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Deviations from Matthiessen s rule (which states that the electrical-resistivity contributions of two

diFerent types of scatterers in a metal are additive) occur generally. This paper concerns itself with the
deviations arising from relatively simple scatterers: by point defects (vacancies and interstitials) created

by electron irradiation and by phonons. Flexibility in the control of point-defect concentration is the

major experimental feature of the work. Deviations from Matthiessen's rule in pure copper were studied

over as wide a temperature range as possible, commensurate with the irradiation and annealing schedule

used. In particular, the deviations were studied as eFected by recovery in the first three major defect

annealing stages. %hen analyzing effects due to stage-I annealing, damage was produced by irradiation

at 4'K; in stages II and III, damage was produced at 4 and at 80'K. In all cases, the electron energy

was 1.5 MeV. The deviations were analyzed by considering two deviation-producing mechanisms: the
"two-band" model and changes in the temperature-dependent part of the electrical resistivity. At low

temperatures (below 35'K) the two-band form explains the data when separate temperature dependences

for scattering of neck and belly electrons are taken into account. Contributions due to changes in the

temperature-dependent part of the electrical resisitivity appeared to play no substantial part. In the
stage-II region the deviations arising from irradiation at 4'K and irradiation at 80'K were of a similar

form, indicating that the nature of the irradiation-induced scatterers in both cases were essentially the
same. This may be explained by showing that the interstitials in either ease existed as clusters —in the
80'K case, nucleated on impurity traps and, in the 4'K case, self-nucleated. In the stage-III region,

contributions to the deviation from changes in the temperature-dependent part of the electrical

resisitivity were quite large. Similarities between the deviations here and those arising in the
neutron-irradiated copper without stage-III annealing give support to the model that the mobile defect

in stage III is the vacancy.

I. INTRODUCTION

Electrical resistivity in metals is caused by
scattering of conduction electrons by phonons, im-
purities, point defects, dislocations, grain boun-

daries, external surfaces, etc. If two different
types of scatterers separately generate resistiv-
ities p, and pa, then Mattheissen's Rule' (MR)
states that the total resistivity p(1, 2) should be
given by

p(I, 2) = pg+ pp

MR may hold if the different scattering centers
do not interact with one another, if the electrons
are scattered elastically and isotropically, and if
the Fermi surface is spherical. In general, these
conditions are not met, giving rise to a deviation
4 from MR:

&(I,2) -=p(I, 2) - p, - p, .
Some main sources for deviations from MR are:
(i) Different anisotrofnes in the scattering be-

havior of the conduction electrons at different kinds
of scatterers.

(ii) Interaction among the scattering centers.
Interactions between phonons and static defects
are of special importance. If the defects change
the spectrum of lattice vibrations, they also change
the phonon-induced resistivity. Also, the thermal

excitation of the lattice vibrations might alter the
effective scattering cross section of the defects,
giving rise to a temperature dependence of the
defect contribution to the electrical resistivity.

(iii) Inhomogeneities in the local distribution of

the scattering centers in the sample over regions
large compared to the mean free path of the elec-
tron. Such a situation would correspond to a par-
tial shunting of the electron paths in the sample.
The introduction of a second type of scatterer in
random distribution removes this shunt and raises
the resistivity contribution of the first type of scat-
ter ers.

There are a few other sources of deviations from
MR discussed in the literature. These are elec-
tron-electron interaction and phonon drag, a altera-
tion of the Fermi surface and of the effective num-

ber of conduction electrons by phonons or defects,
and inelasticity of the electron scattering atphonons
and defects "-'

There have been many papers published about
deviations from MR since the early investigations
by Kohlel and by Sondhelmer and Wilson. ]VJost

of the experimental investigations reported have
dealt with the temperature dependence of 6 in al-
loyed samples, or samples that have been irradiat-
ed or cold worked. 3 Until recently there has
been a lack of any quantitative explanations of the
phenomena, although there has been some qualita-
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tive success with a "two-band" model. " Lately,
Lengelex et a/. have published investigations
studying deviations from MR in copper due to a
variety of combinations of scatterers: gold im-
purities and phonons, nickel impurities and phonons,
defects produced by cold work and phonons, de-
fects produced by cold work, and point defects.
Lengeler et a$. report good quantitati. ve agreement
with theory using the two-band model among this
host of scatterexs.

