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Abstract—The electrical resistivities of liquid indium, tin and lead have been
measured as functions of temperature up to 200-300 °C above their melting
points, with an accuracy of $0.159,. The resistivity of liquid indium was
found to be a linear function of temperature but abrupt changes in the tempera-
ture coefficient of resistivity were observed for liquid tin and lead. The
temperature at which the discontinuity in slope occurred and the absolute
resistivity were found to be dependent on purity for liquid tin, but, within the
limits of accuracy of the measurement, independent of purity for liquid lead.

Introduction

Prior to the study of the electrical resistivities of the liquid alloy systems
indium-lead and indium-tin! and gold-tin? the resistivities of some of the
pure liquid components, namely indium, tin and lead were measured as
functions of temperature. Wide variations exist in the published resistivity
data for these metals, particularly for tin and indium, and also the resist-
ivity of liquid tin appears to be especially dependent on the purity of the
sample.? Moreover, large and abrupt changes in the temperature coefficient
of resistivity have been reported by one group of workers*: for liquid tin,
gallium and bismuth, whereas they did not report such an effect for liquid
indium. These changes in the temperature coefficient were thought to be
associated with changes in the structure of the liquids and, in the case of
tin and gallium, the results of diffraction experiments and other physical
property measurements®*® give some support to this suggestion. How-
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ever, they have not been confirmed by subsequent resistivity measure-
ments.

This work was intended, therefore, to obtain precise resistivity data for
the three liquid metals, to check for possible changes in temperature co-
efficient and to investigate the dependence of resistivity on sample purity.

Experimental

The resistivities were measured very precisely using a capillary and d.c.
four point probe technique, described previously.2” Small bore borosilicate
glass capillaries of 0.5 mm. i.d. were used which produced liquid metal
threads having a resistance of about 1 ohm. Particular attention was paid
to reducing two of the major errors encountered with this technique, arising
from the presence of gas bubbles (which often adhere to the capillary wall)
and from fluctuations in the environmental temperature.

The capillaries were initially calibrated using triple-distilled mercury at
20 °€ and all subsequent measurements were made relative to the resistivity
of mercury at 20 °C. The temperature of the environment was stable to
better than +0.1 °C during a measurement. When these precautions were
taken, the random scatter in the data was generally less than +0.039%,
and always less than +0.05%,. The absolute accuracy of the resistance
values is estimated to be better than +0.159%,.

Results

Indium. The metal, supplied by Johnson Matthey Ltd., was nominally
99.999, pure, the principal impurities being Bi and Pb. Its resistivity (p),
measured at temperatures between 162 and 400 °C, was & linear function of
temperature over the whole range investigated ; this is shown in Fig. 1.

The data were fitted to the equation p = A + BT p{2 cm, where 7' is the
temperature in °C, by the method of least squares. The calculated values
of the constants 4 and B were: 4 = 28.43 p2cm, B =248 x10—8 2 cm
“C-1. The extrapolated resistivity at the melting point (156 °C) is 32.30 u£2
cm which compares favourably with most of the published values of 32.7,3
31.4,% 33.1,% 32.5° uf2 crn. The value of 29.1 uf2 cm quoted in the Liguid
Metals Handbook'® would seem to be too low. The temperature dependence
dp/dT, given above as the constant B, is also in satisfactory agreement
with published values of 2.45, 2.53% and 2.85° x 102 £ cm °C~* but the
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Fig. 1. Resistivity of liquid indium as & function of temperature.
O Present work; 1. Takeuchi and Endo (Ref. 9); 2. Roll and Motz (Ref. 8);
3. Scala and Robertson (Ref. 3); 4. Ref. 10; 5. Goryaga and Belozerova (Ref. 4).

value of 4.45x 108 Q2 cm °C-! given in Ref. 10 is again in disagreement
with the other data.

Tin. Two purities of tin were investigated, Analar grade 99.9%, pure,
supplied by Hopkins and Williams, and S grade 99.999%, pure, supplied by
Capper Pass and Sons. The principal impurities present in these samples
are listed in Table 1. The resistivity of the 99.9%, pui‘e sample increased
linearly with temperatures between 258 °C and approximately 335 °C,
least squares analysis giving the relation as:

p = 41.09(5) +0.0276 (4)T' 2 cm.

