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Dehancement effect of Au on Au diffusivity in Pb(Au) alloys
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The effect of Au concentration on Au diffusivity was measured in dilute Pb(Au) alloys between 137
and 238'C, and unusually large, negative linear coefficients b2, were found. The Au diffusivity is thus
describable by the diffusion parameters at infinite dilution: D,o = (3.62 ~ 0.36) X 10 ' cm'/sec, H,
= 8.94 ~ 0.09 kcal/mole and the enhancement coefficient: b 2&

= —(0.0500 ~ 0.0092)exp (9.04 ~
0.17) kcal mole /R T). The classic interstitial-substitutional equilibrium model, commonly used to
describe. the fast-diffusing systems, is incompatible with this linear dehancement result. Rather, an
equilibrium between Au singlets and Au doublets is required and provides a good description of the
observations. The energy parameters from this model are significantly different from the values necessary
to describe the low-temperature high-concentration Au precipitation and residual-resistivity results, as
taken from the literature. The simplest resolution of this discrepancy is found by postulating a second
equilibrium with Au multiplets, of three or four atoms, to explain the latter results. The structural
possibilities for such clusters are investigated in terms of an extension of Hagg's rule.

I. INTRODUCTION

A variety of experiments has amply demon-
strated that the Pb(noble metal) alloys, and Pb(Au)
in particular, are rather peculiar systems and
their study has provided a rich source of insights
toward the development of alloy theory. These
exper iments have been comprehensively reviewed
by several authors' ' and only the direct prede-
cessors of the present work will be briefly men-
tioned here. Particularly, Au exhibits ultrafast
diffusion in Pb, exceeding the self-diffusivity of
Pb by factor s of 10 to 10 between 100'C and the
melting point of Pb at 327'C. ' ' This behavior is
intrinsic to the bulk alloy, being unaffected by the
presence of grain boundaries' or of dislocations. '
Further, the enhancement of Pb self-diffusion by
Au is two orders of magnitude smaller than that
required by a vacancy mechanism. " It is there-
fore generally agreed that the Au transport occurs
primarily through the motion of some interstitial
defect. '

More recently, Rossolimo and Turnbull (here-
after RT) indirectly measured Au diffusivity in Pb
at low temperature by studying the kinetics of
precipitation of AuPb, from Pb(Au) alloys. " The
process was diffusion controlled, but the Au dif-
fusivity was 22 to 4 orders of magnitude slower
than predicted from an extrapolation of the high-
temperature diffusivity. Figure 1 shows these
results, labeled D,~„, and D,»„„, which may be
compared to the diffusivity of Au as extrapolated
from high temperature (D„„)and to the self-dif-
fusivity of Pb (Dpg). One of RT's tentative explana-
tions for this effect was that diffusion-rate de-
pression might result from a thermodynamic equi-

librium between the rapidly diffusing Au intersti-
tials and some second, less mobile, Au defect.
If these second defects were energetically favored
but entropically disfavored, as would be the case
for pairs or small clusters of Au atoms, their
fractional concentration would increase with de-
creasing temperature, producing the observed de-
crease in Au diffusivity.

RT also measured bp, the residual resistivity
per Au atom, in Pb, between -200 and 240'C for
0.0683- and 0.105-at.% alloys, "as shown in Fig. 2.
The sharp increase in 4p between 130 and 240'C,
with some saturation near 240 C, is also explic-
able in terms of the two-defect equilibrium model
stated above. Warburton" used a simple statistical
thermodynamic calculation of defect concentrations
to duplicate these resistivity curves theoretically,
using appropriate defect resistivities and assum-
ing one Au atom per defect in the high-temperature
state and two Au atoms per defect in the low-tem-
perature state (hereafter Au, and Au„respec-
tively). The standard Gibbs-free-energy differ-
ence between defects giving the best fit to b,p in
the 0.0683-at. /o Au alloy is

g2 1 2-1 2-1

where

K,', =8 +2 kcal/mole
and

S,', =11.5+4.0 cal/mole 'K .

This corresponds to an absolute energy difference
of 3.7+2.7 kcal/mole at 185'C, in the middle of
the transition region. Curves generated using (1)
are superimposed on the data in Fig. 2. The
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FIG. 1. Diffusivity of Au in Pb between 24 and 238'C,
from several experiments. k, ~ (6, 0) are from pre-
cipitation measurements of RT (Ref. 11) on a 0.105-
(0.095-) at.% Pb(Au) aQoy. Cl are from Seith and Etzold
(Ref. 6). The diffusivity of Au at infinite dilution, Dz„,
is from this work, that at 0.105 at.%, D2 ~, is a calcu-
lation in the text. Dpb is shown for comparison.
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FIG. 2. Residual resistivity of Au in Pb as a function
of temperature for two compositions. The fits were
generated with a thermodynamic model using the indicated
parameters.

major implication of this thermodynamic-equi-
librium model to diffusion studies was that Au
should dehance its own diffusivity in Pb, since
increases in Au concentration would force the
equilibrium toward an increased fraction of less-
mobile Au, defects. The magnitude of the effect
should vary inversely with temperature due to the
—TS term in (l) which favors the more mobile Au,
defects.

