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Most of those who work with metals at
high temperature think of vacancies (vacant
lattice sites) as important only in the context
of diffusion. It is usually left to the solidstate physicist to study the effects of vacancies
on such physical properties as thermal expansion, enthalpy and electrical resistivity,
and even he may be interested largely in
what he can learn about the vacancies themselves. Of course, whereas diffusion is a
process controlled by vacancies, vacancies
merely influence these other properties to a
limited extent. Nevertheless, the influence
can be sufficient to be of direct concern to
those who use platinum as a high-temperature
reference material.

The Size of Vacancy Effects
As is well known, the equilibrium monovacancy concentration C(T) in a metal is an

I

exponential function of the absolute temperature T:
C(Tj =exp(S’/k)exp( -EF/kT)

where C is the atomic fraction of vacancies,
SF is the monovacancy formation entropy,
E” is the monovacancy formation “energy”
(enthalpy), and k is Boltzmann’s constant.
Because of this, at temperatures approaching the melting point T, the variation of C
with temperature is so rapid that, although
the effect of vacancies on, say, the electrical
resistivity may be quite small ( cI per cent),
the effect on the corresponding dzfferential
property-the
temperature coefficient of
resistivity-is an order of magnitude larger
at least.
T o make precise estimates of vacancy
effects in platinum is not altogether easy. The
“traditional” experiment (I) of accurately
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comparing specimen length and X-ray parameter to give vacancy concentration is
difficult at the high temperatures involved.
Diffusion studies are complicated by the
tendency of monovacancies at high concentration to aggregate into divacancies, and
quenching studies are difficult to relate to
the high-temperature near-equilibrium situation. A combination of techniques is necessary to arrive at a set of self-consistent
vacancy parameters (2). SF/k=1.3 and EF=
I .49 eV are accepted values, giving C(T,) =
8 x IO-*. Using these with other data, we
can estimate the effect of vacancies on some
physical properties to be as shown in the
Table; the large effect on the temperature
coefficient of electrical resistance is evident.
Until quite recently, controversy existed
(3, 4) as to whether these estimates were
correct, as a different procedure was in use
which gave the vacancy concentration to be
an order of magnitude higher.
In this
procedure the values measured for a physical
property below about 1400K were extrapolated to higher temperatures and taken to
define the “background” values appropriate
to an ideal vacancy-free metal. Subtraction
from the observed high-temperature values
then gave an estimate of the vacancy effect.
Thus for platinum the observed sharp rise
of the specific heat vs. temperature curve was
used (5) to estimate C(T,) to be as high as
I per cent. This estimate is now known to
be too large ( 2 , 6). Much of the difference
between the extrapolated and experimental
curves is now attributed to anharmonic interatomic forces, so that the true background
cannot be found by simple extrapolation
(7) (Fig. I); an additional complication in
determining the background is the temperature variation of the electronic specific
heat.

Transient Effects of Vacancies
Vacancy effects, then, are only part of the
reason why values of physical properties
measured above 2/3 T, differ from those
measured below that temperature.
But
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vacancy effects are different from the rest
in that they alone can give rise to time delays
in the measured properties at high temperatures; this is because the vacancy concentration takes a measurable time to adjust
to a change of temperature. Vacancies have
to be created at definite sources or destroyed at definite sinks, so that diffusion of
vacancies must take place before the vacancy
concentration everywhere relaxes to the
value appropriate to the new temperature.
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Assuming this geometry, and that these
sources function with ideal efficiency as
source/sinks (so that at the boundaries the
vacancy concentration is always at the
equilibrium value appropriate to the instantaneous temperature), we can calculate
(10)the frequency dependence of, say, the
temperature coefficient of resistance for small
temperature changes about a given mean
temperature. This is shown in Fig. za.
Although the curves look superficially like
Debye relaxation curves, they cannot strictly
be described by a single relaxation time,
even for a given mean temperature: at high
frequencies, the variation depends on wi
(and not the Debye w-').
This is because
only the region of the sub-grain within a
distance (D/o)* of the boundary can participate in the changes in vacancy concentration.
The time scale for vacancy relaxation
effects calculated in this way is very much
a lower limit: if, for any reason, the internal
source/sinks should function with less than
ideal efficiency, then the time scale will be
longer. As an upper limit, we may take the
surface of the specimen to be the only source/
sink, and, for example, calculate that for
wires of 50 pm diameter the time scale is

