - 1.571 -
-255 1.5885 1.1263 0.5706
-260 1.335 0.894 --
-265 1.23G 0.810 -
-270 1.225 0.7863 --
de Haas and de Boer (1933 - 1934)
Temp. R/RO"C Temp. R/Rgeg
°K °K
0.00 0.0003621 9.07 0.0005770
1.07 0.0003638 9.96 0.0006500
1.68 0.0003664 11.01 0.00076k1
2.49 0.0003712 13.1k4 0.0011129
3.36 0.0003791 14.09 0.0013335
k.25 0.0003902 15.31 0.0017107
5.28 0.000L098 16,47 0.0021656
6.75 0.0004535 17.45 0.0026332
T4l 0.0004797 18.51 0.0031913
8.51 0.0005387 19.60 0,0038916
8.82 0.0005598 20. 44 0.0045148
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Hoge and Brickwedde (1939)

(smoothed values based on thermometer L6)

Temp. R/Rgec
°K
10 0.002789
13 0.003298
15 0.003868
20 0.006513
25 0.011539
30 0.019454
35 0.030348
o) 0.043967
50 0.077525
€0 0.116550
70 0.158396
80 0.201338
90 0.244716

Van der Leeden (1940)
Temp. 100R/Ry Temp. 100R/Rq Temp. 100R/Re
°K °K °K
4,24 0.0684Th 20.43 0.466M4 17.37 0.273L
3.72 0.067781 19.42 0.3918 16.32 0.2265
3.15 0.067178 18.26 0.3204 15.18 0.1839
2.70 0.066786 18.23 0.3215 14,13 0.1535
0.00 0.065760 17.38 0.27khk2
White and Woods (1957)
Temp. "TIdeal Resistivity" | Resistivity, p x 10%chm cm o/ Pesa*
°K re x 10%chm cm p=p + P
(where pg=0.0125x% 10% chm cm)

6 0.0006 0.0131 0.00134
10 0.0031 0.0156 0.00159
15 0.0155 0.0280 0.00286
20 0.0k 0.057 0.0058
30 0.180 0.193 0.0197
40 0.45 0.k6 0.04T
50 0.76 0.77 0.079
75 1.72 1.73 0.176

100 2.8 2.81 0.287
150 L .8y L.81 0.h91
200 6.80 6.81 0.695
273 9.8 9.81 1.00
295 10.65 10.66 1.09
% These values were not shown on the Electrical Resistivity Ratio for

Platinum graph which is found on the last page of this Data Memoran-

dum No. M-21.
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White and Woods (1959)
Temp. "Ideal Resistivity"| Resistivity, o x 10° ohm cm p/pz7s
°K py x10%0hm cm p=p + Po
(where pg=0.0125 x 10°chm cm)
0.0002, 0.01274 0.001325
0.0006¢ 0.01315 0.001368

8 0.0014 0.0139 0.001L446
10 0.0029 0.0154 0.00160
15 0.0116 0.0241 0.00251
20 0.0359 0.0484 0.00503
25 0.0837 0.0962 0.01000
30 0.160 0.173 0.0180
Lo 0.396 0.409 0.04e5
50 0.719 0.732 0.0761
60 1,094 1.107 0.115

70 1.49, 1.510 0.157
80 1.90, 1.922 0,200
90 2,324 2.339 0.243
100 2,74, 2.755 0.287
120 3.565 3.578 0.372
14o L.37: 4,387 0.456
160 5.18 5.19 0.540
180 5.97 5.98 0.622
200 6.76 6.77 0. 7Ok
220 7.54 7.55 0.785
250 8.70 8.71 0.906
273 9.59 9.60 1.00
295 10.42 10.43 1.08

Powell, Tye, and Woodman (1967)

Temp. Resistivity*
°K p x 10° ohm cm
100 2.8
200 6.9
300 10.92
400 k.72
500 18.4

* These values are not plotted
on the Electrical Resistivity
of Platinum graph.
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ELECTRICAL RESISTIVITY OF SILVER, Ag (page 1 of 5)
(Atomic Number 47)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Council by the McGraw-Hill Book Co., Inc., 12E:35—T1929).

Landolt-Bornstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-LG (1959).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys and Compounds to 100,000 kg/cn® ," Proc.
Am. Acad. Arts Sci. 81, No. 4, 165-251 (1952).

