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Values of 19 ± 0.5 x 103 cal/mole ~d 27 ± 0.5 x 103 cal/mole respectively were obtained for 
the energies of formation of a vacancy in gold and platinum. The activation energy for migra­
tion was found to be 20 ± 1 x 103 and 25 ± 1 x 103 cal/mole. These results were derived from 
data on the change of electrical resistance of the metals produced by quenching-in vacancies. 

THERE is nowadays an increasing amount of work 
being devoted to the study of the diffusion mechanism 
in solids. By different experiments one obtains in­
formation on the basic characteristics of the diffu­
sion phenomenon, the energy of formation of a va­
cancy, Qt. and the activation energy for migration, 
Q2• According to our present ideas, the sum of 
these two quantities gives the activation energy for 
self-diffusion: Q = Q1 + Q2• Q c~ be determined 
directly from measurement of the coefficient of 
self-diffusion, using the relation: 

D = D 0 exp {- Q I RT}. 

One of the most direct means of measuring Q1 

and Q2, and thus also Q, is based on the fact that 
the electrical resistance of a metal is increased by 
the presence of quenched-in vac~cies, the in­
creases being proportional to the vacancy concen­
tration. This method is being more and more used, 
and in a previous communication1 we gave some 
preliminary results obtained in this way on the 
self-diffusion of gold and platinum. In the present 
paper we describe the further development of this 
work. 

EXPERIMENTAL PROCEDURE 

Measurements were made on gold and platinum 
in the form of 0.05 and 0.1 mm diameter wires. 
These metals are convenient both because of their 
face-centered cubic lattices (one of the simplest 
structures) ~d because, as noble metals, they are 
easy to handle and can be heated in air. 

We had available sufficiently pure metals - not 
less than 99.99% pure by chemical analysis -with 
resistance ratios (the ratio of the resist~ce at 
4.2°K to that at room temperature) of 3.5 x 10-3 

for gold and 2 x 10-3 for platinum in well-annealed 
samples. 
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The specimens were 50 to 70 mm long and cur­
rent and potential leads of the same material were 
welded on in a hydrogen flame. After they had been 
mounted on their supports (quartz or glass ) the 
specimens were thoroughly annealed by passing a 
current through them. This annealing current 
passed through leads long enough to ensure uniform 
heating of the working part of the specimen. The 
annealing temperature was determined from the 
resist~ce, the variation of which with temperature 
had been determined by heating in a furnace to­
gether with a standard platinum-platinum rhodium 
thermocouple. Before quenching, the specimens 
were kept at the appropriate temperature long 
enough for the equilibrium number of vac~cies to 
be produced. The quenching was achieved either 
by simple cooling in air after switching off the cur­
rent or, to increase the rate, by immersion in dis­
tilled water at room temperature, followed by 
switching off the current. Separate experiments 
on annealed specimens showed that the process of 
rapid immersion itself had negligible effect on the 
residual resistance (within the experimental un­
certainties ) . Not more th~ one minute elapsed 
between quenching and immersion in liquid helium. 
The resistance of a specimen was measured in the 
annealed state, then with the quenched-in vacancies 
and, finally, after annealing again. The increase in 
resist~ce, LlR, is then a measure of the concen­
tration of vacancies at the high temperature. These 
operations were repeated many times for each 
temperature. 

The temperature range was ,.... 600 to ,.... 1000oc 
for experiments on gold, and ,.... 800 to ,.... 1500°C for 
platinum. 

Most of the determinations of the increase in 
resistance were made from measurements at liquid 
helium temperature, where the increase is appre-
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FIG. 1. The dependence of the resistance increase on the 
temperature, for quenching in vacancies in gold. 1::::., +, x) 0.1-mm 
diameter specimens; 0, 0, D) 0.05-mm diameter specimens. The 
full curve is for quenching in water, the dashed curve for 
quenching in air. All the data are obtained from resistance 
measurements at 4.2°K, except for the points marked x, which 
refer to liquid nitrogen temperature. 

ciable in comparison with the resistance of an an­
nealed specimen. Some measurements were also 
made of the change at liquid-hydrogen and liquid­
nitrogen temperatures. 

DETERMINATION OF THE ENERGY OF FORMA­
TION OF VACANCIES 

Figure 1 shows the results of measurements of 
the increase in resistance on quenching in vacan­
cies, as a function of the temperature from. which 
the quenching was carried out. The increase is 
plotted relative to the resistance at 20°C ( R0) to 
eliminate the influence of the dimensions of the 
great number of specimens measured. 