Intr oducing defects through radiation damage pro-
vides an excellent way for studying deviations
from MR. Most investigations of deviations from
MR in alloys suffer from large sources of error
caused by small errors in the geometrical factors
of the samples studied. Radiation damage does
not sufferfrom this problem since p(T) canbemea-
sured for the same sample prior and subsequent to
bombardment; the geometry of the sample remain-
ing nearly constant. Electron irradiation is par-
ticularly attxactive since it produces defects with
much simpler structure than neutron damage or
bombardment with positive ions. The doping (i. e. ,
the fluence) is also easily varied by this method.
A potential disadvantage, however, is a limitation
to relatively low concentrations as compared to
those produced by alloying.

Radiation damage in Cu anneals out" with in-
creasing temperature in several well-defined
stages. Stage I, occurring from 10 to 50 'K, is
composed of a number of substages attributed to
close-pair annihilation, correlated diffusion of
interstitials to vacancies, and free migration of
intexstitials to more distant vancancies in the lat-
tice and to other possible sinks or traps (e.g. ,
impurities, dislocations, etc. ). Approximately
85/p of the damage anneals out in stage I in elec-
tron-bombarded Cu~ less ln Qeu'tx'OQ ox' posltlve-
ion bombardment.

Stage II, occurring from 50 to about 250 'K, is
much more gradual and is generally attributed to
release of interstitials from impurity traps; the
amount of annealing in this stage is found to be
very depeDdent OQ the sample purity. Stage III
occurs from approximately 250 to 330 'K, depen-
dent on fluence (i.e. , defect density). Its inter-
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FIG. 1. Schematic representation of the two-band-
model for the neck and belly electrons in copper con-
taining phonons and defects as scatterers.

pretation is a subject of controversy. Recovery is
approximately 98% complete after stage III.

The following studies were preformed in this
work:

(a) deviations from MR caused by phonons and
defects introduced by radiation damage in the stage
I region of Cu; (b) deviations from MR due to

I
phonons and defects introduced by radiation dam-

; age produced at both 4 and 80 'K, foUowed by re-
,
covery in the stage II region of Cu; (c) deviations

;from MR caused by phonons and defects introduced
by radiation damage produced at both 4 and 80 K,
followed by recovery in the stage ID region of Cu.

II. THEORY

In the most detailed paper to date, that by Lenge-
ler et aE. , the data are explained by considering
two contx'lbutloDS to devlatloQS from MB, :

(i) deviations due to different anisotropies in the
scattering behavior of the electrons at different
scattering centers; (ii) deviations caused by the
influence of the defects on the temperature-depen-
dent part of the electrical resistivity. These two
separate sources for deviation will be discussed
and their additivity assumed: 6 = 6, + A2.

:A. Deviations due to different anisotropies in
scattering behavior of conduction electrons

Sondheimer and Wilson' were the first to show
that, if the conduction electrons in a metal exist in
two dlstlnct groups ox' bands, aDd eveQ lf MR ls
assumed to hold within each band, then deviations
from MR exist. This gives rise to the two-band
model, The two bands in Cu are associated with
the anisotropy of the Fermi surface: an almost
spherical belly (band I) with protrusions (necks)
(band 2) in the (ill) directions touching the Bril-
louin-zone boundary. The electrons in the region
of the necks have mainly p-like character, while
those in the vicinity of the bellies are 8 Uke.
Hence, one would expect the belly electrons to have
their greatest density at lattice sites while the neck
electrons would move preferentially between the
ion cores. Thus, a defect in a lattice site with a
strongly 1ocalized potential would scatter mainly
belly electrons; an interstitial-type defect would
scatter mainly neck electrons. The total electrical
conductivity 0. is the sum of the conductivity due
to each band so that the two bands may be consid-
ered as acting in the fashion of paxallel resistors.