Gerritsen, A. N., and Linde, J. O., "Thermal Conductivity of Some Dilute Silver Alloys," Communs.
Kamerlingh Onnes Leb. Univ. Leiden No. 305b (1956).

Kennuluik, W. G., "The Thermal and Electrical Conductivities of Several Metals Between -183°C and
100°C," Proc. Roy. Soc. (London) Alkl, 159-68 (1931).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Melssner, W., and Voigt, B., "Messungen mit Hilfe von flussigem Helium. XI. Widerstand der reinen‘
Metalle in tiefen Temperaturen,” (Measurements with the Help of Liquid Helium. XI. Resistivity
of Pure Metals at Low Temperatures), Ann. Physik (5) 7, T61-97 (1930).

Pawlek, F., and Rogalla, D., "The Electrical Resistivity of Silver, Copper, Aluminum, and Zinc as a
Function of Purlty in the Range 4 - 298°K," Cryogenics 6, No. 1, 14-20 (1966) and Metall. 20, No. 9,
949-56 (1966).

Van der Leeden, P., "Geleiding van warmte en electriciteit door metalen,” (Conduction of heat by
metals), Gedrukt Bij Drukherig Waltman, Koornmarkt 62, Te Delft 11-76 (July 1940).

White, G. K., and Woods, 5. B., "Electrical and Thermal Resistivity of the Transition Elements at
Low Temperatures,” Phil. Trans. Roy. Soc. London A251, No. 995, 273-302 (1959).

Other References:

de Haas, W. J., and Van den Berg, G. J., Physica 3, 440-9 (1936) and Communs. Kamerlingh Onnes Lab.
No. 241-D (1936).

Dewar, J., and Fleming, J. A., Phil. Mag. (5) 36, 271 (1893).

Fenton, E. W., Rogers, J. S., and Woods, S. B., "Lorenz Numbers of Pure Aluminium, Silver, and Gold
at Low Temperatures,” Can. J. Phys. 41, 2026-33 (1963).

Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures," Univ. of
Florida, Gainesville, Ph.D. Thesis (1964) 166 pp., (Avail. from Univ. Microfilms Order No. 65-5985).

Goree, W. S., and Scott, T. A., "Pressure Dependence of Electrical Conductivity of Metals at Low
Temperatures,” J. Phys. Chem. Sclids 27, 835-48 (1966).

T

Hatton, J., "Effect of Pressure on the Electrical Resistance of Metals at Liquid Helium Temperatures,'
Phys. Rev. 100, No. 2, 681-4 (1955).

Holborn, L., Ann. Physik 59, 145 (1919).

Knook, B., and Van den Berg, G. J., "The Electrical Resistance of Pure Gold and Silver at Low Temp-
eratures," Physica 26, 505-12 (1960), Communs. Kemerlingh Onnes Leb. Univ. Lelden No. 32le (1960).

Meissner, W., Physik. Z. 27, 725 (1926).

Onnes, H. K., and Clay, J., Proc. Acad. Sci. Amsterdam 10, 207 (1908) and Communs. Phys. Lab. Unlv.
Leiden No. 99c¢ (1907).
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Comments:

The data for this graph were taken from the references clted above under "Sources of Data" and are
listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. When the actual values of pa,s4 are not available for the samples used by the several
investigators, a datum value reported by White and Wocds (1959) (pgps = 1.476 x 107® ohm cm) 1is
suggested for calculating values of electrical resistivity from these ratios.

In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-BOrnstein tables are those reported by Dewar and Fleming; Holborn;
de Haas and Van den Berg; and Meissner; while those values appearing in the International Critical
Tables are from Onnes and Clay. These primary sources are listed sbove under "Other References'.
The original authors are used in labeling the curves on the graph. The samples used by the
investigators appearing in Landolt-BOrnstein are all reported as polycrystalline with a small
amount of impurities present. The samples used by Holborn, and de Haas and Van den Berg were
annealed. The sample used by Meissner was aged. The Onnes and Clay sample was 99.82% pure silver
wire. Dewar and Fleming reported one value pgnz = 1.47 x 107% ohm cm.

Meissner and Voigt (1930) present the same data as Melssner (1926).
The purity of the Kannuluik (1931) sample was not given.

The samples used by Van der Leeden {1940) were 0.2 cm aud 0.6 cm dlameter wires designated Ag 1 and
Ag 2, respectively. They were annealed at 500°C for 2 hours prior to measurement.

