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Recovery of Electrical Resistivity in Gold Quenched from Below 700°Cf 
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The residual electrical resistivity as measured at liquid helium temperature was determined as a function 
of annealing time at 62.4°C, for high-purity gold quenched from temperatures between 700°C and 400°C at 
the rate of 25 000°C/sec. For quenches begun from below 500°C an initial increase in resistivity occurs, 
followed by the usual decrease with aging time. The time to reach maximum resistivity is found to be a func­
tion of the quenched-in resistivity. The increase in resistivity may be due to vacancy clustering during the 
aging process. Further study is required to determine the role of impurity atoms in this process. For quenches 
above 500°C, some clusters apparently form during the quenching process and grow, acting as stable vacancy 
sinks during subsequent aging; hence no increase occurs for these quenches. A calculation of the formation 
of divacancies and trivacancies during the annealing process, neglecting interactions with impurities, shows 
appreciable clustering upon annealing following a low-temperature quench for binding energies of 0.3 ev. A 
maximum in the calculated resistivity due to formation of clusters is reached at the same order of magnitude 
of time as the maximum in resistivity is observed, and is followed by an approximately exponential decay 
which also corresponds to the experimental observations. 

INTRODUCTION 

AS the quenching temperature is lowered, the 
number of vacancy-vacancy collisions occurring 

during the quenching process rapidly decreases; there­
fore, low-temperature quenches are expected to produce 
simpler configuration of defects than those quenches 
from high temperature where considerable clustering 
can occur. In Fig. 1 is shown the calculated number 
of jumps that a vacancy makes during the quenching 
process as a function of quenching temperature. (See 
Appendix.) The curve decreasing with quenching tem­
perature represents the calculation of the number of 
jumps necessary for a typical vacancy to encounter 
another vacancy during the quenching process, assum­
ing a random distribution of vacancies. These two 
curves intersect at a quenching temperature near500°C, 
hence, for low-temperature quenches it becomes im­
probable that a typical vacancy would encounter 
another vacancy during the quenching process, and 
therefore clustering cannot occur during the quench 
even if the binding energy between vacancies is quite 
large. However, vacancy-impurity interactions could be 
more important for the lower temperature quenches 
where the relative vacancy concentrations are lower. 
The present research investigates the nature of the 
quenched-in resistivity for temperatures between 700° 
and 400°C. 

EXPERIMENTAL PROCEDURE 

Considerable care was taken to obtain specimens of 
high purity. The ratio of the room temperature re­
sistivity to that at 4.2°K was above 2700 for all speci­
mens used, with some above 4000. This ratio in re-
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sistivity indicates that the concentration of impurities 
in all specimens used is probably less than 10~5. The 
samples were in the form of polycrystalline gold wire 
of 0.016-in. diameter. To reduce thermal emf s in the 
measuring circuit, the entire circuit was constructed of 
gold possessing close to the same purity as the speci­
mens. Potential leads of 0.003-in. diameter were sin­
tered to the 0.016-in. diameter specimen during the 
initial annealing process at 1000°C. All measurements 
of the residual resistivity were made with the specimens 
in liquid helium. The sensitivity of the electrical meas­
urements was 10~12 ohm cm, which corresponds to 0 .3% 
of the quenched-in resistivity for a quench made from 
500°C. The quenching rate was 25 000°C/sec, obtained 
by immersing the samples in water. 
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FIG. 1. The calculated number of jumps for a vacancy during 
the quenching process and the calculated average number of 
jumps for a vacancy to meet another vacancy as functions of the 
quenching temperature. 
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EXPERIMENTAL RESULTS 

A, Isothermal Recovery of QuenchecHn Resistivity 
for Temperatures between 700° and 500°C 

The isothermal recovery of electrical resistivity at 
62.4°C is shown in Fig. 2 for the quenching temperature 
of 592° and 687°C. I t is seen that the recovery follows 
the relation Ap/Ap0 = exp[— (t/h)m~]j where m was found 
to equal 0.8. Vs were found to be 6.3 hours for the 
quench from 687°C and 30 hours for the one from 592°C, 
respectively. 