For the results to be reliable one must ensure 
that all the vacancies are preserved during quench­
ing. The quenching rate in air is sufficient for 0.1 
mm diameter specimens at temperatures up to 
~ 900°K and for 0.05 mm specimens up to~ 950°K. 
This can be deduced from the agreement between 
the dotted and solid curves up to these tempera­
tures. The solid curve follows an exponential vari­
ation over the whole temperature range, as can be 
seen from Fig. 2, where ln (AR/R0 ) is plotted 

against 1/T. The results fall on a straight line 
very well, so that one can be very certain that the 
mechanism of the resistance increase is the same 
throughout this temperature interval. 

The rate of cooling in air was determined from 
an oscillograph record of the fall in temperature 
with time. It was found, for example, that a 0.1-
mm specimen cooled from 900°K to 500°K in 0.14 
sec. Cooling in water reduced this time by several 
factors of ten a~d preserved the vacancy concen­
tration on quenching from all temperatures up to 
the melting point. 

The slope (QtfR) of the straight line in Fig. 2 
gives us the value of the energy of formation of va­
cancies in gold as Q1 = 19.0 x 103 cal/mole ( 0.82 
ev ) . From the relatively small scatter of points 
the uncertainty in Q1 is not more than 3%, i.e., 
0.5 x 103 cal/mole. Within the limits of experi­
mental errors this value of Q1 agrees with the 
value given in the previous paper .1 

The large number of points shown on the graph, 
obtained with a variety of specimens, were taken 
because during the course of this work values of 
Q1 were published which were considerably differ­
ent from our value. 

Without knowing the exact conditions in other 
experiments it is difficult to find reasons for the 
discrepancies between the results. However, it 
can be said, for example, that the accuracy in de­
termining Q1 is evidently overestimated in the 
work of Koehler et al. 2 In one case they give a 
value 1.28 ± 0.03 ev and in the other 1.02 ± 0.06 
ev; the 25% discrepancy is completely outside the 
estimated experimental error. 

To approximate the experimental conditions 
used by these authors, we measured the increase 
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FIG. 2. The dependence of ln(~R/R0) on 1/T, for gold. 
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in resistance, ~R, not only at helium tempera­
tures, but also at liquid-nitrogen temperature and, 
as shown above, the results agreed. The uncer­
tainty in ~R is considerable at nitrogen tempera­
ture, as the resistance of the specimen is tens of 
times larger than ~R, while at helium tempera­
ture ~R is measured as an increase in the resid­
ual resistance, which is itself smaller than the in­
crease produced. 

The uncertainty in the work of Bradshaw and 
Pearson3 is 10%, because of the few experimental 
points, and the value of Q1 is 0.95 ± 0.1 ev. With 
this uncertainty, their result is close to ours. 

It is appropriate here to consider methods4•5 of 
determining Q1 which depend on the temperature 
variation of the resistance of gold at high tempera­
tures. These methods make use of the well estab­
lished relation for the temperature variation of the 
resistance of gold, 6 R = R0 + AT + BT2, which 
holds for not too high temperatures. This relation 
fits the behavior up to 500 or 600°C, but the experi­
mental curve lies above the curve given by this ex­
pression at higher temperatures. The authors as­
cribe this discrepancy to the effect of vacancies 
and determine ~R from the difference between the 
two curves. From the temperature variation of ~R, 
values of Q1 = 0.67 ev4 and Q1 = 0.69 ev5 were 
deduced. 

We have also measured the R-T relation from 
rom temperature up to 950°C, and the results agree 
closely with those of Meechan and Eggleston.4 This 
method of determining Q1 is open to some doubt, 
as there is little justification for the extrapolation 
of the R-T curve up to the melting point.7 The 
value of ~R derived in this way and ascribed to 
vacancies is one order of magnitude larger than 
the ~R obtained from quenching. It is hardly 
likely that this great difference can be due to de­
partures from Matthiesen's rule at high tempera­
tures, when it applies between 4.2 and 273°K. In 
any case, the resistance variation over the whole 
temperature range (up to 900°C ) can be well de­
scribed by the inclusion of a term in T3 in the 
previous equation. 

An expression for the dependence of extra re­
sistivity on vacancy concentration can be derived 
from Fig. 2: 

C.r; = (C.R I R0 ) p = 7.7-10-5 exp (- Ql I RT) ohm-em. 

It is customary to refer to the increase in resis­
tivity for one atom-% of vacancies, and to obtain 
this we must divide by the vacancy concentration, 
i.e., by C =A exp(-Q1 /RT). Unfortunately, the 
constant A is only known roughly. If we take 
A= 1 then increase in resistivity for one atom-% 

of vacancies in gold is 0.77 x 10-6 ohm-em/atom-%. 
Theoretical values range from 0.4 x 10-6 (refer­
ence 8) to 1.5 x 10-6 (reference 9) ohm-em/atom-%. 
It is possible that this difference by a factor of 
nearly two indicates that the constant A should 
be ~ 0.5. We may note that the change in resist­
ance due to vacancies is very close to the change 
produced by one atom-% of elements similar to 
gold (e.g., 0.68 x 10-6 ohm-em/atom-% for silver 
and 0.48 x 10-6 ohm-em/atom-% for copper). From 
a rough calculation based on this data we can con­
clude that A should lie between 0.5 and 2. 