Both these effects were observed in a series
of exploratory measurements and found to be ex-
tremely large. ' The present paper reports the
results of a more careful study of this dehance-
ment, including values between 138 and 238'C.
The value of g,', consistent with the observed
dehancements is extracted and found to be incon-
sistent with both Eq. (1), and the low-temperature
diffusivity of Au in Pb found by RT. A simple
resolution of this inconsistency is found by postu-
lating the existence of a second equilibrium be-
tween Au, 's and higher-order Au clusters (Au, or
Au, ). The structural possibilities for such defects
are briefly explored in terms of an extension of
Hagg's rule. Finally, the internal friction behav-
ior" "of Au in Pb is briefly examined in the light

of these results,

II. EXPERIMENTAL DETAILS

The experiments were done on &-in. -diam sin-
gle-crystal specimens grown by a modified Bridg-
man technique from Cominco 99.9999%-pure lead
and commercial 99.999%-pure Au in Pyrex tubes
backfilled to —,

' atm of He. Slugs 2 in. long were
spark cut from the midsections of the resultant
crystals, to avoid Au gradients in the ends, and
annealed a week or more at from 215 to 250'C to
remove any microsegregation. Since accurate
analyses are difficult to obtain at these dilutions,
alloy concentrations were assumed to be as com-
pounded. Our experience with resistivity-mea-
surement samples from different regions of the
same slug indicates that the alloys are reasonably
homogeneous. These slugs were spark cut to —,'-in.
lengths to obtain the final samples. The following
procedure, scrupulously followed, avoided sur-
face holdup at all temperatures. Samples were
waxed onto Al blocks with paraffin and micro-
tomed 150 p, m to remove spark-cutting damage,
finishing with 2- p,m cuts to leave a clean, min-
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imally damaged surface. Sample sides and micro-
tome blade were then dewaxed with trichloroeth-
ylene and acetone, a final 2- p.m cut taken, the
sample lowered to avoid surface damage by the
blade's return stroke, and 0.2 ml of plating solu-
tion applied to the fresh face with a Schwarz-Mann
biopette. The plating solution was made from
1-mCi "'Au, supplied at 2 to 3 mCi/ml in 0.5N

HCl by ICN Corp. , and diluted with 6 ml of 0.5N
HCL. Time from last cut to application of the
plating solution was typically about 4 sec. The
plating solution wet the clean face well and was
confined to it by surface tension. Following a
1.5-min plate, the sample was inverted onto a
cloth saturated with methanol and wiped to re-
move all traces of the plating solution. This step
was particularly critical since even small amounts
of the acid bath caused surface oxidation and re-
sultant holdup. After a final wipe on a paper towel
to remove the methanol, the sample was quickly
warmed on a hotplate to dewax it from its block,
cleaned of excess wax by a wipe on a trichloroeth-
ylene-soaked paper towel, wrapped in a small
square of aluminum foil, and transferred to a
Pyrex tube which was then evacuated. Time from
the end of plating to evacuation was about 40 sec.
All the samples for a given run were then sealed
in a Pyrex tube at —,

' atm in He in order of increas-
ing Au concentration.

Since the relative Au diffusivities in samples of
different Au concentration vary by less than 20/0

before the solubility limit is reached at a given
temperature, the samples at a given temperature
must be annealed simultaneously and their thermal
histories be made as identical as possible if an
accurate measurement of the dehancement is de-
sired. Therefore the tube containing the samples
was immersed in a turbulently stirred bath of
Dow Corning 210-H silicone fluid, which was
heated resistively by a Bayley model-253 temper-
ature controller. Bath temperatures were con-
stant +0.05'C in the short term and +0.2'C over-
all for even the longest runs. Breakdown of the
silicone fluid limited temperatures to less than
240'C. Because of the high stirring rate and
thermal filtering through the Pyrex tube, differ-
ential temperatures between the samples are es-
timated to have been less than +0.01'C at all times
after an initial 3-min upquench time, which was
determined separately.

After the anneals the samples were rewaxed to
their blocks with a stronger black wax with melt-
ing point about 130'C. The wax was melted on the
blocks, the samples positioned, and the assem-
blies quenched on ice. Each sample was at ele-
vated temperature less than 15 sec. The samples
were then reduced in diameter on a lathe by at

least 0.020 in. and sectioned. Sample diameters
were measured after sectioning on an optical
microscope fitted with a reticule and traveling
stage, a technique which avoided inaccuracies due
to deformation of the soft lead. The sections were
weighed on a precision torsion balance with an
accuracy of +0.02 mg. The increase in accuracy
between the preliminary experiments and the pres-
ent results is principally due to several stratagems
which were adopted to enhance the accuracy of
counting the activities of the sections. First, all
sections were dissolved in 1 cm' of 65% acetic
acid, 35% H,O, solution, dispensed via metering
syringe, in disposable polystyrene test tubes and
covered with 1 cm' of Dow-Corning 200 silicone
fluid at 10' centistoke to prevent splashing and
ensure standardized geometry. Second, since the
'"Au's 0.129-MeV y is slightly absorbed by the
dissolved Pb, all sections were taken of the same
thickness to eliminate variations due to this effect.
Third, counting reproducibility was improved by
reliably centering the test tubes in the standard
scintillation vials required by the Picker Auto-
matic P/p counter used. This was done by wind-
ing a piece of 1&&3 &&,'~ -in. low-density polyeth-
ylene foam, about 0.2 g/piece, into the bottom
of each vial, leaving a hole which snugly accepted
the test tubes. The foam did not noticeably atten-
uate counting rates. Fourth, in spite of the above
precautions, random fluctuations in count rates
due to locations of the vials in the counter occurred
and it was necessary to count each set of sections
4 or 5 times to eliminate this effect. Counter
windows were set from 0.110 to 0.150 Me7.

