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The self-diffusion coefficients of copper in copper-zinc alloys containing 0-4-at. % zinc have
been measured at 894.4 and 946.7'C. These results, together with the correlation factor for
the diffusion of zinc in copper as determined from measurements of the isotope effect, are
used to obtain the relative jump frequencies of the zinc atoms and the neighboring copper atoms
by means of the theory of Howard and Manning. The isotope effect for the diffusion of both
copper and zinc has been measured in 0.' —Cu-Zn alloys containing 4- and 30-at. % Zn, and in
ordered and disordered P—Cu-Zn. The results support Manning's theory of correlation effects
in concentrated alloys for those cases where the theory should be applicable (30-at. % Zn and
disordered P—Cu-Zn). The agreement is poorer for those cases where the theory is less ap-
plicable (4-at. % Zn and ordered P—Cu- Zn). The isotope effect for the diffusion of copper is
the same in ordered and in disordered P—Cu-Zn. This supports our earlier conclusion that the
Elcock-McCombie mechanism is not the dominant mechanism in ordered P-Cu-Zn when the
state of the order is described by $=0.7.

INTRODUCTION

The correlation factor f; for the diffusion of an

impurity in an otherwise pure metal can give de-
tailed information on the relative magnitudes of the
jump frequencies of the impurity and host atoms.
Experimental values of f; for diffusion in metals
can be obtained from measurements of the isotope
effect in diffusion'~ or from the effect of solute on
the self-diffusion of the solvent in dilute alloys. '
By combining the results of these two types of ex-
periments, the ratios of various atomic jump fre-
quencies about an impurity-vacancy pair can be ob-
tained. ' Such experiments and calculations were
described for the diffusion of zinc in silver in a
previous paper'; this paper presents similar re-
sults for the diffusion of zinc in copper.

Correlation effects in concentrated alloys are

more complicated than in dilute alloys; Manning
treated them using a rather simplified model. This
model is expected to give a more accurate descrip-
tion of correlation effects in concentrated alloys
than in dilute alloys, because vacancy binding to
the solute becomes more important in the latter.
We have attempted to test the range of validity of
Manning's theory of correlation effects in binary
alloys by measuring the isotope effect for the dif-
fusion of both copper and zinc in copper alloys con-
taining 4- and 30-at. % zinc, and of copper in an al-
loy containing 50-at. 'fa zinc in both the ordered and
disordered states. The results on the alloys con-
taining 50-at. /g zinc together with our previous re-
sults on the isotope eff ect for the diff usion of zinc
in the same alloy' allow us to draw qualitative con-
clusions about the mechanism of diffusion in P-Cu-
Zn.
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EXPERIMENTAL

The thin-layer geometry and lathe sectioning
were used. The isotope ratios were determined by
a half-life separation described in detail by the
authors elsewhere. '

Materials

Single crystals of copper or of P brass were
grown from 99. 999/o pure materials by the Bridg-
man method. The crystals containing 1-4- or
30-at.% zinc were grown by the strain-anneal meth-
od. Specimens 1 cm in diameter by 0. 8 cm long
were spark cut from the long single crystals, me-
chanically polished, etched, and given a preliminary
anneal near the melting point. The preliminary
anneal of the alloy crystals was done in capsules
containing turnings of the same composition as the
sample in order to eliminate the loss of zinc from
the sample surfaces. Only crystals found to be
good by metallographic and x-ray examination were
used,

Carrier-free 'Cu and high-specific-activity
'Zn were purchased from Oak Ridge National Lab-

oratory; Cu and 6 Zn were produced by neutron
irradiation of 99.999/o pure copper foil and en-,

riched 6 ZnO, respectively, No radioactive im-
purities could be detected in the plated tracers
with a multichannel analyzer and a Ge(Li) detector.
Counting of the Cu, VCu, and 9Zn over a period
of ten half-lives further substantiated the high ra-
diochemical purity of the tracers.