The purity of the Bridgman (1952) sample is not stated nor is there any mention of heat treatment
made. The samples were in the form of thin sheets, 0.001 inch thick.

The semples Ag 2t and Ag 4t used by Gerritsen and Linde (1956) were annealed in "the gas”
(assume air) for 4 hours at T4LO°K and 750°K, respectively. They were in the form of rectangular
rods. No chemical analysis was avallable.

White and Woods (1959) rod specimens were 99.999% pure and were annealed in vacuum at 650° and
530°C. The smoothed values in the table below were taken from large-scale graphs.

The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). His book presents a comprehensive review of the literature dealing with experimental
determinations of electrical resistivity together with a relatively conclse account of the modern
theory of the electrical resistance of metals and alloys.

The sample used by Pawlek and Rogalla (1966) was 99.9964% pure silver wire. The wire was
annealed one hour in argon at 500°C and cooled at less than 50°C/hr.
Tables of Values of Electrical Resistivity
p = resistivity, (ohm cm); Para = resistivity at 273°K, (ohm cm).
R = resistance, (ohm); Rgna = reslstance at 273°K, (ohm cm).
Onnes and Clay {(1908)
Temp. 100R/Ra73 Temp. 100R/Rz73 Temp. 100RRz274
DC QC DC
-8 t 67.8 -1k0 t L3.2 -20k .67 15.528
-100 ¢t 59.6 -160  t 34.8 -pe0 t 9.2
-103.81 58.087 180t 26.3 -zhot 2.6
-120 51.k4 -183.57 oL 679 -252,92 0.8913
-139.87% 43,282 -195.17 19.703 -259,00 0.094%
-200 + 17.6
t Values from interpolation.
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Hotboen (1929 i i) %) e s e (1036)
Temp. 0o/ pans Temp. * p/ Pan 3 ¥ Temp. p/P2ra
°K °K °K
20 0.0054 1.34 ¢ 0.00679 L,2 0.00266
81 0.2071 k.21 0.00682 6.0 0.00268
195 0.6841 20,40 0.01000 8.4 0.00274
78.8 0.1974 10.8 0.00288
87.42 0.2349 20.4 0.00543
273.16¢% 1.0000

*

doubt.

¥ Pays = 1.48 x 10~% ohm cm; P1.ag = 0.010 x 10_8‘9?9 cm.

The second decimal place of the temperature values is somewhat in doubt.

The fifth decimal place of the electrical resistivity ratio values is somewhat in
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Kannuluik (1931)
Sample Temp. Temp. Specific Resistance 0/ Pama **
°c °K o x 10° ohm cm
Ag -183.0 90.15 0.377 0.250
- 78.5 | 194.65 1.036 0.687
0. 273.15 1.509 1.00
100. 373.15 2.121 1.41
Ag¥ -183.0 90.15 0.341 0.226
- 78.5 | 194.65 1.035 0.685
0. 273.15 1.510 1.00
100. 373.15 2.123 1.4
* Measurements were repeated after the silver wire had re-
celved a prolonged annealing at 500°C.
**¥These values were not plotted on the Electrical Resistivity
of Silver graph.
Van der Leeden (1940) Gerritsen and Linde (1956)
Temp. Resistivity
T . Ag 1 Ag 2 o
?;p lOOgR/Ro* 100 R/Ro K p x10%chm cm p/pzva
20.45 0.337 1.180 Ag 2t Ag bt Ag 2t* | Ag bt
19.41 0.2815 1.124
18.23 0.232 1.058 14 0.00447 | 0.0069L4 | 0.00304 [ 0.00469
17.28 0.199 1.0215 16 0.00519 | 0.00758 | 0.00353 | 0.00512
15.80 0.1605 0.959 18 0.00619 | 0.00852 | 0.00421 | 0.00576
14.01 0.130 0-229 20 0.00743 | 0.00983 | 0.00505 | 0.00664
. . 830
0.00 0.079 0.93 70 0.238 0.235 0.162 0.159
* Only the Ag 1 values were 80 0.297 0.299 0.202 0.202
plotted on the Electrical Resisti- 90 0.359 0.363 0.244 0.245
vity of Silver graph. 273 1.47 1.48 1.00 1.00