B. Isothermal Recovery of Resistivity for 
Quenches Made from Below 500°C 

The kinetics of the isothermal recovery of the 
quenched-in resistivity was found to change as the 
quenching temperature was lowered below 500°C. Iso­
thermal recoveries for quenches from below 500°C are 
shown in Fig. 3. An initial increase in resistivity to a 
maximum is followed by the usual decrease in electrical 
resistivity. The time to reach the maximum in resis­
tivity is plotted against the reciprocal of the quenching 
temperature in Fig. 4. Following the peak of resistivity 
the recovery is approximately an exponential decay, 
with approximately constant reaction times (/o=30zb3 
hr) for the various quenching temperatures. 

DISCUSSION 

A. The Initial Increase in Resistivity upon 
Aging for Quenches from Below 500°C 

The physical process that gives rise to the increase in 
resistivity may be the formation of vacancy clusters of 
higher resistivity per vacancy than the individual va­
cancies. This assumption, however, is still open to 
question. A similar suggestion was made by Mott1 to 
explain the increase in resistivity observed during for-
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FIG. 2. The isothermal recovery of electrical resistivity at 62 4°C 
for the quenching temperatures of 592 and 687°C. 

1 N. F. Mott, J. Inst. Metals 60, 267 (1937). 

mation of clusters of solute atoms in several aluminum 
alloys. Theoretical calculations by Asdenti2 and by 
Harrison3 assuming a spherical Fermi surface show no 
corresponding maximum for clusters of solutes in 
aluminum. Matyas ' 4 calculations using a two-band 
model give a maximum in resistivity corresponding to 
a zone of about 7A in diameter. Recent experimental 
investigations of aluminum alloys by Herman and 
Cohen5 give evidence that the resistance maxima are 
due to formation of clusters with an average diameter 
of 10A; the resistivity per solute atom being a maximum 
for this size cluster. Asdenti and Friedel6 have calcu­
lated the resistivity introduced in copper by spherical 
cavities of different sizes and find the resistivity per 
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FIG. 3. The isothermal recovery of electrical resistivity at 62.4°C 
for the quenching temperatures below 500°C. 

vacancy exhibits a maximum for voids of two vacancies, 
and slowly decreases for larger cavities. 

In order to investigate the possibility of considerable 
clustering occurring during aging for low vacancy con­
centrations the numerical solution, using the 650 IBM 
computer, was obtained for three simultaneous differen­
tial equations similar to those used by Koehler, Seitz, 
and Bauerle7 which describes the formation of di-

vacancies and trivacancies and the migration of single 
2 M. Asdenti, Acta Met. 9, 587 (1961). 
3 W. Harrison, Acta Met. 8, 168 (1960). 
4 Z. Matyas, Phil. Mag. 40, 324 (1949). 
5 H. Herman and J. B. Cohen, Nature 191, 63 (1961). 
6 M . Asdenti and J. Friedel, J. Phys. Chem. Solids 11, 115 

(1959). 
7 J. S. Koehler, F. Seitz, and J. E. Bauerle, Phys. Rev. 107, 

1499 (1957). 
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vacancies and divacancies to fixed random sinks. The 
distribution of single vacancies, divacancies, and tri-
vacancies was assumed to be random throughout the 
process. The calculated results for the following 
equations8: 

dC/dt= ~NCve~EllkT- 12C2ve-EllkT2C2ve~^El+B^lkT 

- l8CC2ve~E*lkT+Czve-(E^B'VkT, 

dC2/dt^-NC2ve-E^kT+6C2ve-EllkT~C2ve-^El+B)!kT 

- 18CC2ve~E^kT+Czve~^E^B^kT, 

dCz/dt= + 18CC2ve~E^kT-Czve~^E^B^kT 

are shown in Fig. 5. C, C2, C3 are the fractional con­
centrations of single vacancies, divacancies, and tri-
vacancies. For this calculation the binding energy of a 
divacancy B was taken to be 0.3 ev, and that for a 
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FIG. 4. Time to reach maximum in electrical resistivity plotted 
against reciprocal of quenching temperatures for quenches made 
from below 500°C. 

trivacancy relative to a divacancy Br was taken to be 
0.3 ev. The migration energy for single vacancies Ex 

was taken to be 0.8 ev and for divacancies E2, 0.7 ev. 
The sink density N equals 10~7, and the vibrational 
frequencies were all taken to be 1013 per sec. I t should 
be remarked here that the preceding simultaneous 
equations neglect the motion of trivacancies, the forma­
tion of clusters larger than trivacancies, and inter­
actions with impurities. Instead of justifying simplifica­
tion, the results indicate that for a binding energy of 
0.3 ev considerable clustering of vacancies will occur 
upon aging, even for the low vacancy concentration of 