Diffusion Measurements

The copper or zinc radioisotopes were deposited
by electroplating. For the measurements of the
effect of zinc additions on the self-diffusion of cop-
per, each copper-zinc sample was plated with 'Cu

and sealed into a separate stainless-steel capsule
by electron-beam welding to eliminate transport of
zinc from one sample to another through the vapor
phase. The five stainless-steel capsules plus a
pure copper crystal plated with 'Zn were sealed
off in one quartz capsule and annealed simulta-
neously so that errors in the time and temperature
of the diffusion anneal would not enter into the de-
termination of the relative values of D. The tem-
perature difference over the six samples was less
than 1 C. For all the other diffusion measure-
ments, the plated samples were sealed off insmall
quartz capsules under a vacuum of better than 2

&&10 Torr and annealed for periods ranging from
4 to 40 h at temperatures measured to + 1 'C, in-

cluding calibration corrections. Time corrections
for heating and cooling of the specimen were ap-
plied to each diffusion anneal. After diffusion, the

cylindrical surfaces of the samples were turned
down to avoid surface diffusion effects, and about

Here A and A~ are the activities due to the iso-
topes n and P at time zero, and X and X& are the
decay constants which are calculated from the
above half-lives. Corrections accurate to 0. 1%
were made for counter dead time, background, and

counter drift. Null-effect experiments using the
same counter, isotope pairs, and technique showed
that the isotope ratio was independent of the count-
ing rate. '

RESULTS

Effect of Zn on the Diffusion of Cu in Cu-Zn Alloys

The mathematical solution of the diffusion equa-
tion for the boundary conditions used in our experi-
ments is

X /4Dt (2)

where C is the specific activity in a section whose
center is X cm from the original surface, t is the

annealing time, and K is a constant. Figure 1

shows that the penetration plots for the diffusion of

20 sections were cut on a lathe. The chips were
brushed into tared bottles, and the section thick-
nesses were determined from the section weights
and the density and diameter of the samples. Care-
ful brushing kept the weight losses to less than
0. 5%. The chips were dissolved in 1 ml of HNO,
and counted in a well-type scintillation counter.
Each section was counted to a minimum of 10
counts over background. After enough sections
had been removed for the penetrationplots, several
additional sections were taken for analyses of the
zinc content

Isotope Effect Measurements

A mixture of ' Cu (t&2 = 12. 74 h) and 6~Cu (f~,
=62. 21 h), or of 'Zn (fez=245 days) and 6'Zn(f&~
= 13. 8 h) was electroplated onto the sample sur-
faces. The same techniques were used for the dif-
fusion anneals and sectioning as in the diffusion
measurements; however, instead of counting each
section once to 10 counts above background, each
section was counted to 10 counts at least six times
in the 72 h directly following the sectioning.

Total y radiation A above a lower-level discrim-
inator was counted, "Hot" sections were diluted
to an activity of 5x 10' counts/min; the volume to
be counted was kept constant. This procedure was
used to avoid changes in the gain of the photomul-
tiplier tube, and to keep the uncertainty of thedead-
time correction to less than 0. 1/o. The ratio of
the activities of the two isotopes o. and P ( 'Cu and

Cu or 65Zn and 6 Zn) was determined by fitting
these counting data to the time elapsed from an ar-
bitrary zero time:

A=A e"' A e"'
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FIG. 1. Log specific activity versus penetration dis-
tance squared for the diffusion of Cu in pure copper
and copper-zinc alloys and for the diffusion of Zn in
pure copper at 946.7 'C.
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TABLE I. Effect of zinc on self-diffusion in copper.