At 335 + 5° C the slope decreased abruptly by about 49, without a
change occurring in the actual resistivity and, thereafter, the resistivity
was given by the relation:

p = 41.56 +0.0265 (3)T 2 cm.

The data are shown in Fig. 2 together with published data. The resistivity
at the melting point (232 °C) determined by extrapolation of the linear
portion of the curve helow 335°C was 47.50 u2 em. The resistivity of



09: 04 28 January 2011

Downl oaded At:

4 H. A. DAVIES AND J. S. LLEWELYN LEACH

TaBLE 1 Sources and purities of the tin and lead
used in the present work

Material Principal
Source Purity % Impurities

Tin Capper Pass & Sons 99.999 Sb, Pb, Cu, Fe,
Pass S Bi, As, Ag

Tin Hopkin & Williams Ltd. Analar Fe, Pb, Cu, Bi,
99.9 Sb

Lead Hopkin & Williams Ltd. Analar Ag, Cu, Fe, As
99.98

Lead British Non-Ferrous Metals 99.999 Sn, Bi, Sb, As

Research Association

Analar grade liquid tin has also been investigated by Adams!! but, whilst
the agreement with the present work is excellent at Jower temperatures,
no change of dp/dT was reported and, consequently, above 335°C the
resistivity deviates increasingly from the present values. The measurement
of Goryaga?® on liquid tin of unspecified purity are also in agreement with
the present data below 335 °C but a very large decrease in dp/dT of the
order of 309, was reported at 520 °C; this was not confirmed in the present
work during a preliminary run at temperatures up to 700°C and has not
been reported in the other published measurements.?.8.2.12
The resistivity of the 99.9999, tin also underwent a discontinuous

decrease in its temperature dependence, as can be seen in Fig. 2, but at a
lower temperature of 315 + 5°C and the decrease (3.29,) was slightly
smaller than that for the less pure sample. Below 315 °C, the resistivity is
given by:

p = 40.88 +0.0272 (5)T p2 cm
and above by

p = 4116 +0.0263 (8)T nf2 cm.

The temperature at which the temperature coefficient changed was a con-
stant regardless of whether the measurements were made when the tem-
perature was being increased or decreased. The resistivity was consistently
lower than that of the less pure sample by about 0.4 p2 cm; this is some-
what greater than the increment of resistivity that would be expected for
a 0.19, concentration of impurity. Scala and Robertson?® also reported a
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dependence of resistance on the degree of purity for liquid tin but in their
case the effect was considerably more promounced, the resistivity of
99.9969, pure material being roughly 59, lower than that of 99.969,
purity. The resistivity extrapolated to the melting point is 47.20 uf2 cm;
this, and the value for the less pure sample, fall within the spread of the
published data—47.50,1248.0,% 46.3,° 47.85 and 45.1% 2 cm.

Lead. Two purities of lead were also investigated, namely 99.98%, pure
“Analar” grade, supplied by Hopkin and Williams Ltd., and 99.999%,
pure supplied by British Non-Ferrous Metals Research Association; the
principal impurities in these samples are given in Table 1. The results of
two runs on the high purity specimen and one run on the lower purity
sample were in agreement to better than 0.059; resistance/temperature
plots are shown in Fig. 3 together with published data. Although this may

105 T T Y T T —T y T ™ Y

sk - 1

103} L7 J

102¢ - b

=]
2
T
\
.

u,_
© 3
L L
b1
\
N\
)
W
1

RESISTIVITY { pncm)
w
x®
T
R

w0
~3
T
\
1

w
a
T

\
I

i A A A It i

L 1 " X s
330 350 370 30 410 430 450 %70 490 510 530
TEMPERATLRE (°C)

Fig. 3. Resistivity of liquid lead as a function of temperature.
O Present work, 99.9999%, purity; x Present work, 99.98%, purity; 1. Adams
(Ref. 11); 2. Roll and Motz (Ref. 8); 3. Northrup and Suydam (Ref. 12).
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indicate that the resistivity of lead is less dependent on the presence of
small amounts of impurity than that of tin, the difference between the
purities of the two samples of lead is a factor of 5 smaller than the differ-
ence between the impurity concentration in the tin samples studied. As
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for tin, a discontinuous decrease in the temperature dependence was ob-
served, at a temperature of 393 + 3 °C for all three runs. The resistivity of
the 99.989/ lead is given as follows:

Below 393 °C, p = 78.21 +0.0508 (2) T’ uf2 cm

Above 393 °C, p = 79.31 +0.0480 (4)T pf2 cm
The resistivity of the 99.9999%, pure sample is given as follows:

Run 1 below 393 °C, p = 78.45 +0.0501 (1)T' 2 cm

above 393 °C, p = 79.13 +0.0484 (1)T p2 cm

Run 2 below 393 °C, p = 78.27 + 0.0507 (6)T p£2 cm

above 393 °C, p = 79.36 +0.0480 (3} T ug2 cm.

The average decrease in the temperature dependence was about 4.99,
which is greater than the change observed in tin. The resistivity at the
melting point (327 °C) determined by linear extrapolation of the data
below 390 °C is 94.85 uQ2 ecm which compares favourably with published
values of 94.73,22 95.08 and 95.271 x£2 cm. The temperature dependence is
very similar to the values observed in previous work which might indicate
that the differences in absolute resistivities were due to small calibration
errors. No change in temperature dependence has been reported by any of
the previous workers.

Discussion

It is considered that the changes in dp/dT observed in the present work
are real and not due to errors in the measuring system for the following
reasons:

1. A change of dp/dT was not detected in pure indium, for which the cell
and capillary used were the same as those for the runs on the tin and
lead.

2. Different values of the transition temperatures were observed for
liquid tin and lead using the same borosilicate cell. The transition
temperature (335 °C) observed during & preliminary experiment in a
fused quartz cell having molybdenum current electrodes and poten-
tial probes was similar to that observed with the borosilicate cell and
tungsten electrodes reported here. It is therefore considered unlikely
that the changes in dp/dT are due to significant changes in the cell
constants with increasing temperature.

3. The temperature measuring thermocouple was calibrated at the
freezing points of pure tin, lead and zinc on completion of the
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resistivity measurements and found to give agreement to within

+ 0.5 °C with the established freezing points of the respective metals.
These freezing temperatures cover the temperature range within
which the irregularities occur and preclude the effects being due to a
peculiarity of the thermocouple.

It is not easy to rationalise the observed changes of dp/dT in lead and tin
in terms of a common factor. In the case of tin, Hall coefficient measure-
ments indicate, within the experimental scatter, a valence number of free
electrons up to 420 °C.13.14 However, there is a considerable body of experi-
mental evidence to suggest that the liquid structure is abnormal and that
structural changes take place within the range 80-200°C above the melting
point. A subsidiary hump appears on the high-angle side of the main
diffraction peak®1%:17 which decreases in intensity and becomes more
diffuse as the temperature rises. Although some controversy exists regard-
ing the meaning of this, it has been interpreted by one group of workers!s
as indicating the existence of a short distance of interatomic approach
corresponding to that in grey tin and that the liquid can be pictured as
consisting of about 109, of clusters of tetrahedral grey tin-type bonds in
dynamic equilibrium with liquid metallic tin. If this is a correct interpreta-
tion then the liquid might be expected to have a higher compressibility
when the probability of the existence of such bonds is higher. On the theory
of Takeuchi and Endo,® an increased compressibility would be accom-
panied by an increase in the temperature coefficient of resistivity which is
what is observed in the present work, below the transition temperature.
Velocity of sound measurements in liquid tin?? do not, however, lend sup-
port to the posssibility of unusual compressibility changes above the melt-
ing point.

The theory of Ziman?® gives the resistivity of a liquid metal as:

2k
p=d(V) [ 4a(K) | U(K) | K* 2K
0
where ¢ is a constant, f(V) is a function of the atomic volume, a(K) is the

structure factor, U(K) is the ionic pseudopotential, K is the scattering
wave vector and ky is the Fermi wave number. Since the integration limit

2kyg lies close to the subsidiary hump in a(K), an additional contribution

to the temperature dependence of resistivity might be expected as this
hump becomes more diffuse with increasing temperature. A quantitative
analysis to determine the magnitude of the contribution from this effect
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would require very precise diffraction data but published data are not
sufficiently detailed for this purpose. Moreover, the diffraction data indi-
cate that the subsidiary peak diminishes only gradually with increasing
temperature and persists to high temperatures!s:® whereas the slope
changes observed in the present work appear to be abrupt, at specific
temperatures. The present data do reveal a very slight tendency for
curvature, convex toward the resistivity axis, but, if significant, it is not
sufficient to account for the 39, or so difference between the temperature
coefficient near the melting point and that at temperatures above 350 °C.
If the effect was associated with changes in the energies of the core electrons
then it would also be expected to influence the resistivity through a change
in the ionic psendopotential.