We carried out similar experiments on plati­
num and obtained Q1 = 27.0 ± 0.5 x 103 cal/mole. 
This is in satisfactory agreement with the value 
of 1.4 ev obtained by Bradshaw and Pearson,1° 
especially if one takes into account their large 
experimental scatter. 

Assuming that A = 1, the resistivity increase, 
~p = 12 x 105 exp (- Q1 /RT) ohm-em, leads to the 
value 1.2 x 10-6 ohm-em for the resistivity due to 
1 atom-% of vacancies in platinum. 

It is interesting to note that these results con­
firm LeClaire's calculation11 of the ratio of the 
heat of formation of vacancies to the heat of va­
porization. According to LeClaire, this ratio 
should be 0.22 for a face-centered metal, and 
from our results the values are 0.22 for gold and 
0.23 for platinum. 

DETERMINATION OF THE ACTIVATION ENERGY 
FOR VACANCY MIGRATION 

In our preliminary communication we also de­
rived the activation energy for migration of vacan­
cies. This was 12 x 103 cal/mole for gold and 25 
x 103 cal/mole for platinum. The value of Q2 is 
obtained from curves of the reduction of the resist­
ance increase, ~R, during isothermal annealing. 

The dependence of In ( ~R/ ~Ro ) on time for a 
0.1-mm diameter gold wire is shown in Fig. 3 
( ~R0 is the initial increase in resistance on 
quenching). The curves shown refer to one tern-

FIG. 3. Curves of 
the reduction of the 
resistance increment 
with annealing time. 
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FIG. 4. The influence of wire diameter and concentration of 
quenched-in vacancies, for gold. Curves a and a') 0.1-mm 
diameter wire, Curves b and b') 0.05-mm diameter wire. 

perature (in this case 100°C) and the different 
points correspond to different concentrations of 
quenched-in vacancies (i.e., to different initial 
values of D.R0 /R0 ). 

Similar curves were obtained for different an­
nealing temperatures ( 75, 90, 100, 107 and 127°C) 
and for initial concentrations varying over a factor 
of more than 10 (D.R0 /R0 from 1 x 10-3 to 12 x 
10-3 ). 

The strong dependenc~ of the kinetics of vacancy 
annihilation on concentration is noticeable - the 
curves of resistance removed become steeper with 
increasing resistance. It appears that the annihila­
tion process is predominantly a diffusion process 
only for the smallest vacancy concentrations. For 
the largest concentrations vacancy coagulation plays 
a very important part. This is borne out by the 
curves of Fig. 4, which show the results of anneal­
ing specimens of two diameters at 120°C. For pure 
diffusion to the outside, the times for the concen­
trations to reach the same relative values, for dif­
ferent diameters, should be in the ratio of the 
squarls of the diameters, i.e., 4 in our case. In 
fact, for small concentrations ( D.R0 /R0 ,...., 2 x 10-3 ) 

the times for two different specimens (curves a 
and b) differ by a factor 3, so that even for these 
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FIG. 5. The variation of slope of the annealing curves with 

initial vacancy concentration, for gold. 

concentrations the process is not pure diffusion. 
For larger concentrations (up to D.R0 /R0 ,...., 9 x 
10-3, curves a' and b') the time ratio becomes 
less than 2. 

We can understand the fact that we do not have 
pure diffusion even for the smallest values of 
D.R0 /R0 in a quenched specimen, if we bear in 
mind that for any measurement of concentration, 
the vacancy annihilation is taking place at a con­
siderably lower temperature than that from which 
the quenching was carried out. This means that 
the vacancy solution is greatly supersaturated and 
there is inevitably a type of vacancy coagulation in 
it. Nevertheless, it seems possible to derive suf­
ficiently reliable values for the activation energy 
of vacancy migration from such measurements. 
It is assumed that it is sufficient to extrapolate 
the kinetics curves to the limit of small concen­
trations. Such an extrapolation is shown carried 
out in Fig. 5, where the initial slopes of the anneal­
ing curves are plotted against the initial vacancy 
concentrations, D.R0• 

Curves for each of the annealing temperatures 
given above were obtained in this way. Extrapola­
tion of these curves gives the value of d/dT x 
{ ln ( D.R/ D.R0 ) } for such small concentrations that 
we can consider the diffusion process to be domi­
nant in vacancy annihilation. 