894.4 'C
Tracer Cz (at. %) D(10 cm /sec)

946.7 'C
D(10 cm /sec)

65',
67cu

0
0

0.62
1.09
2.17
2.68
2.99
4.06
4.13

9.66
2.71
2.81

3.12
3.23

3.71

22.7
6.70

7.42

8.33

9.23

'Cu in Cu-Zn alloys and 'Zn in pure copper at
946. 7 'C do obey Eq. (2). The values of D from
this run and a similar run at 894. 4 'C (Table I)
vary linearly with zinc concentration (Fig, 2) as
predicted by theory, except the value of Dc„from
the 4%-zinc alloy at 894. 4 'C. Solute-solute inter-
actions are apparently significant at this tempera-
ture and concentration, so this point was not con-
sidered when drawing the lines in Fig. 2. The
temperatures of these experiments were close to
those used in the measurements of the isotope ef-
fect for the diffusion of zinc in pure copper (894. 5

FIG. 2. Diffusion coefficients of Cu in copper-zinc
alloys versus zinc concentration for diffusion at 894.4
and 946.7 'C.

and 946. 4 'C). The values of Dz, and Dc„in pure
copper agree within I%%uo with our previously pub-
lished values~' as well as with those of other work-

9, 10

Isotope Effect for the Diffusion of
Copper and Zinc in Cu-Zn Alloys

If Eq. (2) is written for the simultaneous diffu-
sion of isotopes n and P, one obtains

In(C~/C& )=const —(lnC )[(D /Da) —1] . (3)

The plots of ln(C /Cz) versus lnC for the copper
isotopes (Fig. 3) and zinc isotopes (Fig. 4) obey
Eq. (3). The error bars in Figs. 3 and 4 are the
standard errors of In(C~/Cz) calculated from a
linear least-squares fit to Eq. (1). The values of
[(D~/Dz) —1] obtained from the slopes of these
plots, and their standard errors, are listed in Ta-
ble II together with our previous results on the
zinc isotope effect in pure copper and in P —Cu-
Zn and the copper isotope effect in pure copper.
The penetration ylots from the isotope effect ex-
periments were also linear over a factor of 10' in
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vent atoms that are also neighbors of the impurity;
&, is the frequency of vacancy jumps that dissoci-
ate the impurity-vacancy pair; and era is the im-
purity-vacancy exchange rate. The term I' is a
function of the ratio 1d,/1d2, where v, is the fre-
quency of the association jump (reverse of a &u3

jump), and &d2 is the frequency of solvent-vacancy
exchanges in the pure solvent crystal.

The relation between f, and the effect of solute
on self-diffusion of the solvent, as derived by Lid-
iard, ' is given by the equations

D, (C) =D, (0)(1+bC),

& l I I I I I I I I I I I I I I I I I I

Ln C67

FIG. 3. ln(C67/Ce&) versus lnC6& for the diffusion of
copper in copper-zinc alloys. Each division on the
ordinate is 0.01. Each division on the abscissa is 0.5.

4fo
b+ 18 D, (0)

for diffusion in fcc alloys. Here D,(0) is the self-
diffusion coefficient in the pure solvent; D, (C) is
the diffusion coefficient of the solvent in a dilute
binary alloy containing atomic fraction C of solute;
D& is the impurity diffusion coefficient in the pure
solvent; fo is the correlation factor for self-diffu-
sion in the pure solvent; and b is a constant of pro-

portionalityy,

The correlation factor f& can also be determined
from measurements of the isotope effect for the
diffusion of the impurity and of the solvent in the

specific activity and were as good as those in Fig.
1.

The isotope effect is related to the correlation
fa,ctor by the equation ' '

I I I I I I I I I I I I

95.8'C—

(D./D, ) —I
(m, /m„)"'—I.

(4)

where D and m are the diffusion coefficients and
masses of two isotopes n and P of the same ele-
ment, and AK is the fraction of the kinetic energy
of the saddle-point configuration —associated with
motion in the diffusion direction —that is possessed
by the diffusing atom The va. lues of f~, calcu-
lated from the experimental values of [(D,/D2) —1]
by means of Eq. (4), are also listed in Table II.

DISCUSSION

Effect of Zinc on the Diffusion of Copper in Cu-Zn Alloys

96.7 C

The effect of solute on the self-diffusion coeffi-
cient of the solvent in dilute alloys can provide in-
formation about the correlation factor f, for im-
purity diffusion in the pure solvent. For impurity
diffusion in the fcc lattice, f, is given by"

f1 (1111+ 2 +1d3)/(~1+~2+ 2 +213)

Here co, is the rate of exchange of a vacancy neigh-
boring an impurity atom with any of the four sol-

Ln C65

FIG. 4. 1n(C6&/C~~) versus lnC65 for the diffusion of
zinc in copper-zinc alloys. Each division on the ordinate
is 0.01. Each division on the abscissa is 0.5.
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TABLE II. Isotope effect results.