If consideration is now restricted to two partic-
ular scatterers, phonons and some other defect,
and assuming MR holds in each band, the problem
can be considered schematically as shown in Fig.
1." Here the total phonon-induced resistivity p~
and the total resistivity due to defects p„are given
by
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PT = PNTPBT/(PNT+ PB )

Pd PNdPB4/(PNd + PBd)
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In the simplest account of MR deviation, p~ is
taken to be a function of temperature and p„ is
taken independent of temperature. The deviation
h, defined [as in Eq. (2)] by b=p(T) —pT —p„,
where p(T) is the total resistivity at temperature
T, can be shown to be given by

0.2

O. I

cm)

~PPTP4 (y, y,-)'p p,
&pT+ Ppd yd(1+yT)'pT+yT(1+yd)'pd

where

yT: PBTI—PNT = oNT/oBT yd Nd/ Bd

(4)
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0 50 100 1 50 200 250 300
PT(JO Qcm)

FIG. 3. Theoretical predictions of the two-band model
for 6/pz as a function of p~.

are the ratios of the resistivities (or conductiv-
ities) in the neck and belly bands, and
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FIG. 2. Variation of fz =—0~+/0'~z (conductivity ratio
for scattering of neck and belly electrons at phonons) for
copper with temperature.

~ = (yT yd)'/—yT(1+ yd)', 0= (yT y, )'/y4(—1 + y, )'.
(6)

Note that this model assumes no intexband scatter-
ing and that MR holds in each band. If a relaxa-
tion time can be defined for each point of the Fermi
surface, the following relation holds '.

y = o'N/OB= SNv 'NTN/SBv BTB,

where $~, v„, 7.„are the area, the mean Fermi
velocity, and the mean relaxation time for the
neck. ' S~, n~, v~ are the corresponding values
for the belly band.

In the above equations, y„should reflect the
scattering potential of the defect and thus should
be essentially temperature independent. y~ should
be dependent on the phonon spectrum of the host lat-
tice and thus would be expected to be temperature-
dependent in the following manner. The relaxation
time for belly electrons scattered by phonons in-
creases with decreasing temperature because the
average wave vector of the phonons decreases and

umklapp processes die out. Thus the belly elec-
trons suffer mainly only smaIl-angle scatterings.
For the neck electrons, the proximity of the Bril-
louin-zone boundaries prevents umklapp processes

from dying out, even at very low temperatures.
Therefore, the ratio TN/TB will be small at very
low temperature. (We return to the actual tem-
perature below )In .contrast, at hightemperatures
there are a large number of phonons with large
wave vectors so the scattering will be almost the
same for neck and belly electrons.

Lengeler et a/. found the values for y~ as a
function of T shown by the dashed line in Fig. 2.
Two values theoretically predicted by Ziman are
also plotted.

From Eq. (4) we have

~/PT = ~PP4/(o'PT+ Ppd),

and for low T, p„» p~,

a/PT = n

Also, for high T, p~» p„,

&/Pd = P = (y, y, )'/y4(1—+ y, )'. (10)

If yT is known, as from Lengeler et a/. , Eq. (10)
can be solved for y„. One obtains a quadratic equa-
tion giving two solutions for y„. In general, one
finds one value of y„&y~ and one value for y„&y~.
A theoretical prediction of 6, as a function of p~
is shown in Fig. 3. The y~ values used are those
reported by Lengeler et a/. Note the peak effect
present in curve 1 which decreases with increas-

J
ing dose as shown in curve 2. Note also that in
curve 3, where yd&yT, the behavior of b/pd as a
function of p~ is dramatically diff erent although
the same saturation value, given by P, is obtained.

Some authors, "' ' in explaining deviations from
MR due to cold work and phonons, and neutron-
radiation damage and phonons, have taken the case
of y~ less than y~ to obtain values for y~. Yet their
experimental observations indicate sharp rises in

g/pd towards a maximum with pT, in contrast to
curve 3. This choice of the solution for y„must
be incorrect if the two-band model is to be credited
as the major source of the deviations for MR.
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A detailed investigation of this mechanism has
been published by Eagan et a/. They find this
deviation, b,„by calculating transition probabil-
ities in the first Born approximation using van
Hove scattering correlation functions under the
following assumptions: (a) the electrons are as-
sumed free; (b) the defects do not alter the elec-
tron density of states; (c) only monatomic metals
with cubic symmetry are considered; (d) nonmag-
netic impurities or defects are statistically dis-
tributed in the lattice with a small concentration
c; (e) oscillations of the real and perturbed lattice
are considered in the harmonic approximation;
(f) only zero- and one-phonon processes are con-
sidered; (g) the mass of animpurity M2=M, (\+a),
where M, i8'the mass of the host atoms. Eagan
et al. found that, in calculating the electrical re-
sistivity from the derived scattering cross section,
the inelastic incoherent cross section was the only
important contributing part and obtained

b2 = 2c[e + (a~ —a, )/a, ]pr, 4 'K & T«8
a, =2c[(a, —a, )/a, ]pr, T 8

(11)