* Ag 2t values were plotted.
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Bridgman {(1952)
(Resistance is compared with resistance at room temperature
and one atmosphere pressure)
Pressure R/Rg Pressure R/Ro
kg/cm2 kg/cm2
0 1.000 50000 0.683
10000 0.910 60000 0.6L7
20000 0.837 70000 0.614
30000 ) 80000 0,597
40000 0.72k4 90000 0.569
100000 0.548
White and Woods (1959)
Temp. "Ideal Resistivity" Resistivity, r x 10° ohm cm| ©/P2ss
°K 7y x Wiohm em D= po + 0y
(where py = 5.93 10™ % chm o
10 0.0002 0.0058 0.0039
15 0.0011 0.0067 0.00k45
20 0.0038 0.009% ©.0064
2 0.010 ¢.0156 0.0106
30 0.020 0.0256 0.0173
Lo C.058 0.0636 G.0k31
50 0.11 0.1156 0.0783
60 0.17 0.1756 0.1190
70 0.230 0.2356 0.1597
80 0.29% 0.2956 0.2003
30 0.3% 0.3606 0. eblh
100 0.4cg 0.hes56 0.0884
120 0.5k, 0.5506 0.3731
140 C.67, 0.68606 o k612
160 0e7% 0.8006 0.5426
180 0.92 C.9:56 0.6273
200 1.04 1.0456 0.7086
220 1.16 1.1656 0.7899
250 1.3k 1.3456 0.9119
273 1.h7 1.4756 1.0000
295 1.61 1.6156 1.0949
Pawlek and Rogalla (1966)
Temp. Resistivity f-‘/ Pz a
°K ¢ x 10%chm em
L,2 0.739 0.000493
20.4 4,33 0.00289
77.0 276.0 0.184
195.0 991.0 0.661
273.0 1500.0 1.000
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ELECTRICAL RESISTIVITY OF TANTALUM, Ta (page 1 of L)
(Atomic Number 73)

Sources ¢f Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, lst Edition,
Published for the National Research Council by the McGraw-Hill Bock Co. Inc., 12L-35 (i§29).

Landolt-Bdrnstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, § Tell, Springer-Verlag, Berlin, 1-L6 (195G).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys, and Compounds to 100,000 kg/cn® ," Proc.
Am. Acad. Arts Sei. 81, No. 4, 165-251 (1952).

Cox, M., "Thermal and Electrical Conductivities of Tungsten and Tantalum," Phys. Rev. 6ly, 241-47 (1943).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

White, G. K., and Woods, S. B., "Electrical and Thermal Resistivity of the Transition Elements at Low
Temperatures,” Phil. Trans. Roy. Soc. (London) A251, No. 995, 273-302 (1959).

Other References:

Bridgman, P. W., "The Electric Resistance to 30,000 kg/cm® of Twenty Nine Metals and Intermetallic
Compounds,” Proc. Am. Acad. Arts Scil. 79, 149-79 (1951).

Burgers, W. G., and Basart, J. C. M., Z. Anorg. Allgem. Chem. 216, 223 (1934).

Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures," Univ. of
Florida, Gainesville, Ph.D. Thesis (1964), 166 p., Univ. Microfilms Order No. 65-5385.

Holborn, L., Ann. Physik 59, 145 (1919).

Mclennan, J. C., Howlett, L. E., and Wilhelm, J. 0., "On the Electrical Conductivity of Certain
Metals at Low Temperatures,” Trans. Roy. Soc. Sec. III, 23, Pt. 1, 287-30% (Jan 1929).

Meissner, W., Physik. 2. 29, 897-90k (1928).

Meissner, W., and Voigt, B., "Messungen mit Hilfe von fliissigem Helium XI. Widerstand der reinen
Metalle in tiefen Temperaturen,” (Measurements with the Help of Liquid Helium XI. Resistance of
Pure Metals at Low Temperatures), Ann. Physik 7, 892-936 (1930).

Preston-Thomas, H.,"Electrical Resistance of Tantalum! Phys Rev. 87, 210 (Jul 1952).

Taylor, R. E., and Finch, R. A., "The Specific Heats and Resistivities of Molybdenum, Tantalum, and
Rhenium from Low to Very High Temperatures," Atomics International, Canoga Park, Calif., Rept. No.
NAA-SR-£034 (1961).