Isotopes

64cu 67cu

65zn3 69zn

Cz„(at.%)

0
3.6

29.8
46.2
46.8

0
0
4.89

30.6
49.0
47.2

Temp. ('C)

894—1061
896.4
892.9
562.6
409.9

894.5
946.4
896.7
895.8
560.3
410.6

D (cm /sec)

3.75 x 10
4.31 x 10
] 7p x]p-8

1.77 x lp ~p

9.75xlp ~p

2.27xlp '
1.31xlp ~

1.67xlp 8

4.46 x 10-'
4.38 x 10

(D /D, ) -1'
0.0155 + 0.000 32
0.0158+0.000 17
0.0143 + 0.000 20
0.0074 + 0.000 20
0.0074 + 0.000 23

0.0123 + 0.0001
0.0124 + 0.0003
0.0118+ 0.000 29
0.0135 + 0.000 25
0.0074 + 0.0002
0.0061+0.0003

0.684+0.014 (Ref. 8)
0.699+0.007
0.632+0.009
0.325 + 0.009
0.325 + 0.010

0.41 (Ref. 7)
0.41 (Ref. 7)
0.389 + 0.010
0.446 + 0.008
0.24 (Ref. 7)
0.20 (Ref. 7)

~For Zn tracers, (D65/D69) —1 is listed; for Cu tracers, 1 —(D6&/D64) is listed.

pure solvent. The first gives f; hK, and the sec-
ond gives AE, which is assumed to be the same
for solute and solvent.

We have used both techniques to measure f; for
the diffusion of zinc in copper. We have obtained
values of b and f& (Lidiard) from the plots of Fig.
2, and of f; (ISO) from our values of the isotope ef-
fect for the diffusion of zine and of copper in cop-
per (Table III)." The difference between f, (Lidi-.
ard) and f; (ISO), 25%, is much larger than the esti-
mated maximum errors of 4% in f, (Lidiard) and

f, (ISO). The difference is also much larger in the
present ease than it is for the diffusion of zinc in
silver.

In arriving at Eq. (I), Lidiard has assumed that
all solvent jumps occur with a correlation factor
f, . Howard and Manning' have removed this as-
sumption and found that for a given set of values of
D, , D, (0), and b there is a, range of possible val-
ues of f, , and that unique values of e4/(00 (03/(0$,
and +3/&o, correspond to each value of f, . Using
the values of b, D, /D, (0), and f, (ISO) in Table III,
Manning' obtained results for zinc diffusiov in cop-
per, which are listed in Table IV.

The apparent temperature dependence of these
jump frequencies should not be taken seriously
since they are very sensitive to the value of f;; in-
creasing f, (ISO) by 0. 01 decreases ~, /~, by 5%,
and ~3/~, and ~3/&u, by 15/o each, Thus we know
the jump-frequency ratios only to 30%, even though
we measure the relative diffusion coefficient of

Zn and Zn to within 0. 03%. Nevertheless, the
jump-frequency ratios are of the expected magni-

e-Hg /R T
i i (8)

we may write

—aa~lar (9)

where d H& is the difference between the activation
energies for co, and +o jumps. LeClaire calculated
values of v3/vo and n HJ, and assumed that v, =v,
= v4= vo. We have used his calculated values of
n. H, and v3/vo and our experimental values of the
jump-frequency ratios for diffusion at 946. 7 C to
obtain v, /vo=0. 8, v3/vo=0. 6, and v4/vo= 1.2.
These results are in fair agreement with the value
of unity assumed by LeClaire.

tude. Since zinc diffuses faster than copper in cop-
per, &ua/&o, is expected to be greater than unity.
Similarly, since zinc is an electropositive impurity
in copper and hence isbelievedto attractvacancies,
we expect &u4/mo to be greater than unity.