All diffusion profiles were strictly Gaussian,
without serious holdup or noticeable non-Gaussian
"tails" at maximum penetration. Individual points
which deviated from the curves due to errors in-
curred in the weighing or dissolution processes
were discarded before the data were fitted. Dif-
fusion coefficients were extracted from the data
in the usual manner as reported earlier. "

III. EXPERIMENTAL RESULTS

A representative set of diffusion-penetration
profiles, obtained from alloys of between 0.0000
and 0.003-at.% Au at 138'C is shown in Fig. 3,
plotting log» (activity) versus penetration squared.
The curves were strictly Gaussian, as were all
the curves obtained once initial holdup difficulties
were overcome. The values of activity shown in
Fig. 3 span approximately 1.2 decades, which is
slightly larger than the typical 0.9 to 1.0 decades.
Although it is usual to measure activity over 2 or
more decades in an unexplored system, the dif-
fusion of Au in pure Pb is well studied and the
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TABLE I. Alloy compositions by atomic fraction, in
parts per million.

Alloy Au concentration Alloy Au concentration

0.5

04

0.3

0
1
2

A
B
C
D

0.00 + 0.01
18.50+ 0.20
38.2 + 0.25

100,1+0.35
5.63+ 0.17

31.12 + 0.17
59.46+ 0.16
10.59 + 0.20

6
H
I
J
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99.58+ 0.28
150.82 + 0.32
301.43 + 0.43
402.38+ 0.49
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FIG. 3. Diffusion profiles in four samples of the indi-
cated compositions at 137'C.

range of penetrations was restricted for several
reasons. First, in order to determine slopes
with sufficient accuracy, at least 10' counts are
necessary for each section. Since there was also
reason to believe that even the amount of Au in
the tracer might affect its own diffusivity, it was
deemed advisable to keep tracer activity as low
as could be conveniently handled. Thus, with 104

counts per minute in the first section, sections
more than a decade down in activity begin both to
require excessive amounts of counter time and
also to require more than a few percent correc-
tion for background, the constancy of which, in an
environment of moving sources, may not be arbi-
trarily assumed.

We are quite confident, however, that even with
the somewhat limited ranges of activity, the dif-
fusivities obtained are indeed characteristic of
bulk Au diffusivity in alloys of the indicated Au
concentrations. First, the experiment at 158'C
had activity decrements of over 1.6 decades and
the penetration profiles were still Gaussian. Sec-
ond, no systematic deviations from linearity were
observed in any of the curves reported. Third,
in those diffusion situations where penetration
profiles are observed to be kinked, with two rela-
tively straight sections, it is necessary to have at

least one and usually several orders of magnitude
difference in relative diffusivities in order for the
individual sections to be relatively straight. Since
the measured diffusivities are about 10 ' cm'/sec,
with penetrations of the order of 2 mm, it is ex-
tremely unlikely that this condition could be ful-
filled.

The diffusivities obtained at each temperature
are listed in Table II (alloy compositions in Table
I}, and plotted for four temperatures: 238, 218,
158, and 138 C in Fig. 4. The maximum alloy
concentration used at each temperature was set
well below the Au solubility limit. " These four
dehancement curves are typical, being fairly
straight for diffusivity decrements up to about 12/0
(238 and 138'C) and showing some positive curva-
ture for larger decrements (218 and 158'C). As
can be seen from all these figures, there is still
a certain amount of scatter in the data beyond
what would be expected purely on grounds of sta-
tistical scatter, and the source of these deviations
continues to elude us. That they exist is not in
itself surprising when it is noted that the maxi-
mum decrement in diffusivity before the solubility
limit is reached is about 25/o and is more typically
10/o at the lower temperatures.

The most interesting feature of these curves is
the extreme magnitude of the dehancements in-
volved. At 228'C at 21% decrease in diffusivity is
produced by an addition of 0.06-at. % Au to the Pb
and at 138'C a 10% decrease in diffusivity is pro-
duced by only 30-ppm Au impurity. The curves
were fit by the standard expression:

1

D, (x}=D, (0) (1.0+b„x +b„x'+ ~ ~ ), (2)

where D, (0) is the diffusivity of Au in a pure Pb
host, x is the Au concentration, and the b's are
enhancement coefficients. In the present case
only the linear term is reported. Least-squares
fits were made to the data at all temperatures and
the resultant values of D, (0) and b» are presented
in Table III. In particular, the values of D, (0)
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TABLE II. Diffusivities measured in Pb(Au) alloys for the different isothermal. diffusion
anneals. Alloy compositions are listed in Table I. Diffusivities are in 10 ~ cm2/sec, their
standard errors in 10 9 cm2/sec, temperatures in 'C.