(12)

where 0 is the Debye temperatureand a2 and a, are
the atomic form factors of the impurities and host-
lattice atoms, respectively (it is assumed that the
ions are well screened), and c is the concentration
of the defects.

Lengeler et al. extended results of Eagan et al.
to the possibility of changing coupling constants in
the lattice and obtained

62(T) = c(2&+ 2q —3$) pr, T «8
b2(T) =c(27) —$) pr, T&8

(13)

(14)

where e = (Ma —Mg)/Mg and & = (aa —ai)/ai It is
easily seen that, depending on the sign of g and (
(and their relative magnitudes), b2(T) canbe either
positive or negative. This is in contrast to 5„
which must always be positive. Considering only
4, and h~, it therefore follows that all deviations
from MR must be positive except for those due to

Due to the cross section for electron-radiation
damage of copper, irradiations for practical time
intervals effectively limited this experiment to
considering only the low-dose regions typified by
curve 1 of Fig. 3. For example, consider a typi-
cal dose characterized by curve 2, 1000 nQ cm.
To produce this dose, after annealing above stage .

I, using a flux density of 10 pA/cm (flux densities
much larger than this produce excessive heating in
the samples), a sample would have to bebombarded
for -8 months at 4 'K and it would require -1000
years for the high-purity samples used in run Il to
reach this dose through 80 'K irradiation.

B. Deviations from MR caused by influence of defects on
temperature-dependent part of electrical resistivityl

changes in the temperature-dependent part of the
electrical resistivity.

Note that bz(T) may be looked upon as a pertur-
bation solely on p~. With ~, and b~ calculated
from the above models, the two contributions may
be separated from one another by noting that for
T«Q

Sg(T) = o'pr (15)

III. EXPERIMENTAL

A. Apparatus

Resistance was determined in the experiment by
measuring potential difference for aknowncurrent.
In order to convert to resistivity, the geometry
factor F, defined by E= L/A, must be known for
the sample in question. Here I. is the length of the
sample and A is the cross-sectional area. Thus
resistance R = Fp. A major advantage of electron
bombardment in investigating deviations from MR
is that p(T) can be measured for the same sample
before and after irradiation. Thus in all deter-
minations of quantities, such as 6/p~, the geom-
etry factor cancels out. It is therefore sufficient
to determine the geometry factor from the resis-
tance of the sample at room temperature; this will
give an absolute accuracy of 2 or 3%, which is
sufficient for the purpose of determining p~.

Two separate runs were made. The sample for
run I was obtained from Coltmann, Oak Ridge
National Iaboratory, and was 99.999%, multipass
zone-refined copper. The samples were subse-
quently drawn to 0.0056 in. , etched, and then an-
nealed in quartz tubing while suspended from quartz
supports at 1000 'C for 2 h in an atmosphere of
5 x 10 -Torr air. This "internal-oxidation treat-
ment" produced samples with a resistance ratio of

I

p2~5'x/p4 'x=2300 or po=0. '73 nQcm (4 'K).

The samples used in run II were American
Smelting and Refining Co. 99.999% pure copper,
drawn to 0.0056 in. , etched, and then annealed.
The annealing treatment here was also performed
in a quartz tube at 1000 'C for 2 h in 5 ~10~-Torr

a, (T) = c(2e+ 2q- 3$) pr, c = pJp~, (16)

where p& is the contribution of Frenkel pairs to the
electrical resistivity. If it is assumed, as found

by Lengeler et al. , that neither y„nor y~ are func-
tions of p~ or p, at low T, then the slope of a plot
of b, versus p~ at low T should be constant n for

independent of p„. For 6» how eve r, this
slope should be proportional to defect concentration
or dose p~. These predictions were, in fact, ob-
served by Lengeler et a/. in their work with gold
and nickel impurities in copper.
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air, but here the samples were suspended from
graphite supports, This treatment typically gave
a ratio of about 2000+, about equivalent to run I.
However, 80 'K damage-rate experiments showed
damage rates much less than in run I implying a
looper effective impurity-trap concentration in the
sample of run II; see below.