As is well known, the solution of the diffusion 
problem for a cylinder of radius r, for sufficiently 
large times, gives a time dependence of concentra­
tion in the material in the form 

N D..R 4 { 5.78 .D } 
N~ = D..R0 = 5.78exp -7 vt • 

from which we obtain 

d D..R 5.78 
dt In D..Ro = -7fJv, 

where Dv =.D0 exp (- QdRT) is the coefficient 
of diffusion of vacancies and Q2 is the activation 
energy for their migration. 

We should be able to calcula.te the diffusion co­
efficient for the whole temperature range of the ex­
periments from these expressions. 

The table gives values for the coefficient of dif­
fusion ( D1 ) of vacancies in gold wire, taking r = 

5 x 10-3 em, the radius of the wire. For compari-

T "K 

348 
363 
373 
380 
400 

c = exp (- Q,;Rr) I D 1 (cm2/sec) I D, =Dale (cm2/sec) 

1. 78·10-12 
5. 75·10-12 

1.12 ·10-11 

1. 70·10-11 

5.88.10-11 

1.12 ·10-10 
6.89·10-10 
9.35·10-10 
2.15 ·10-9 
5.60-10-9 

3. 91·10-U 
1.29·10-H 
2.83.10-14 

4.92·10-14 

1.91·10-13 
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son we give the diffusion coefficient derived from 
data on the self-diffusion of gold atoms obtained 
with radioactive isotopes .12 

It can be seen that the value of D1 is greater 
than the directly determined D2 by a factor ~ 4 x 
104 over the whole temperature range. To explain 
the much greater value of D1 one must assume 
that the diffusion length is not equal to the radius 
of the wire, but is considerably less and must be 
2.5 x 10-5 em. 

We can then believe that vacancy annihilation 
is accomplished at small concentrations by a dif­
fusion process, and use the results to determine 
the activation energy for vacancy migration. The 
dependence of ln D1 on 1/T is given in Fig. 6. 
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FIG. 6. Variation of ln 
D, with 1/T, for gold. 

The slope ( QdR) leads to the value Q2 = 20 ± 1 x 
103 cal/mole. This value is considerably different 
from our preliminary result ( 12 x 103 cal/ mole) 
when we were unaware of the great dependence of 
the annealing curves on the quenched-in concen­
tration. This was also neglected in other work,2•3 

and probably accounts for the lower values of Q2• 

The sum Q1 + Q2 is the activation energy for 
self diffusion. Our value is 39.0 ± 1.5 x 103 cal/ 
mole, which is close to the most recent determi­
nations by direct self-diffusion measurements: 
39,360 ± 280 cal/ mole, 12 41,700 ± 300 cal/ mole, 13 

and 42,900 cal/mole.14 

Annealing curves were also obtained for a wide 
concentration range in platinum. There is here a 
smaller concentration dependence than in gold, 
and only for large concentrations does the initial 
slope increase, while for small concentrations the 
curves coincide. These measurements were made 
on two specimens at temperatures from 500 to 
300°C. There is only a few per cent uncertainty 
in Q2, 25 ± 1 x 103 cal/mole. The small depend­
ence of the annealing curves on concentration ex­
plains the good agreement with our previous work 
( 25 x 103 cal/ mole) and with the results of Brad­
shaw and Pearson (25.3 x 103 cal/mole). 

The activation energy for self diffusion in plati­
num Q = 52 ± 1 x 103 cal/mole. This value is 
known more accurately for platinum than for gold. 

CONCLUSIONS 

We can draw some general conclusions from our 
results. 

The heat of formation of vacancies can be deter­
mined from the measurement of the increase in re­
sistance on quenching, especially if the resistance 
change is measured at liquid-helium temperature. 
The results of the most reliable measurements on 
gold and silver are, within the limits of experimen­
tal error, in good agreement. 

There are quite large discrepancies in the val­
ues found for the activation energy for vacancy 
migration in gold. When the concentration depend­
ence of the annihilation process is taken into ac­
count, the results described above make it possible 
to derive a completely reliable value for this too. 

The method of quenching-in vacancies can then 
yield a value for the activation energy for self dif­
fusion with an accuracy as great as that achieved 
by use of radioactive isotopes. 

There is, however, an inconsistency which must 
be pointed out. As has been noted, in the limit of 
small concentrations, vacancy annihilation is 
achieved by a diffusion process over a distance 
considerably less than the specimen diameter (it 
is hundreds of times less). We would then expect 
the cross-sectional dimensions not to matter. How­
ever, as can be seen from Fig. 4, .there is a notice­
able dependence of the annihilation kinetics during 
annealing on wire diameter, not only at small va­
cancy concentrations, but right up to the largest 
concentrations. 
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