Alloy Alloy aD

238.0 + 0.2

228.2 + 0.1

217.8+ 0.2

205.7 + 0.2

0

L
H
I
J
K

0

L
H
I
J
K

0
C

G

L
H
I
J
K

0
B
C

G

L
H
I
J

5.609
5.496
5.172
4.789
4.729
4.650
4.375

4.581
4.358
4.243
3.944
3.753
3.780
3.365

3.907
3.759
3.669
3.599
3.434
3.206
3.155
2.953
2.978

2.048
3.052
2.898
2.828
2.735
2.656
2.458
2.372
2.240

3.7
5.1
3.4
1.8
2.6
3.2
2.4

2.2
3 4
2.0
1.9
1.6
1.9
2.4

2.3
1.9
2.5
1.5
2.3
2.6
1.7
1.7
1.6
1 ~ 7
2.2
1.8
2.0
1.7
1.5
1.2
1.0
0.8

178.0+ 0.2

166.5+ 0.2

158.0+ 0.2

149.0+ 0,5

145.0+ 0.2

137.3+ 0.2

0
A
D
1
B
2
C
4

0
A
D
1
B
2
C
4

0
A
D
1

2
C

0
A
D
B
2
C

0
D
1
B

1.652
1.640
1.620
1.600
1.595
1.573
1.537
1.460

1.283
1.276
1,274
1.242
1.229
1.205
1.172
1.106

1.0410
1,0339
1.0189
0.9992
0.9798
0.9572
0.9394

0.8804
0.8741
0.8391
0.8113
0.7914
0.7498

0.7575

0.6555
0.6339
0.6113
0.5892

0.39
0.48
0.35
0.50
0.54
0.54
0.53
0.45

0.38
0.47
0.78
0.67
0,50
0.47
0.36
0.59

0.21
0.20
0.28
0.22
0.22
0.29
0.10

0.13
0.19
0.17
0.15
0.17
0.12

0.10

0.19
0.13
0.15
0.12

represent the best estimates of the diffusivity of
Au in Pb at infinite dilution obtainable from the
present data. The values of b2, are also imme-
diately striking, in that they range from about
—300 to —3000 when typical enhancement values
in substitutional alloys" are in the range —10 to
+50, and even these are not strictly comparable,
being values of solvent enhancement by the im-
purity. Few values of imPuxity enhancement have
been reported, with the exception of Cd and Hg
in Pb, "' "where the values were positive in the
range + 20 to + 30, and Pb in Ag, "where b» was
approximately + 500.

An Arrhenius plot of the values of D, (0) is shown
in Fig. 5 and they may be seen to fall on a straight

line over a full decade. The estimated error in
the values of D,(0) is somewhat less than the size
of the points on the figure. A least-squares fit
gives the following values for the diffusion param-
eters for Au in pure Pb:

D, = (3.62 + 0.36) x 10 ~ cm2/sec,

II, =8.94 +0.09 kcal/mole .
(3)

No curvature was suggested by the individual devi-
ations of the data points from the best-fit line.
The values reported by Ascoli, ' Kidson, ' and Seith
and Etzold have been included on Fig. 5 and gen-
erally agree with the present work, especially
at higher temperatures. The values of the dif-
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FIG. 4. Dehancement
curves at 238, 218, 158,
and 137'C; diffusivity versus
alloy composition. The
error bars represent stand-
ard errors obtained from
the least-squares fits. The
curves at 218, 158, and
137'C have been displaced
for clarity.
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H, =9.04+0.1"r kcal/mole .
The significance of this result will be examined
in detail in Sec. VA.

(4)

fusion parameters extracted from the three sets
of datamaybe compared in Table IV. On closer
inspection, however, it appears that all of our
values of D,(0) lie above those of the previous
workers, excepting only Kidson's measurements
using an extremely dilute "'Au tracer. Corre-
spondingly, our values of the heat of diffusion H,
and preexponential D, are both smaller than those
previously reported and their accuracy is suf-
ficient for the differences to be significant. In
view of the ability of Au to dehance its own dif-
fusion, as established by this work, it seems
reasonable to expect that these differences are
most likely attributable to differences in the con-
centration of Au tracer used by the various in-

vestigatorss.

When an Arrhenius plot of the values of —&»
is made, as shown in Fig. 6, it may be seen that
they too fall on an essentially straight line. The
least-squares fit to the data give preexponential
and energy values of

IV. THEORETICAL EQUILIBRIUM CONSIDERATIONS

It seems clear, for the reasons cited in the
Introduction, that some sort of interstitial defect
is responsible for the diffusion behavior of Au in
Pb at high temperatures and low concentrations.
However, it is also evident that no single defect
of any type can account for the full range of be-
havior observed in this system. Therefore, if we
assume that several defect states are allowed for
Au in Pb and that we are usually examining our

Alloys D, (0)
omitted t (10 cm /sec)

238.0 + 0.2
228.2 + 0.1
217.8+ 0.2
205.6+ 0.2
178.0 + 0.2
166.5+ 0.2
158.0+ 0.2
149.0+ 0.5
137.3 + 0.2

H
1,J
I,J,K
I,J'

4
C
D

3.1
3.6
1.7
2.9
2.3
1.1
2.2
4.0
4.3

5.609+ 0.041
4.569 + 0,010
3.910+0.022
3.045 + 0.018
1.646 + 0.0048
1.284+ 0.0031
1.042 + 0.0026

0.8813+0.0021
0.6551+ 0.0026

-367+41
-444+ 7
-582+34
-646 + 32

—.1130+ 46
-1490+65
-1990+ 106
-2540 + 64
-3290 + 210

TABLE III. Values of D2(0) and 5 2g as a functionof tem-
perature. t = y /(n -2) and measures the goodness of fit.
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systems under equilibrium conditions, or nearly
so, then it is reasonable to explore statistical
thermodynamic arguments concerning the depen-
dence of defect concentrations on temperature and
total impurity concentration. This is done in Sec.
IVA. In Secs. IVB and IVC, the equilibria
Au~ —Au~ and 2Au, —Au, are specifically examined.
The notation Au„refers to a defect having NAu
atoms and will be called a singlet, doublet, N-
tuplet, etc.