8 A numerical error was made in the coefficients since there are 
84 ways two vacancies can come to gether to form a divacancy and 
14 ways to separate. A similar error is present in the coeficients 
for the formation and separation of the trivacancies. However, 
these changes should not affect the machine results by much nor 
affect the general conclusions. 
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FIG. 5. The calculated concentrations of single vacancies, 
divacancies, and trivacancies plotted as functions of the aging 
time at 62.4°C. 

6X 10~7. The time required to reach the peak concentra­
tion of clustered vacancies is about four hours. After 
this peak, the decay in the number of defects is of 
exponential form (Fig. 5) and from the graph tQ is 
found to be 50 hr for 2C 2+3C 3 compared with 30 hr 
found for the experimental decay of resistivity. These 
considerations do not exclude the possibility of impuri­
ties acting as nucleating sites for the formation of 
vacancy clusters. Indeed this appears likely. 

Assuming that the resistivity maximum is due to 
vacancy clusters, the location will depend on the com­
petition between the associative and dissociative terms, 
and hence on the relative values of the resistivities per 
vacancy. To consider this point let pi=aiC, p2^2a2C2, 
and pz=SazC^ where ph p2j and p3 are the resistivities 
due to single vacancies, divacancies, and trivacancies, 
respectively. Then the total resistivity due to vacancies 
is 

p = a i C + 2a2C2+3o>zCz. 

To simplify the discussion we let a2 = ah that is, the 
resistivity per vacancy is taken to be the same for di­
vacancies as for trivacancies. We consider three cases: 

(a) 

(b) 
and 

I . la i=a2 = aj3; 

1.5ai=a2 = a3; 

(c) 2 
ai = a2 = aZt 

For case (a) the maximum resistivity is reached in 1.3 
hr, and amounts to only 2 % ; for case (b) the time to 
reach the maximum is 2.8 hr and amounts to 15%; and 
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for case (c) 3.3 hr and 28%. While the agreement is 
reasonable for the latter two cases the calculations are 
too simplified to place any importance on the relative 
values of a. In particular the relatively large concen­
trations of trivacancies indicate that larger clusters may 
play an important role. Further, the effective sink 
density N was somewhat arbitrarily set at N=10~1; a 
smaller value of N will shift the maxima toward longer 
times, approaching a value about 4 hr for iV=0, and 
will also increase the magnitude of the maxima. The 
calculations, however, do indicate that clustering is a 
possible plausible mechanism to account for the re­
sistivity maxima. 

Alternative mechanisms which could produce the 
increase in resistivity are clustering of impurity atoms 
or possibly the association of vacancies and impurity 
atoms. The clustering of impurity atoms appears un­
likely, because the specimens were of high purity and 
no difference was observed between specimens which 
had different ratios of room temperature resistivity to 
that at liquid helium in the range 2700 to above 4000. 
Also the times (r) are dependent on the concentra­
tion of quenched-in defects as seen in Fig. 3. Finally, 
the time required for the diffusion of substitutional im­
purity atoms to form clusters should be greater than 
that observed. The possibility of the initial increase in 
resistivity due to the association of vacancies with 
impurity atoms cannot be eliminated, and further 
studies are required. The impurity concentration esti­
mated from the ratio in resistivity between 298° and 
4.2°K is 2^4X10~6. The impurity atoms which are 
effective in trapping vacancies are the same order of 
magnitude or more than the vacancies for the cases 
under consideration.9 Therefore, a considerable number 
of vacancies may be associated with impurity atoms 
before meeting other vacancies. However, if the increase 
in resistivity is due only to vacancy-impurity associa­
tion, the time to reach the maximum in resistivity 
should be sensitive to the concentration of impurities 
and hence to the resistivity ratio, whereas, this time is 
found not to depend on this ratio for the range of ratios 
of the specimens used. It is possible, however, that some 
impurities are important as nucleating sites for the 
formation of vacancy clusters; further work is required 
to determine the precise role of impurity-vacancy 
interactions. 