Tye, R. P., "Preliminary Measurements on the Thermal and Electrical Conductivities of Molybdenum,
Niobium, Tantalum, and Tungsten," J. Less-Common Metals 3, No. 1, 13-18 (1961).

Worthing, A. G., "Physical Properties of Well Seasoned Molybdenum and Tantalum as a Function of
Temperature", Phys. Rev. 28, 190-201 (1926).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data' and

are listed as ratios of electrical resistivity with respect to the resistivity at a datum temperature
of 273°K. When actual values of pava are not avallable for the samples used by the investigators, a
datum value reported by White and Woods (1959) (pp,s = 12.3 x 107° chm cm) is suggested for
calculating values of electrical resistivity from these ratios. The curves on this graph should not
be extrapolated to lower temperatures as tantalum becomes a superconductor at L.2°K.

In instances where data points were quite widely separated or areas where data did not exist, !
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.
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The values listed in the Landolt-Bornstein tables are those reported by Burgers and Basart; Meclennan,
Howlett and Wilhelm; and Meissner and Voigt; while those values appearing in the International
Critical Tables are from Holborn. These primary sources are cited above under "Other References".
The names of the original authors are used in labeling the curves on the graph. The samples used

by the investigators appearing in Landolt-Bornstein are reported as polycrystalline with no mention
made of impurities. Burgers and Basart reported pu,g = 12.4 x 107% ohm cm.

The wire sample used by Cox (1943) was 99.9% pure tantalum. No mention is made of any heat treat-
ment prior to measurements.

Bridgman (1952) measured the effect of pressure on the resistivity of thin sheets (0.003 inch thick).
No additlonal information is given about the sample.

White and Woods (1959) used 99.9% pure tantalum rods which were annealed in vacuo at 2500°C.
The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from
Meaden (1965). Kis book presents a comprehensive review of the literature dealing with experimental

determinations of electrical resistivity together with a relatively concise account of the modern
theory of the electrical resistance of metals and alloys.

Tables of Values of Electrical Resistivity

p = resistivity, {(ohm cm); parg = resistivity at 273°K, (ohm cm).
R = resistance, (ohm); Rpys = resistance at 273°K, (ohm).
Holborn (1919) McLennan, Howlett
and Wilhelm (1929)
Temp. 100R/Rzr 3 Temp. 10CR/Rz~a Temp. R/Rz., 4
oC °C °K
- 78.2 72.98 -0 49,6 4.3 0.029
-8 t R -160 h1.9 20.6 0.033
-100 ¢ 64.9 -180 1 3k,3 80.0 0.230
-12¢ t 57.3 -192.6 29.55 13-4 1-00
t Values from irterpolation.

Meissner and Voigt (1930) Cox (1943)
Temp,* R/R273 Temp. Resistivity 0/9273
°K °K p x 10"ohm em
i i -
4,2 0.00019 T7.33 2.46 0.1982
L.hg 0.0099 273.2 12,41 1.000
20,44 0.0140 373.4 17.18 1.38L
T77.61 0.2037
88,30 0.2511
273.16%% 1.0000
* The second decimal place of the
temperature values 1s somewhat
in doubt.
#* poyy = 15.2 x 107% ohm cm
Ps.zs = 0.0029 x 107% ohm cm
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Bridgman (1952)
(Resistance compared with resistance at room temperature and 1 atmosphere pressure)
Pressure R/Ro Pressure R/Ro
kg/em® kg/cm®
0 1.000 60000 0.918
10000 0,984 70000 0.908
20000 0.968 80000 0.898
30000 0.954 0000 0.890
L0000 0.941 100000 0.882
50000 0.929
White and Woods (1959)
Temp. "ldeal Resistivity” Resistivity, p x 10° ohm cm P/P2sa
°K py x 10%chm em P=p + 0o
(where pg =0.1881 x 10%hm cm)
10 0.003z 0.1913 0.01557
15 0.01, 0.2051 0.01669
20 0.05, 0.2391 0.01946
25 0.1z 0.3081 0.02507
30 0.23 0.4181 0.03k02
Lo 0.54 0.7281 0.05925
S0 0.9 1.138 0.09262
60 1.kg 1.618 0.1317
70 1.9 2.148 0.1748
80 2.5¢ 2.688 0.2187
90 3.03 3.218 0.2619
100 3.5 3.738 0.3042
120 4.6 4,788 0.3896
10 5.6 5.788 0.4710
160 6.6¢ 6.838 0.5565
180 T.65 7.838 0.6379
200 8.6 8.788 0.7152
220 9.6 9.788 0.7965
250 11.0 11.188 0.9105
273 12.1 12.288 1.000
295 13.1 13.288 1.081
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PROJECT NO. 3150123 FILE NO. M-2k

ELECTRICAL RESISTIVITY OF TIN, Sn (page 1 of 5)
(Atomic Number 50)

Sources of Data:

International Critical Tables of Numerical Data, Physics, Chemistry, and Technology, VI, 1lst Edition,
Published for the National Research Council by the McGraw-Hill Book Co. Inc., 12h-35 (i929).