Here gN ~ is the usual chemical notation for stan-
dard Gibbs free-energy change per mole of Au on
going from state N to state k. p, is the number of
distinct orientations the kth defect can have about
its assigned lattice site, d~ is the number of Au
atoms per type-k defect, and &~ =d„/d„. Now t/r;

is given by g; = —(&; +CzP;} where, since 5; and

P; are of order unity and Cz=xz/d„, we have
g; =- &; in the present limit of very dilute alloys.

A. Statistical thermodynamics of defect equilibrium

It follows from general statistical thermody-
namic arguments" that if N defect species are in
equilibrium in an alloy where the total impurity
concentration x~ is small, as they are in the pres-
ent system where xl +0.06 atom fraction, then the
atom fraction of the kth defect, x„, is given by

p o xAl e E~ p/Rr
$g, d ~ i
N i=y

DAu
0

(cm2/sec)
Hg

(kcal/mole) Study Date Ref.

0.35

4.1x10 3

8.7xlp ~

(3.62 ~ O.36) x10-'

14.0

9.35+ 0.07
1O.O

8.94 + 0.09

Seith and 1934
Etzold

Ascoli 1960 7
Kidson 1966
this study 1975

TABLE IV. Diffusion parameters obtained for Au in
Pb by various workers.
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and

centration effects, such models will clearly re-
quire Au defect species having different diffus-
ivities. Considering this simplest possibility and
label ng the fast diffusing defect 1 and the slower
defect 2, Eqs. (6) and (7) become

x, =a, e '2-~ (x, -d,x,)'~

1 1 2 2 (9)

The diffusivity of Au in this system will be

-1 x103 L) D 1 1 +D 2 2
AU 1 2I xg

which, by application of Eq. (9), becomes

-1 x10
18 20 22

10 /T('K )

24

FIG. 6. Dehancement coefficients 52& as a function of
temperature. Plotted is log&0 t'-b2&) vs 1/T .

Thus writing ol, = pl, l(d„p„)", we have

N-1 'a
xg=sge N-4 xg —Q d x;

-go /Zr

&=1

(6)

and, to conserve Au atoms,

dx (7)

Thus, in more physical terms, a„results from
changes in orientational configurational entropy
on going from an N defect to a k defect, The
bracketed term in Eq. (6), from Eq. (7), is just
d~x~, the number of Au atoms in the type-N de-
fect state, and the quantity (d„x„) & results from
changes in positional configurational entropy on

going from an N defect to a k defect. Vibrational
entropy changes are found, by definition, in g~ „.
~~ is the number of N defects required to form a
single k defect. Notice that in the foregoing the
standard thermodynamic state, from which all
energy differences are measured, is the alloy
with all defects in the N state.

Now our stated goal is to discover models in

which dehancement can occur. To produce con-

xI

where, by definition, (D, —D, ) is positive. For a
given system, Eq. (8) may be solved for x„which,
substituted into Eq. (10), describes the system
diffusion behavior as a function of x~ and T. These
results are subject only to the assumptions of low
concentrations and of only two defect types. We
next deduce the general behavior of this system
by considering the two limits: g2', large and posi-
tive and g2', large and negative.

Case 1: g2', large and positive, d,x1«xr Under
these conditions we may neglect d,x, with respect
to xz in Eq. (8) and solve directly for x, to obtain

D~„=D, + (D, —D, ) a, e '2-~ "
xz &

' . (12)

The value of b» may be found from the slope of
DA„vs xr as x& goes to zero if ~, 41:

2
(13)

A linear enhancement corresponds to the value
6, =2, so that &» is strictly positive. No dehance-
ments are possible. Except for fractional &, val-
ues, in which case the effect diverges as xr-0,
this case corresponds to the classic case of im-
purity self-enhancement in substitutional alloys.
If we further restrict ourselves to observing val-
ues of &21 in the high-temperature limit, then,
writing g2 1 JI2 1 TS2 1, we must have $2 1&0
for g2', to be large and positive for large T and
two subcases are possible as H2', may either be
positive or negative. In the former case (H,', & 0,
So, &0), from Eq. (13), ~b„~ will increase with

increasing temperature, while in the latter case
(H20, & 0, S,', & 0) ( b» ~

will decrease with increas-
ing temperature.

Case 2: g,', large and negative, d,x, =x&. Under
these conditions we approximate x, by xI/d, on the
left of Eq. (8) and solve for 6=x& —d,x,. Then,

writing x, in terms of 4 and substituting into Eq.
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B. Equilibrium Au~1 ~Au,
This class of singlet-singlet equilibria includes

the classic dissociative diffusion mechanism' '
which results from the equilibrium between mon-
atomic substitutionals and interstitials as well as
the more recently proposed equilibrium between
interstitial-vacancy pairs and monatomic sub-
stitutionals. ' " The important result for this
class of equilibria, for which &, =1, is that D«
is independent of xI, as may be seen from Eqs.
(12) and (14) in the two limiting cases. This re-
sult is in fact independent of the value of g,' „as
may be easily seen by solving Eq. (8) directly for
x„which will be linear in xI, and substituting into
Eq. (11) for D„„, where x, cancels out. We there-
fore conclude that the dissociative diffusion mech-
anism in particular and equilibria between defects
with equal numbers of Au atoms in general are
unable to explain the presently observed dehance-
ment of Au diffusion.