The present results'are in fair agreement with
LeClaire's calculations" of f, and b based on the
screened electrostatic interaction between vacan-
cies and impurities. He obtained b = 8. 2 and f,
=0. 55 for the diffusion of zine in copper at 727 'C.
Extending the calculation to include &4 jumps low-
ers f; to 0. 49, and improves the agreement be-
tween theory and experiment.

The same theory has been used by LeClaire to
calculate the values of the jump-frequency ratios.
Since the jump frequencies depend exponentially
on the temperature,

TABLE III. Correlation factors for the diffusion of
zinc in copper.

TABLE 1V. Jump frequency ratios of a vacancy near
a zinc atom in copper.

T ('c)

894.4
946.7

7.23
8.78

3.56
3.39

0.56
0.60

0.47
0.47

D;/D (0) f; (Lidiard) f; (ISO) r ('C)

894.4
946.7

634/M p

1.2
1.5

0.5
0.9

2.5
3.6
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~ = +~&~+&a&a (10)

where N„and N~ are the molar fractions of A and
B. Although this may be an acceptable model in
random alloys with composition near 50-50, the
assumptions become less realistic in dilute alloys
where solute-vacancy interaction can become more
important.

In this model, the correlation factor f„for dif-
fusion of A atoms in a random A-B alloy is~

(M 0+ 2)(N&D& + N&DI) —2Dg
(Mp+ 2)(N~D~ +Ns Dg)

where Mo is a constant equal to 7. 15 for the fcc
lattice and 5. 33 for the bcc lattice. The equation
for fs is similar, with —2D„replaced by —2Ds.

A direct comparison between the correlation fac-
tors calculated from Eq. (11)and the isotope-effect
results cannot be made because we do not know ddsc.

However, the ratio f„/f~calculated from measured
values of D„and DI, can be compared to the ratio
(f&K)„/(f&K)s if one assumes that AK„=LKs,
an assumption that should be valid within theframe-
work of Manning' s model. For the purposes of
this comparison, the values of Dc„were corrected
to the temperatures and compositions used to mea-
sure Dz, (see Table II). The compositional depen-
dence of Dc„from Table I and the temperature de-
pendence of Dc„reported by Hino et al. ' for the

Isotope Effects for e- Cu-Zn

The isotope effect for diffusion in Q. -Cu-Zn is
discussed in terms of Manning's theory, e which
treats correlation effects for diffusion in binary al-
loys as follows. He assumes that vacancy ex-
changes with tracer atoms A and B occur with jump
frequencies u„and &~ independently of the config-
uration of the surrounding atoms, and that all va-
cancy exchanges with nontracer atoms occur with
an average frequency 5'given by

30%-zinc alloys were used for the correction. The
corrections were small (12% or less) and are be-
lieved to be accurate to 2%.

The agreement between f„/f~ calculated from
Eq. (11) and (fdK)„/(fEK)s (Table V) is good
for the alloy with 30-at. /0 zinc but is outside the
range of errors at the 4-at. /0 zinc concentration.
This disagreement is expected in dilute alloys be-
cause the binding of the solute to vacancies be-
comes important and the assumptions inherent in
Eq. (10) are not valid.

If the agreement between the experimental and
theoretical ratios of the correlation factors im-
plies that the values of fz, and fc„from Eq. (11)
are correct, then 4Kz„=4Ec„=0. 76 + 0. 03 in a
copper-30-at. /q zinc alloy, i. e. , alloying with
zinc decreases 4K.
fr K for the diffusion of copper and of zinc is the

same within experimental error in pure copper as
it is in the 4-at. /q zinc alloy. This indicates that
solute-solute interactions perturb the correlation
factors less than they do the diffusion coefficient
of the solute, as discussed above.