For quenches above 500°C the number of jumps a 
vacancy makes during the quenching process becomes 
comparable to that during the aging time required to 
reach the maximum resistivity. Therefore, some va­
cancy clusters should have been formed during the 
quenching process and hence no further increase in 
resistivity should occur for quenches made above this 
temperature. 

A simple model can explain the variation in time to 
reach maximum resistivity with quenching temperature. 

9 The impurities detected by spectrographs analysis are copper 
and silver. All other elements are checked for and are less than 10-6. 

Assuming that for quenches below 500°C the quenched-
in defects are primarily single vacancies, essentially 
randomly distributed, then, the rate controlling process 
for the formation of clusters should be the formation 
of divacancies as a result of single vacancy migration. 
If X is the average distance between vacancies dis­
tributed randomly, then X=C~* and in addition we 
have tD/X2 = const, where D is the diffusion constant 
for vacancies. The temperature dependence of D does 
not enter into the method of plotting in Fig. 4. There­
fore r, the time to reach maximum resistivity, is pro­
portional to e

+2Ef}UTQ, where Ef is the vacancy forma­
tion energy and Tq is the temperature from which the 
quench was initiated. The proportionality between r 
and exp(l/re) is seen in Fig. 4. From the straight line 
slope of this curve the energy of formation can be calcu­
lated and is found to be E/= l.Oev. The falloff observed 
for quenches approaching 500°C should be expected be­
cause of the approach to quenching temperatures where 
clustering can occur during the quenching process. 

B. The Variation of Reaction Times for 
Quenches from above 500°C 

If vacancy clusters are formed during the quenching 
process for quenches made above 500°C, then these 
vacancy clusters can act as sinks for migrating va­
cancies and hence should play an important role in 
determining the annealing kinetics. A simple qualita­
tive model may be helpful in describing this process. 
We make the simplest possible assumptions: (1) The 
number of clusters to which vacancies migrate is pro­
portional to the quenched-in resistivity, (2) the va­
cancies migrate to the clusters in a random walk fashion, 
and (3) the clusters formed are sufficiently large so that 
they can be regarded as vacancy sinks. This final 
assumption will be valid only for high-temperature 
quenches, that is, for quenches above 600°C. It follows 
from the above assumptions that the ratio of the re­
action times for two different quenching temperatures 
above 600°C should be proportional to the ratio of the 
quenched-in resistivity to the — § power. This is found 
to be obeyed by the present data as well as those of 
previous workers. Consider for example the data of 
Bauerle and Koehler10: They find reaction time for 50 
and 19 hr for quenches from 600° and 700°C, respec­
tively, giving a ratio of 2.6. The corresponding ratio of 
quenched-in resistivity obtained was 0.244. Taking this 
to the — f power we obtain 2.56, which agrees with the 
above measured ratio of 2.6. 

APPENDIX. CALCULATION FOR FIG. 1 

The average number of jumps made by a vacancy 
during quenching can be written as 

, r , 
N= / Kexp(-Er/kT)dl, 

10 J. E. Bauerle and J. S. Koehler, Phys. Rev. 107, 1493 (1957). 
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where Tq= temperature where quench initiated, Tr 

= temperature of lowest limit (taken as 300°K), 
i£= jump frequency coefficient (1013/sec), Ei=migra­
tion energy of a vacancy (0.8 ev), R= quenching rate 
(taken as 2.5X104 °K/sec), &=Boltzmann constant, 
T= temperature (°K), and t=time (sec). Substituting 
the linear cooling velocity 

An approximate solution has been given to the above 
integration11 as 

one obtains 

H:H) 
T=Tq-Rt, 

expi-Ej/kTjdT. 

Introducing a parameter F as Y=Ei/kT, then 

dT=-(E1/k)dY/Yi 

Yq=Ex/kTq, 

Yr=El/kTr. 

Therefore 
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Since exp(—F r) is negligibly small with respect to 
exp(— Yq) for the present case, we get 
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The average number of jumps necessary to meet another 
vacancy was computed from 

•hC=h e x p ( - E / / * r f l ) , 

where C=fractional concentration of vacancies at the 
quenching temperature and E/=formation energy of a 
vacancy (1.0 ev). 

11 National Bureau of Standards, Applied Mathematics Series 
51, VII (1958). 