C. Equilibrium 2Au1 ~Au2

For the case of singlet-doub1. et equilibrium, Eq.
(6) becomes

x =c/i(xz-x, )", (16)

(11), we obtain

1 o 1/6
D D-(D D) e'2-~/" x'/ ~ '

Au 1 1 2 I
1 1

(14)

Similarly to case 1, we find b» from the slope of
D ~„as xI - 0, assuming &, +1:

1/61 1D, -D2 1 @o /~z 1

D1 a

(15)

Equation (15) is important since it shows the pos-
sibility of dehancements resulting for values of the
defect-impurity atom ratio &, such that 0«, + &.

In particular, the case of a linear dehancement
corresponds to ~, = &, which is associated with an
equilibrium between Au, and Au, defects, the
former being more stable at the temperature of
interest. For the more general equilibrium be-
tween Au, and Au„defects, we see from Eq. (14)
that the diffusivity behaves as xz" ' as xI -0. The
general case of Au equilibrium with Au„ is ob-
vious from Eq. (14) and will not be discussed. Pro-
ceeding as in case 1, we require S', , &0 for g,',
to be large and negative at high-T values, and the
two subcases are (H,', &0, S,', &0), which gives
~b»~ decreasing with increasing T, and (H2', &0,
S,', &0), which gives

~ b» ~
increasing with increas-

ing temperature.

where n, is a,e &-1 The solution for x, is
found from the quadratic equation and substituted
into Eq. (11) to give

4x, "D~„=D2+(D, —D, ) ' 1+ —1, (17)
+I ]

which may be expanded in the limit of small im-
purity concentration xI to give

D=D, + (,D, —D, ) (1 —~,—,+ )
xg 2xI 5xq

1 1 1

(18)

showing the specific relationship between a', and

b„, the linear impurity enhancement coefficient,
to be

(19)

Further, an examination of Eq. (17) shows that
all the temperature dependence resulting from the
equilibrium resides in o.„and may be removed
via the scaled variable c =4xl/n'„ to give

D„„=D,+(D, —D2)(2/c) [(I+c)'/2 —I] . (20)

The initial slope of D~„versus c is —1/4(D, —D,),
by comparison to Eq. (18).

V. INTERPRETATION

A. Dehancement data

It follows from Eqs. (14) and (15) that a singlet-
doublet equilibrium of the type described is a nec-
essary and sufficient condition for the production
of a linear diffusivity dehancement. The linearity
of ln(- b») vs 1/T, as described by the coefficients
of Eq. (4), is then in agreement with the predic-
tions of Eq. (19), which becomes

p (2p )
1/2 e222 y

/Br (21)

Values of H,', and S,', may then be extracted from
Eq. (4) by the use of Eq. (21) if values are assigned
to the model-dependent p's, the defect orientatiov
factors. This was done for two doublet models,
taken from the literature' "and listed in Table V.
The resultant values of H, , and S,', seem rea-
sonable by comparison to the corresponding val-
ues for vacancy formation, for which Leadbetter
et al "found H„= 13. .4 +3.0 kcal/mole and Feder
and Nowick" found H„= 11.3+2.3 kcal/mole and
S„=1.4 +4.0 cs.l/mole 'K.

An estimate of the doublet diffusivity was at-
tempted by fitting the data at each temperature to
the full form of Eq. (17). Values of D, were ob-
tained which mere less than 1o the magnitude of D,
and scattered equally between positive and nega-
tive values. Thus, to experimental accuracy,
D, =0, when compared to D„which is hardly sur-
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TABLE V. Standard Gibbs free-energy difference per Au atom between the Au singlet state
and the various other Au defect or precipitation states.

Second state
Enthalpy

(kcal/mole)
Entropy

(cal/mole 'K) Source

doublet
(i2-V triplet)

doubl. et
(Au-Au dimer)

triplet

quadrupet

AuPb3

4.52 + 0.08

4.52+ 0.08

11.9

11.9

16.9

1 20+021- OeI8

2.82+ 0.2- 0.14

13.3-13.6

6.7

21.3

vs 7

52) VS T

Diffusivity
during
precipitation

Diffusivity
during precipitation

Au solubility

prising, considering that some coordinated mech-
anism would be required for doublet diffusion.

A final test was made of the applicability of the
singlet-doublet equilibrium model to the present
system by making a plot of diffusivity versus re-
duced concentration of the sort suggested by Eq.
(20). If D, is negligible compared to D„we have

D„„/D, =2c '[(I+c)' ' —1], (22)

which has been plotted in Fig. 7 together with the
experimental diffusivity ratios. As required by
Eq. (19), the experimentally determined b» values
were used to scale the concentrations. Figure 7
reveals the curious fact that, while experiment
and theory agree up to values of c=0.2, the ex-
perimental points for values of c & 0.6 continue to
fall on a straight line of slope ——,', the value pre-
dicted by Eq. (22} as c-0. Beyond c=0.6, the
data points begin to deviate in the expected direc-
tion, but never so much as predicted.