The thermoelectric power of a metal is intimately related to the electrical
resistivity. Therefore, associated with any change in resistivity we would
probably also expect unusual behaviour of the thermoelectric power and,
indeed, this has been reported by Ubbelohde?! over a temperature range of
about 80 °C above the melting point, consistent with the present data.

Other properties which are particularly structure-sensitive show irregu-
larities. One viscosity determination?®t on liquid tin indicated abnormally
high values between the melting point and about 300° C; it was concluded
from a thermodynamic analysis of these data?® that clusters of about
twenty atoms exist in the liquid in dynamic equilibrium with monomeric
atoms. The observed non-linear temperature-dependence of the coefficient
of self-diffusion?* can also be attributed to groupings. The specific heat of
liquid tin? initially decreases up to between 350 and 450 °C but thereafter
rapidly increases, implying an unusual change in the vibrational energy
distribution, and hence in the interatomic forces. A similar picture
emerges from thermal conductivity measurements® which indicate de-
creasing conductivity between the melting point and about 300 °C. The
higher value for the transition temperature for the less pure tin in the
present work could, on the basis of the foregoing arguments in terms of
atomic groupings or clusters, be due to the higher impurity coneentration
nucleating clusters at a higher temperature (as the temperature falls).

The change of dp/dT which was observed in liquid lead cannot be so
readily correlated with other phenomena. With one exception,?” where a
small subsidiary peak was observed on the high angle side of the first main
peak in the range of 20 °C above the melting point, X-'ray and neutron
diffraction experiments indicate a simple monatomic structure.28.29.30 The
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specific heat decreases linearly from the melting point to about 1000°C?3
and no abnormal viscosity behaviour has been reported. The evidence for
a structural irregularity in this liquid is, therefore, slender and rests
on the results of one diffraction experiment on a sample of unspecified
purity. )

A number of measurements of the Hall coefficient of liquid lead13.31.32
indicate large but inconsistent deviations from the value that would be
predicted from the valence of the metal, in contrast with the behaviour of
most other liquid metals. Although the Hall effect in liquids is not yet
fully understood, this deviation could be an indication that liquid lead has
an abnormal electronic structure. On the other hand, optical measure-
ments3? indicate a number of free electrons only slightly greater than the
valence. The inconsistency of the Hall coefficient data suggests that an
experimental factor such as insufficient control over non-metallic, and
especially oxygen, content of the liquid may be contributing to the large
deviations from theoretical values. In the present work, great care was
taken to remove surface oxide and to reduce the oxygen content of the
argon atmosphere, before melting. The temperature at which the change
in temperature coefficient occurred and the absolute resistivity were con-
sistent for the three runs, although the magnitude of the slope change did
vary slightly between runs.

Conclusions

The observed changes in the temperature-dependence of electrical
resistivity in liquid tin are consistent with changes reported in many other
physical properties of this metal. The observations seem to point to a
structural irregularity in the liquid and the resistivity data suggest that
this undergoes an abrupt change at about 100° C above the melting point.
Although a structural anomaly is also indicated by diffraction experi-
ments, the change with temperature appears to be gradual and the evi-
dence suggests that the anomaly exists to several degrees above the melt-
ing point. It is not possible at present to draw firm conclusions about the
nature of the anomaly on the atomic scale.

The resistivity change observed in liquid lead is also small and abrupt
but apparently is not accompanied by changes in other bulk physical
properties or in the structure.

The resistivity of liquid indium behaves normally, the resistivity being
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a linear function of temperature and the temperature coefficient a constant

~ over the temperature range of the measurements.

A further study of the resistivities of liquid tin and lead in which the
nature and concentration of impurities were carefully controlled might
assist in clearing some of the points raised by the present work.
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