Landolt-Bornstein Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,
sechste Auflage, II Band, 6 Teil, Springer-Verlag, Berlin, 1-46 (1959).

Aleksandrov, B. N., "Size Effect in Electrical Resistivity of High-Purity Metals," Soviet Phys. JEIP
16, No. 2, 286-94 (1963).

Aleksandrov, B. N., and D'Yakov, I. G., "Varlation of the Electrical Resistance of Pure Metals with
Decrease of Temperature,"” Soviet Phys. JETP 16, No. 3, 603-08 (1963).

Bridgman, P. W., "The Effect of Pressure on the Electrical Resistance of Single Metal Crystals at
Low Temperature,"” Proc. Am. Acad. Arts Sci. 68, 95-123 (1933).

Bridgman, P. W., "The Resistance of 72 Elements, Alloys and Compounds to 100,000 kg/cm® ," Proc. Am.
Acad. Arts Sci. 81, No. L, 165-251 (1952).

Kunzler, J. E., and Renton, C. A., "Size Effect in Electrical Reslstivity Measurements on Single
Crystals of High-Purity Tin at Liquid Helium Temperatures," Phys. Rev. 108, No. 6, 1397 (1957).

Meaden, G. T., Electrical Resistance of Metals, Plenum Press, New York (1965) 218 p.

Van der Leeden, P., "Geleiding van warmte en electricitelt door metalen,” (Conduction of heat by
metals), Gedrukt Bij Drukherig Waltman, Koornmarkt 62, Te Delft 11-76 (July 1940).

Other References:

Bridgman, P. W., "The Effect of Pressure on the Electrical Reslstance of Single Metal Crystals at
Low Temperature," Proc. Am. Acad. Arts Sci. 68, 95-123 (1933).

Buckel, W., and Hilsch, R., "Einfluss der Kondensation bel tilefen Temperaturen auf den electrischen
widerstand und den Supraleitung fur verschiledene Metalle," (Effect on the Electrical Resistance and
Superconduction of Various Metals of Condensation at Low Temperatures), Z. Physik 138, 109-20 (1954).

Goree, W. S., "Electrical Conductivity of Metals at High Pressures and Low Temperatures,"” Univ. of
Florida, Gainesville, Ph.D. Thesis (1964), 166 p., Univ. Microfilms Order No. 65-5985.

Goree, W. S., and Scott, T. A., "Pressure Dependence of Electrical Conductivity of Metals at Low
Temperatures,” J. Phys. Chem. Solids 27, 835-48 (1966).

Grineisen, E., Ergbn. exakt. Naturw. 2L, 50 (1945).

Jaeger, W., and Dlesselhorst, H., Wiss. Abhandl. physik. tech. Relchsanstalt 3, 269 (1900).

Kan, L. S., and Lazarev, B. G., "Effect of Hydrostatic Compression on the Electrical Conductivity of
Metals at Low Temperatures,"” Soviet Phys. JETP 7, No. 1, 180-81 (1958).

Meissner, H., "Paramagnetic Effect in Superconductors. V. Resistance Transition of Tin Wires",
Phys. Rev. 109, 668-80 (1958).

Meissner, W., Physik. Z. 29, 897-904 (1928).

Meissner, W., Physik. Z. 26, 689 (1925).

Onnes, H. K., and Tuyn, W., Proc. Roy. Acad. Sci. Amsterdam 25, 4h3 (1923).

Reich, R., "Etude des proprietes electriques et supraconductrices de metaux de differentes puretes,"”
(Study of the electrical and superconducting properties of metals with different purities), Mem.
Sci. Rev. Met. 62, No. 12, 869-920 (1965).