The experimental situation, then, is that de-
hancements occur which are in excess of the
amounts predicted by a simple singlet-doublet
(SD) defect equilibrium model. This situation is
not relieved by postulating the presence of another
singlet-type defect, as for example in the equi-
libria substitutional —doublet —interstitial (SDI)
or doublet inter stitial-vacancy pair inter-
stitial (DPI}. This may be shown by a simple cal-
culation beginning with Eq. (6) or intuitively under-
stood by recalling that a singlet-singlet equilibrium
shows no dehancement and realizing that the three
defect cases will show behavior intermediate be-
tween the limiting cases in which the concentra-
tion of either the doublet or of one of the singlets
becomes zero. Thus both SDI and DPI dehance-
ments are smaller than in the pure-SD case,
which implies that Au substitutionals do not occur

to any appreciable extent in Pb.
A singlet —doublet —multiplet equilibrium

(SDM), on the other hand, is capable of producing
excessive dehancements. This may be seen by
considering the high-temperature limit where all
the impurity is essentially in the singlet state.
The doublet and multiplet concentrations are es-
sentially independent of each other and result in
additive decreases in D„„proportional respec-
tively to xz and xz ' [Eq. (14)]. An SDM equilib-
rium will therefore produce larger dehancements
than a simple SD equilibrium, as observed. Sec-
tion VB shows that the assumption of a multiple-
defect equilibrium will also resolve discrepancies
between the present work and that of RT.

B. Residual resistivity and Au precipitation results of RT

A comparison of the values of H,', and S,',
obtained from the dehancement work (Table V)
and from RT's Au residual-resistivity work [Eq.
(1)] shows them to be in sharp disagreement. The
enthalpies differ by a factor of 2 and the entropies
by a factor of at least 5, depending on the doublet
model chosen. The values from the dehancement
work are also incapable of describing the low-
temperature Au diffusivity found in RT's precip-
itation studies. This is shown in Fig. 1, where
D~„(T,X) has been determined from Eq. (17) for
an 0.105-at.% alloy, and plotted as D, , These
D,„(T,0.105) values lie substantially below the
high-temperature extrapolation of D~„(T, 0) but
are several order of magnitude above the precip-
itation results. Further, they show an incorrect
value of low-temperature limiting slope, about
13.4 kcal/mole instead of the observed 20.8 +0.6
kcal/mole. Finally, they cannot even reproduce
the low-temperature Seith and Etzold' results,
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which are definitely equilibrium measurements
and at far lower concentration values.

The precipitation result is describable by a
singlet-N-tuplet equilibrium model, for N ~ 2,
provided the proper values of H~, and S'„, are
chosen. We are now in the low-temperature high-
concentration regime where most of the Au is in
N-tuplets. This corresponds to case 1 of Sec. IVA
and, assuming D, =0 for simplicity, Eq. (12) be-
comes

(23)

where D„ the Au-singlet diffusivity, is given by
D', e "2 . An Arrhenius plot of D„„(T,xz) vs
1/T in this region will thus shown an effective
activation enthalpy of diffusion of H'=H, +H'„„
where we recall g'„,=H'„, —TS'„,. Thus, sub-
tracting the observed value of H, =8.9+0.1 kcal/

mole [Eq. (3)j from the value 20.8 +0.6 given
above, we obtain H„', =11.9+0.7 kcal/mole, in
remarkable agreement with the value in Eq. (1),
9 +2 kcal/mole. We may therefore conclude that
the precipitation and residual-resistivity results
are consistent with each other and mutually incon-
sistent with the dehancement results.

This inconsistency is readily removed, as sug-
gested in Sec. VA, by postulating the formation
of a higher-order Au defect. The values of gg
obtained from the precipitation and residual-re-
sistivity studies would now describe a different
equilibrium and not be expected to equal the values
of g, , obtained from the dehancement work. The
most likely defect might be an Au triplet, since
this could most easily be used to explain the ex-
cessive linearity of Fig. V. Quartets, however,
might also be a possibility.
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C. Defect standard free energies

The standard free-energy differences between
Au singlets and Au doublets was calculated in
Sec. VA and listed in Table V. Similarly, values
for g„', may be calculated from Eq. (12), using
HT's value for D„„(T,0.105) for xl ——0.105-at. /q Au:

(T 0 105) (45 cm2sec-1) +-20 ~ 8 kcal mole ~/Br

assuming D, =0 and making reasonable estimates
of a, . These values are also listed in Table V.
Finally, from the equilibrium solubility of Au at
high temperatures (AuPb, —Au, +3Pb), it is pos-
sible to calculate the standard free-energy dif-
ference between singlets and the AuPb3 phase.
The value listed in Table V was calculated from
values of Au solubility which were obtained from
BT. The standard free-energy differences between
the singlets and the N-tuplets and between the sin-
glets and AuPb, both seem unusually large, con-
sidering that the enthalpies of fusion and vapori-
zation of Pb are 1.14 and 46.8 keal mole ', re-
spectively, Rnd the associated entropies are 1.90
and 21.2 cal/mole 'K." The values given, how-
ever, do form a monotonic progression. Further
work on this point will be necessary.

VI. DISCUSSION

A. Interstitial defect considerations

The Hagg" rule of nonoverlapping atoms for
predicting the occurrence of interstitial solutions
has undergone several modifications as a result of
studies of the fast-diffusing systems. Observa-
tion of the interstitial dissolution of noble metals
in Pb lead Anthony and TurnbulP' to require only
that ion-core overlap not occur. Na in Pb satisfies
this criterion but mas found to dissolve substitu-
tionally, suggesting to Owens and Turnbull" that
a more satisfactory rule would be to require im-
purity atoms to fit into interstices defined by host
jogs. This is the criterion which me shall use in
considering possible defect structures for Au in
Pb.