At 80 'K, a free interstitial produced by irradia-
tion is very mobile and has a very short lifetime
before reacting with an impurity or vacancy or
another interstitial already trapped by an impurity.
Consequently, during irradiation the instantaneous
concentration of interstitials in the lattice is very
low, giving an extremely low probability for the
formation of stable diinterstitial or higher inter-
stitial clusters (consisting solely of interstitials,
not impurities). Thus, the 80 'K damage rate
should bear a direct relationship to the concentra-
tion of impurity traps.

To effect good thermal conductivity, the samples
were mounted on sapphire insulators, using the
technique described by Sosin and Neely. a' The
current and potential leads were soft-soldered to
the sample.

For the irradiation and measurement of resis-
tivity at various temperatures, a liquid-helium
cryostat was used, similar to that described by
Sosin and Neely. The main feature of this ar-
rangement was a sample holder connected by means
of a thin-mall stainless-steel tube through a valve
to the liquid-helium reservoir. By opening or
closing the valve, the samples could be either sub-
jected to or isolated from liquid-helium environ-
ment. A 45-0 heating coil at the end of the tube
mas used to heat the samples. Any temperature
from 4 to 370 'K was easily attainable. Temper-
ature was measured by means of a Cu vs Au-2. 1-
at. /p-Co thermocouple. This proved insensitive
to radiation damage and was reproducible over the
entire temperature range to within 0. 5%. Repro-
ducibility to within 0. 002 'K was obtained by means
of a dummy sample, originally calibrated by this
therm ocouple.

Temperature control was by means of a negative
feedback system; control to within + 0.005 'K or
better was attainable over the temperature range
of 4 to 250 K.

A 2-MeV Van de Graaff accelerator was used as
the irradiation source. The flux mas measured us-
ing a standard Faraday cage and passing the beam
through a slit system of known area. The Faraday
cage was connected to an Elcor current integrator.
In order to ensure homogeneous damage over the
sample, the beam mas swept vertically at about
3300 Hz and horizontally at 150 Hz.

Potential measurements were made using a
Honeywell Rubicon model 2'768 six-dial potentiom-
eter with a Leeds and Northrup nanovolt 9838-1

detector. This system allowed measurements to
be made to within 10 NV. To eliminate thermal
emf's, potential measurements were made with the
currents reversed. In the determination of 6, ~
is calculated from four separate measurements,
each with a maximum uncertainty of 0. 01 p, V, giv-
ing a maximum uncertainty of 0. 04 pV.

Because of the relatively short length of samples
suitable for these measurements, it was necessary
to measure changes in potential of one part in 105.
This was achieved by balancing the dummy sample
against the irradiated sample and measuring the
differences between them at various radiation doses
and temperatures. The limiting factor in the ex-
periment then became the stability of the constant-
current power supplies. These were Hewlett-
Packard model 617'7B supplies and proved stable to
about one part in 10 .

It should be noted that the two above-mentioned
major contributors to experimental uncertainty are
independent of the radiation-induced defect concen-
tration, while 4 is approximately proportional to
defect concentration. The percentage error in 5
thus decreases as the defect concentration is in-
creased. In most cases the uncertainty in the data
displayed in the figures is smaller than or of the
order of the size of the data points. Marked ex-
ceptions to this occur in the curves found from the
lowest radiation-induced defect concentrations.
In these cases, the scatter in data points indicates
the precision of the measurements.

2.4

8Q'K irradiation with 1.5 MeV Electrons
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FIG. 4. Damage production. at 80'K as a function of
electron fluence.

B.Experimental results

Figures 4 and 5 show the damage production at
80 'K in samples I and II, respectively, as a func-
tion of electron fluence.

In run I, the sample was bombarded at 80'K
then annealed at 230 'K, and n. (T) was found as a
function of temperature up to 220 K. The sample
was then annealed at 280 'K and b, (T) was again
examined. The results are shown in Fig. 6.
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FIG. 5. Damage production at 80'K as a function of
electron fluence.