Reich, R., and Kinh, V. G., "Variation de la resistivite ideale engre 3.75 et 4.22°K et determination
de la resistivite residulle au zero absolu d'echantillons d'etain de differentes puretes," (Variation
of 1deal resistivity between 3.75 and 4.22°K and determination of the residual resistivity at absolute
zero of tin samples of different puritles), Compt. Rend. 256, 156-58 (1963).
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Reich, R., and Montaricl, F., "Resistivite a 1l'etat massif d'echantillons d'etain de differentes
puretes et libre parcours des electrons a la temperature de 1'helium liguide,” (Resistivity at
the bulk state of tin samples of different puritiles and free flow of electrons at the temperature
of liquid helium), Compt. Rend. 254, No. 8, 1423-5 (Feb 1961).

Reich, R., and Montariol, F., "Des conditions de validite des mesures de resistivite electrique de
1'etain,” (Valid conditions for measuring electrical resistivity of Tin), Compt. Rend. 254, 1278-9
(1962).

Stromberg, H. D., and Stephens, D. R., "Effects of Pressure on the Electrical Resistance of Certain
Metals,” J. Phys. Chem. Solids 25, 1015-22 (1964).

Walton, A. J., "The Thermal and Electrical Resistance of Tin in the Intermediate State," Proc. Roy.
Soc. (London) Ser. A, 289, No. 1418, 377-401 (1965).

Zernov, V. B., and Sharvin, Y. V., Soviet Phys. JETP 9, 737 (1959), Transl. of Zh. Eksperim. i Teor.
Fiz. 36, 1038 (1959).

Comments:

The data for this graph were taken from the references cited above under "Sources of Data" and are
listed as ratlos of electrical resistivity with respect to the resistivity at a detum temperature
of 273°K. Since tin is an anisotropic metal, we list suggested values of pz,s for Snlil , Snl, and
polycrystalline tin to be used in calculating electrical resistivity from these ratios. These

values are; P(1)ara™ 13.084 x 107° ohm cm, P(L)rs = 9.01275 x 107% ohm cm, and
273

p(poly)27 = 10.05 x 10™° ohm cm.
3
The first and second values are from Aleksandrov and D'Yakov (1963) and the third value was cal-
1 1 1
culated from their data using Voigt's equation: —_— = —§— —_— =2 W .
P(poly) P PL -

The curves on the graph should not be extrapclated to lower temperatures as tin becomes a
superconductor at 3.74°K.

In instances where data points were quite widely separated or areas where data did not exist,
symbols were used to show the available data points so that the reader will know where arbitrary
position or shape of the graph was made.

The values listed in the Landolt-Bornstein tebles are those reported by Jaeger and Diesselhorst;

and Meissner; while those values appearing in the International Critical Tables are from Onnes and
Tuyn. These primary sources are listed above under "Other References". The Landolt-BOrnstein tables
list the samples of Melssner as polycrystalline with no mention of impurities present. The sample
used by Onnes and Tuyn is reported as polycrystalline with less than 0.01% impurities of unknown
composition. Jaeger and Diesselhorst reported less than 0.03% Pt impurity in the polycrystalline
sample used in the determination of pg,5+ Thelr value was py,; = 11.15 x 10°¢ ohm cm. No informa-
tion was given on the mechanical or heat treatment of any of the above samples.

The Bridgman (1933) measurements were made with a 1 mm diameter single crystal rod at four
crystal orientations; 82°, 17°, 90°, and 0° angles between axls and length of rod. The rod
was formed in pyrex tubing by slowly lowering from a furnace.

van der Leeden (1940) measured the resistivity of a 0.2 mm diameter wire. The wire was presumably
polycrystalline with purity not stated.

Bridgman (1952) measured the effect of pressure on the reslstivity of thin sheets of 0.001 inch
thickness.

Kunzler and Renton (1957) made measurements on single crystals of high purity. The values in the
table are for the specimen before it was reduced in cross section; the initial thickness was 4 mm.

Aleksandrov (1963) used 99.99985% pure tin in the form of rods of 2.7 mm diameter. Aleksandrov and
D'Yakov (1963), using the same samples as Aleksandrov, obtalned values for resistivity of tin from
3.7 to 273°K, using wire diameters which do not affect the resistivity values. Thelr samples were
single crystals with the principal axis parallel to the sample axls (snli ), and with the principal
axls at right angles to the sample axis (Snl ). They state that the error of a single measurement
of R/Ryes 8t T = 4.2°K amounted to 2 - 2.5% for tin. The po(Snil ) = 107*° ohm cm snd

p(Snl) ~7 x 10°** ohm cm.
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The "ideal" resistivity values tabulated in the lower right-hand corner of the graph were taken from

Meaden (1965).