Isotope Effects for P —Cu-Zn

The P phase of the Cu-Zn system has a disor-
dered bcc structure at high temperatures that be-
comes ordered with the CsCl structure at lower
temperatures. If diffusion in the disordered alloy
takes place by nearly random vacancy motion, and
diffusion in the ordered alloy occurs by the highly
correlated Elcock-McCombie mechanism, ' the
isotope effect should be appreciably larger for the
disordered structure than for the ordered structure.
Nevertheless, our previous measurements of the
isotope effect for the diffusion of zinc in ordered
and disordered P-Cu-Zn showed only a small dif-
ference in f r K between the two states of order.
We concluded that the sequences of atomic jumps

TABLE V. Correlation factors in Cu-Zn alloys. The quoted error on fz„/fo, is the range that results from errors
of + 5% in Dz, and Dc„. The error limits on (f&E') zI/(f&E) cti cover the range allowed by the Probable errors listed in
Table II.

r ('c)

896.7

895.8

560.3

410.6

Cz„{at.%)

4.89

30.6

49.0

47.2

Corrected
D(cm /sec)

zn=1 31x10
Dc„=4.05 x 10

Dzn ——1.67 x 10
Dc = 4.84 x 10

Dzn =4.46 x 10-8

Dc = .88x10

Dzn = 4,38 x 10
Dc„——1.80 x 10

0.456+ 0.050

0.650 + 0.025

0.732 +0.023

0.721 +0.023

(f~z„/(f~e.
„

0.557 + 0.020

0.706 + 0.023

0.738 + 0.035

0.615 + 0.050
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in the ordered and disordered alloys are similar
and that the Elcock-McCombie mechanism is not
the dominant mechanism.

The present measurements of the isotope effect
for the diffusion of copper in ordered and disor-
dered P-Cu-Zn (Table II) are very similar to our
results for the diffusion of zinc. The moderately
large value of 0. 325 obtained for f r K in both
states of order leads to the conclusion stated in
the preceding paragraph. It should be noted that
at the lowest temperature where D is large enough
to allow a copper isotope-effect experiment to be
done (-410 'C). the order in Cu-Zn is far from
perfect (S =0. I). Thus, it is not surprising that
Elcock-McCombie loops are not dominant at 410 'C
because these loops are a very inefficient means
of transport, and with S= 0. 7 these loops are not
required, since approximately 4 of the atoms have
at least one "wrong" neighbor.

The results on the isotope effect for the diffusion
of copper in P—Cu-Zn do allow us to say something
about the diffusion mechanism that could not be
said on the basis of the zinc measurements only.
As in the preceding section, we can compare the
ratio f„/fs based on the theory of diffusion by the
vacancy mechanism in a random alloy to the mea-
sured ratio (f n. E)„/(fnA)s. Again, the values
of D~„were corrected to the temperatures and
compositions used to measure Dz, , using the data
of Kuper et al. '

The agreement between these ratios (Table V) is
excellent for the disordered state, but is outside
the range of errors for the ordered structure.
Again, it is. not surprising to find disagreement be-
tween a result based on a model of a random alloy
and an experimental result obtained on an ordered
alloy. The agreement of the ratios for disordered
P—Cu-Zn implies that diffusion in this material
occurs by the vacancy mechanism. Ordering of
the alloy causes the motion of the zinc atoms to
become slightly more correlated at 410 'C than
they are in the disordered state, but not as highly
correlated as expected for the Elcock-McCombie
mechanism.

If the values of fa, and fc„from Eq. (11) are
correct, we obtain 4Ez, =~Ec„=0.39+0.01 in
disordered P-Cu-Zn. This value is low for diffu-
sion by the vacancy mechanism even in a bcc met-
al (hK for pure sodium is 0. 5)." However, if we
extend the decrease in AE, observed between pure
copper and the 30- to the 50-at. % Zn alloy, we ob-
tain DE=0. 40 for P-Cu-Zn based on ~E=O. 5 for
the pure material. Thus, ~E= 0. 39 in disordered
P—Cu-Zn does not seem unreasonable for diffusion
by the vacancy mechanism.

SUMMARY

The correlation factor for the diffusion of zinc
in copper as determined from measurements of the
isotope effect has been compared with measure-
ments of the effect of solute additions on self-diffu-
sion. The values of f;, b, and D,. /D, (0) are con-
sistent with the theory of Howard and Manning.
Fair agreement with the theories of Lidiard and
LeClaire is also obtained.