Several factors suggest that the doublet and
multiplet Au structures may not be substitutional
structures. As discussed in See. VA, the high Au
diffusivity and Au dehancement indicate that simple
Au substitutionals do not seem to form in the sin-
glet-doublet equilibrium regime. This implies
a relative instability of the substitutionals which
presumably arises from the large difference in Pb
and Au atomic volumes. Such an inference is sup-
ported by density studies on Pb(Au) molten alloys
which show the Au to effectively contract some 14% in
volume. '6' This would correspond to a Pb-Au

separation of about 3.12 A, compared to the Gold-
schmidt separation of 3.19 A, and suggests the
existence of an even greater volume mismatch
than follows from a strict hard-sphere estimation.
Under these circumstances, if a single substitu-
tional is not particularly stable, then it is hard to
see why a disubstitutional or trisubstitutional
should be more so. Adding a vacancy to the defect
to form an S,- V or S,- V should not help, since the
effective positive charges on both the Au substitu-
tionals and on the vacancy mould repel each other.
The difficulty of inducing Au to precipitate" from
Pb further decreases the likelihood of small
ordered clusters of substitutional Pb and Au atoms
as defect candidates since such structures should
be readily extendible into precipitate particles.
Finally, the electron channeling results of Tom-
linson and Howie, " which were obtained in the
region of multiplet stability, appear to be incon-
sistent with the presence of Au substitutional
atoms.

On the other hand, several structures can be
conceived which are interstitial in nature and
satisfy the sRme modified Hagg criterion Rs does
the Au-singlet interstitial. %arburton and Turn-
bull considered two such defects in their discus-
sion of internal-friction effects in the Pb(noble
metal) systems. ' " These defects were substitu-
tionally sited dimers, and were constituted of
tmo atoms replacing a single host atom and are
clearly interstitial defects in the sense which
would be measured in a Simmons and Baluffi ex-
periment. It is important to recognize the in-
herently interstitial nature of these defects while
still differentiating them from such structures
as di-interstitials, where the impurity atoms
actually reside on or near interstitial sites in the
structure, as opposed to the substitutionally sited
dimers, whose atoms are near substitutional sites.

The Hagg criterion which should pertain in the
Pb(Au) system may be deduced by considering
the nearest-neighbor (nn) Pb-Au separation of a
single Au atom in an octahedral interstice. This
value, 2.4V A, is 0.15 A greater than the minimum
allowed under our criterion, 2.32A, which is the
sum of the neutral Au and Pb+ radii. Other sug-
gested defects should be tested against these val-
ues, and those exceeding the larger may be given
particularly serious attention.

Table VI reports the results of such examina-
tions for four substitutionally sited defects: a
PbAu dimer, an Au, dimer, an Au, trimer, and
an Au4 tetramer. In each case the indicated atoms
have replaced a single Pb host atom Rnd occupy
the resultant cube octahedral void. The defects
and surrounding Pb-atom configurations are shown
in Fig. 8. The Au atoms are considered to be
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TABLE VI. Interatomic distances between Pb and Au atoms for various defect configura-
tions. Since the radius of a Au atom is 1.44 A (1.87 L for Au+ ion) and the radius of a pb+

ion is 0.88 A, these distances shouM be compared to the minimal Au-pb" separationof 2.82 A.

(or 2.25 A for Au+~-Pb+4)

Displacement +n separation s
p„, number of
configurations

Octahedral
interstice

On lattice
site, axis
along (100)

On lattice
site, in
(111)plane

In (100)
plane

al.ong (100)

2.47

2.47 ~s (2.68

2.68

2.22

(100) atom: s =2.60,

other two: s =1.94

Off lattice
site b

On lattice
site

2.22 ~s ~ 2.51b

2.30

2.63 for (111) atom,

for others s-2 51

See Fig. 8 for orientation.
See text for comments.

close packed at their metallic radius. When a
simple translation of the defect increases the nn

Pb-Au separation, that translation and the sep-
arations achieved are also listed. The number of
defect orientations have been included in Table VI
for purposes of entropic calculations.

The nature of these displacements will be obvi-
ous from the descriptions in Table VI, with the
possible exception of the Au, trimer "off lattice
site, "which refers to configurations of the sort
which any three of the four Au~ tetramer atoms
may achieve. In the case of the substitutionally
sited PbAu dimer the maximum nn separation has
been estimated from the nn separations in the case
of the Au, dimer. Notice that the Au, tetramer
(111)displacement was continued until the Pb
atoms in the (111)plane and those directly below
are equidistant (2.51 A) from their nn Au atoms.

It is a striking feature of the four defects con-
sidered here that each 'has some configuration
whose nn Pb-Au separations are larger than those
of the single Au interstitial. Considered in terms
of the Hagg criterion, therefore, all should be
possible defect structures in the Pb(Au) system.
Since confirmation of the existence of such defects

would be extremely important to the development
of the alloy theory of such systems, ' we will
briefly consider what experimental techniques
might differentiate between these proposed inter-
stitial defects and the more traditional substitu-
tional defect structures.

B. Experimental detection of interstitial defects

Integral friction. Results from internal-friction
studies of the Pb(noble metal)" systems were in
fact the stimulus for the original development of
the substitutionally sited dimer concept. ' Although
these results have not yet been reproduced, '~'5

the technique should be suitable to the detection
of either AuPb or Au, dimers, since both should
have asymmetric strain fields. The substitution-
ally sited trimer and tetramer defects are more
nearly spherically symmetric and would thus be
harder to detect. This is a possible explanation
of Sagues and Nowick's failure to observe Au defect
peaks, " since their temperatures and Au con-
centrations would have placed them in the range
where HT observe diffusion to be multiplet con-
trolled.

@88$8fsvstp 1k', gg+Qggppggpgts. If the sensitivity of
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