His book presents a comprehensive review of the literature dealing with experimental

determinations of electrical resistivity together with a relatilvely concise account of the modern
theory of the electrical resistance of metals and alloys.

Tables of Values of Electrical Resistivity

P = Resistivity, (ohm cm)
Pays = Resistivity at 273°K, (ohm cm)

R = Resistance, (ohm)
Ro = Resistance at 0°C, (ohm)
Onnes and Tuyn (1923) Meissner (1925)
Temp. Temp . 100p/ Pana Temp. Temp. 1000/ 044 Temp . Y.
°C °K °c °K °K
-102.13 171.02 57.36 -209.98 63.17 14.67 4.2 0.00078
-115.14 158.01 52.16 -218.30 54.85 11.45 20.4 0.0120
-127.50 145.65 L7.25 -252.65 20.50 1.162 88.2 0.2457
~-141.06 132.09 L41.90 -254.95 18.30 0.536
-158.74 | 11hk.b41 34.91 -256.61 16.54 0.637
-182.80 90.35 25.44 -258.89 1k4.26 0.409
-194.07 79.08 20.98 -269.33 3.82 0.099
-202.07 71.08 17.79
Van der Leeden (1940) Bridgman (1952)
Temp. 100R /R, Pressure R/Ré* Pressure R/RG*
°K kg/em® kg/cm®
ig'gi 8'2$§ o 1.000 €0000 0.6L7
17.h8 0:813 10000 0.910 70000 0.€18
19.46 1.107 20000 0.837 80000 0.592
0. L0 1.066 30000 0.775 90000 0.569
) LOOOO 0.72k 100000 0.548
69.05 17.52 50000 0.683
77.50 20.93
78.15 21.k0 * Resistance compared with resistance
84.15 23.66 at room temperature and one atmos-
90.30 26.08 phere pressure.
Bridgman (1933) Kunzler and Renton (1957)
Angle between axis Temp. Resistivity p/pzvs*
Tiip. and length % o x 10%0hm cm
90° 0° 900 0°
Resistivity o/bans ™ 4.2 0.000525 0.000035
p x 10° ohm cm 273.0 15.0 1.0
90.35 | 3.255 2.40k 0.2u89  0.2646
194.85 | 8.736 6.147 0.6678 0.676k *These values were not plotted on
273.15 | 13.08 9.088 1.000 1.000 the Electrical Resistivity of Tin
* These values were not plotted on the graph.
Electrical Resistivity of Tin graph.
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Aleksandrov (1963)

Temp. Resistance Ratioc
K R/R
Snll Snl
L.y 1.45 1.55

* For Sny , fzga

14.3 x 10" %chm cm.
For 8n L, iags 9.8

5 x 107 %ohm cm.

Aleksandrov and D'Yakov (19€3)
Temp. Resistance Ratio Resistance Ratioc
o * *
K R/RZ5- R/Rons
Sn Snl anll Snl
3.7 1.13 x 107° 1.17 x 107° 1.23 x 1077 1.08 x 1q§
L.o2 1.45 x 107° 1.55 x 107° 1.58 x 107° 1.70 x 100
L.k 1.64 x 107° 1.81 x 107° 1.79 x 10°° 1.99 x 10
7.2 1.05 x lu:; 1.23 x 10_2 1.15 x 10_: 1.35 % 17
14.0 3.2 x 10 2.54 x 1077 3.5 x 10 0079 x 100
20,4 0.0111 8.68 x 107 0.0121 g.52 x 15°
58.0 0.119 0.109 ¢.130 0,120
£3.5 0.140 0.128 ¢.153 0.140
7.4 0.159 0.182 0,217 ¢.200
90,31 0.2kl 0.23 0.207 U252
111.6 0.331 0.316 ¢. 362 0. 347
273.0 0.915 0.915 1.000 1,000
* For snil ; Pega = 1h.3 x lO_%ohm cm, pPzys = 13,084 x 10" %chm cm.
For Snl ; Pzea = 9.85x 107 %ohm emy, paona = 9.01275x 10”chm em.
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