In run II, the sample was bombarded at 80 K
and then annealed at 220 'K and A(T) found. It is
interesting to note that almost no annealing oc-
curred between 80 and 200 K. This wasperformed
three times, following progessively increasing
electron doses. The results are shown in Fig. 7.
This sample was then annealed at 370 'K to re-
move as much damage as possible; 0.29 nAcm of

damage was left after this anneal. Then the sam-
ple was bombarded at 4 'K, thenannealed at 200 'K,
and b, (T) was found. This was done four times,
giving four progressively increasing doses. The
results are shown in Fig. 8. Figure 9 shows the
results when the damage produced at 4 K in run
II and the damage produced at 80 'K in run I was
annealed through stage ID.

Finally, after the damage produced in run I was
annealed through stage III, an anneal wasperformed
at 370 K to remove as much damage as possible;
0. 10 nQcm was left after this anneal. The sample
was then bombarded at 4 'K and anneals were per-
formed through stage I, determining h(T) after
each anneal. The results are shown in Fig. 10.

FIG. 7. Relative deviation from MB, 6/pz, versus
pz in sample II. The sample was irradiated at 80'K,
then warmed from 4 to 220'K (&&'s), reirradiated at 80'K,
warmed from 4 to 220'K again. Q. 's), and repeated a third
time (a' s). The solid line shows a theoretical fit to the
data given by the two-band model.

IV. DISCUSSION

A. Effects of stage II annealing

Using equations of Sec. II, y~ and y~ were found
as functions of temperature in a self-consistent
manner, using the values of y~ obtained by I.enge-
ler et al. as first approximations to y~. The
values of y~ obtained were independent of tempera-
ture and are shown in Figs. 6-8. The results for
y~ are shown in Fig. 2. Final agreement between
Lengeler and the present work was good. In Figs.
6-8 the solid lines show a theoretical fit, using
the two-band model, to the data. It should be
noted that in Fig. 7 the large scatter in the points

' is due to the small-defect concentrations attainable
during the &0 'K bombardment in run II, because
of the extremely low damage rate for this sample.

4'K Irradiations with I.5 MeV Electrons

40 60 80
I

Pd

100 120 140 160 180 200 T K

99.999% Copper

40 60 80
0.4, ~ I

100
I
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I
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80 K Irradiation with I,5 MeV Electrons
T('K)
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I

50 75
I

P(IO Qcm)
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FIG. 6. Relative deviation from MB, 6/pz, versus
pz in sample I. The sample was irradiated at 80'K,
warmed from4 to 230'K (g's), cooled, then warmed a
second time g 's). The solid line shows a theoretical
fit to the data given by the two-band model.

FIG. 8. Relative deviation from MB, 6/p&, versus
pz in sample II (copper) irradiated at 4'K and subsequent-
ly annealed at 220'K. Then 6(T) was measured. This
entire procedure was gone through four times, yielding
higher pz values in each measurement set. The solid
lines show theoretical fits to the data given by the two-
band model.
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FIG. 9. Relative deviation from MH, 6/p&, versus
pT when. sample I irradiated at 80'K (open points) and
sample II irradiated at O'K (filled points) are annealed
through state III. The defect concentration. p& remain-
ing after annealing and the annealing temperature are
also shown.

For the doses achieved in this experiment, the
two-band model predicts that, if y„ is a constant
independent of dose, 6/p„will be a function of
temperature only and not of dose for pT» p„; see
Eq. (10). This seems to be true in Figs. 6 and 7.

In Fig. 8 the progression of curves can be cor-
related by noting that y~ decreases with increasing
defect concentration (p~). The shape of the curves
in Fig. 8 and in Figs. 6 and 7 are quite similar,
although Fig. 8 was produced by irradiating at
4 'K. This might at first seem surprising since
one might expect the defect configuration result-
ing from an irradiation at 4 'K and subsequent an-
nealing above stage I to be quite different than that
produced by irradiation at 80 'K. However, the
analysis of Vfaite, as extended by Simpson and
Sosin and by Thompson ef, a/. , provides an ex-
planation in terms of the effective trap concentra-
tions for the samples deduced from the damage
rate at 80.K. This theory gives for sample I,
shown in Fig. 6, an effective trap concentration
(for mobile interstitials) of about 1 ppm. For sam-
ple II, shown in Fig, 7, an effective trap concen-
tration of 0. 03 ppm was obtained. This implies
an average number of interstitials per trap for
Fig. 6 of about 11 and for Fig. 7 or approxima. tely
30—70, depending on defect concentration. The