Manning's theory of correlation effects for dif-
fusion by the vacancy mechanism in concentrated
alloys provides values of f~„/fo„in good agreement
with the experimental values of (fAK)~, /(f AA')c„
in those cases where the theory should be applica-
ble (30-at.% Zn and disordered P-Cu-Zn). The
agreement with experiment is poorer in those cas-
es where the theory is less applicable (4-at. .% Zn
and ordered P-Cu-Zn).

The equality of the isotope effect for the diffusion
of copper in ordered and disordered P—Cu-Zn sup-
ports our earlier conclusion that the Elcock-Mc-
Combie mechanism is not the dominant mechanism
in ordered P—Cu-Zn when the state of the order is
described by S =0. 7.
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Measurements are presented of the resistivity of a number of AuFe alloys with concentra-
tions varying from 0.002- to 2- at. % Fe in the temperature range 0.45-40'K. Very dilute
AuFe alloys have already been found to obey an equation due to Hamann. The more concen-
trated alloys studied here show departures from Hamann's equation due to interactions be-
tween the impurities, and these have been taken into account by assuming that they modify the
Hamann equation by a factor (1 —y'/T +4'/T ). It is found that for concentrations greater
than 0.Ol-at. % Fe, the spin resistivity no longer increases linearly with concentration; it is
suggested that this is due to correlations between partially formed spin-compensated states.
It is also found that the internal field distribution in AuFe alloys can be approximated by a
Gaussian. In the most concentrated alloys, the low-temperature resistivity varies linearly
with temperature with a slope which is independent of concentration, in agreement with the-
oretical prediction.

I. INTRODUCTION

In a previous paper, ' hereafter referred to as I,
measurements were presented of the electrical
resistivity of some AuFe, CuFe, and CuAuFe al-
loys between Q. 45 and 3QQ 'K. From these mea-
surements, it was possible to determine Kondo
temperatures and find temperature and concentra-
tion dependences of the resistivity, so that the
theoretical predictions of various authors could be
tested. ' In this paper the resistivity of the AuFe
system is studied to higher concentrations, and
the results are analyzed by taking into account the
effect of interactions between impurities.

Most of the theoretical work on dilute magnetic
alloys assumes that the alloys are sufficiently
dilute to neglect interactions between the impur-
ities. However, in practice, a long-range mag-
netic ordering occurs through the Ruderman-
Kittel- Yosida (RKY) interaction and this suppres-
ses the spin scattering and can give rise to a
resistance maximum. The problem of interactions
between impurities in a random alloy has been
treated by Marshall' and by Klein and Brout'. in
terms of a probability distribution of internal
fields. The impurities are assumed to be sub-
jected to effective fields; the value of these fields
can be described by a, continuous probability distri-
bution function P(H). They showed that the P(H)

curve is symmetrical about II= Q with a finite
probability P(0) of having a zero field, which is
inversely proportional to the concentration of im-
purities.

An early pre-Kondo attempt to account for the
resistance maximum is due to Yosida, ' who cal-
culated the resistivity to second order in pertur-
betion theory. At very high temperatures the
resistivity is proportional to JRS(S+1), of which
two-thirds comes from spin-flip scattering. At
absolute zero the resistivity is proportional to
8 8, the spin-flip scattering freezing out and
making no contribution.

More recently, Silverstein put forward a theory
in which he showed that the Kondo expression for
the spin resistivity is modified by a factor due to
the internal field distribution. In the low-concen-
tration limit he made a moment expansion in even
powers of H/T and showed that the concentration
dependence of the temperature of the resistance
maximum depended on the form used for the dis-
tribution of internal fields.

Abrikosov calculated the resistivity due to tran-
sition-metal impurities by developing a special
quantum-field-theory technique for the spin system.
He extended his calculations to consider the effect
of a unique internal field and found that his orig-
inal expression was modified by a factor due to the
field, this factor having a form similar to that