All vacancy-affected physical properties will
similarly take this time to reach their final
values.
Instead of concentrating on time-delay
behaviour, we may regard these properties as
frequency-dependent (8) (just as simple
dielectric relaxation may be expressed as a
Debye spectrum). The detailed frequency
dependence is determined by the vacancy
diffusion coefficient,the source /sink geometry,
and the source/sink efficiency. We must
therefore expect the frequency dependence
to be influenced by temperature (via the
vacancy diffusion coefficient, D, at least).
The sources and sinks for vacancies above
2 / 3 T, cannot be identified certainly; it
is not safe to assume, say, that sinks identified
in an annealing experiment below 1/3 T,
will operate at the higher temperature.
However, Heigl and Sizmann ( 9 ) have
studied the generation of vacancies in
platinum wires pulse-heated to temperatures
up to ZIZOOKfor times ranging from W I
ms. From a detailed study of the kinetics,
they concluded that the vacancy sources
were quasi-planar, with a spacing put at
" 5 pm; the sources were thus presumed to
be dislocations in low-angle sub-grain
boundaries.
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increased by a factor of IOO (Fig. zb) compared with that for internal source/sinks.

The Practical Importance of
Vacancy Effects
The most important factor in determining
the efficiency of the internal source/sinks
is the vacancy subsaturation (or supersaturation), which provides the forces causing
the dislocation to climb, with emission (or
absorption) of vacancies (12). In pure
platinum, temperature changes of only a
few kelvin should be sufficient to cause the
internal source/sinks to operate. The time
scale of vacancy relaxation effects will then
approximate to Fig. za, too short to be of
interest in conventional potentiometry. However, for temperature transients in electrically
heated wires and foils, the time scale can
become significant.
Temperature modulation experiments combine the short time scale with the accuracy
needed to observe these effects. A.C. heating
is used to cause in a hot wire specimen a
near-sinusoidal temperature variation of,
say, +IK at 30Hz. For platinum the
temperature variation may conveniently be
measured by using the variation in light
emitted. The measured variation in electrical
resistance then gives the temperature coefficient of resistivity appropriate to the
modulation frequency. At 1850K and 3oH2,
this coefficient is found to be some 5 to 10
per cent below the quasi-static value, confirming a vacancy relaxation effect (6). The
accuracy of the measurements is not sufficient
to determine exact vacancy kinetics and
source/sinl< efficiency though the efficiency
is clearly less than ideal. But already it is
clear that to neglect the frequency dependence
of the temperature coefficient of resistance
will cause significant systematic error in
experiments in which resistance changes
during thermal transients are used to measure
the temperature changes involved. Systematic
errors of this kind inflate specific heat values
(5) and thermal expansion coefficient values
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(13) reported from modulation experiments
in which quasi-static values of temperature
coefficient of resistance were (erroneously)
used throughout.
The situation in impure platinum is less
clear. Impurities may be expected to decrease
the efficiency of the internal source/sinks, and
effects of this have been reported in other
metals (rq), where the time scale of events
became the time needed for vacancies to
diffuse from the surface into the bulk.
Similar effects in impure platinum, or platinum alloys, could possibly influence conventional potentiometric measurements.
However, the impurities in platinum are
often of the platinum group of elements, and
these might have little effect on the internal
source/sinks.
Further work on this problem is to be
undertaken at the City University with the
cooperation of Johnson Matthey and Co
Limited.
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