TABLE II. Values for pT and pz at particular tem-peraturess.

v(K) 'yT

4. 71~10 4

2. 30~10 '
0. 0114~0. 0014
0. 026 ~0. 002
0. 0365 +0. 0015

Vg

0. 024*0.003
0. 060 ~ 0. 001
0. 142 +0. 008
0. 231 ~0. 007
0. 297 ~0. 005

20

30
35

0.2Q'=
O'K Irradiation with I 5 MeV

O.I5 —

0

k,
8

o.lo—

p( Q ) T(

26.48 50
25,04 36
I 8.80 59
I d. 04 42
6. 15 5

99.999'/0 Copp

size of these numbers may seem surprising. How-
ever, Decker et a/. 33 have obtained numbers for
the average number of interstitials per trap for
high-purity copper of a similar magnitude. Also,
Shimomura' reports observing interstitial clus-
ters, in 80 K electron-irradiated gold before
stage III annealing, of size up to about 10 A in
diameter. It seems clear that the interstitials
produced by 80 'K irradiations exist strongly clus-
tered on impurity traps.

The above theory applied to 4 'K irradiations
gives that, for the lowest dose shown in Fig. 8,
greater than 95% of the interstitials which survive
stage I recovery exist as diinterstitials or high-
order interstitial clusters. Schroder, ' using the
ra.te theory of Waite, ' has been able to give esti-
mates for the interstitial cluster size distribution,
depending somewhat on the trapping radii of the
various interstitial clusters. He obtained for the
average cluster size 2. 7-3.2, depending on the
dependence of the cluster trapping radius on the
number of interstitials in the cluster. This re-

TABI.E I.
tures.

Values of n and P at particul. ar tempera-

15
20
25
30
35

1.12+
l. 30+
l.17+
l. 07+
l. 11+

0. 11
0. 04
0. 04
0. 03
0. 02

0.

0.
0.
0,

023+ 0. 003
055-e0. 001
118+ 0. 005
173+ 0. 003
213~ 0. 002

FIG. 10. II',elative deviation from MH, 6/p&, versus
temperature in sample I irradiated at O'K and then an-
nealed through stage I. The defect concentration p& re-
maining after annealing and the annealing temperature
are also shown.
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FIG. 11. Variation of y&
=—&~q/sr~~ (conductivity ratio

for scattering of neck and belly electrons at defects)
with defect concentration produced by irradiation with
l. 5-MeV electrons at 4 K and subsequently annealed at
220 K
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FIG. 13. Variation of p&/6 with p&/p& at constant 7
=15 K for sample I irradiated at O'K and subsequently
annealed in stage I.
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FIG. 12. Relative deviations from MH, 4/p&, versus
p& due to phonons in sample I irradiated at 80'K and sub-
sequently annealed at 220 K. The low pz region is
shown.

suit is independent of defect concentration, as-
suming one starts with an unirradiated sample.
Unfortunately, in the 4 'K irradiations shown in
Fig. 8, each succeeding dose had the preceding
residual damage as its initial damage condition.
This mill result in varying initial conditions, re-
sulting in a progressively increasing average clus-
ter size, as the defect concentration is increased
in the above manner. It is reasonable to assume
that this increase in the relative proportion of
higher-order interstitial clusters with increasing
dose causes a change in the average anisotropy
for an interstitial cluster with respect to scattering
of the neck and belly conduction electrons, thus
giving rise to a changing y„. y„, plotted as a
function of dose produced at 4 'K, is shown in Fig.
11. It can be seen that y„ tends to approach a sat-
uration value of about 0.42 as p~- ~. If the inter-
stitial clusters nucleated on traps scatter similar-
ly, similar results should be obtained. Indeed,
the saturation result of y, =0.42 in Fig. 11 is just
the value obtained for y„ in Fig. 6. Furthermore,
since y~ ~ 7 ~/7s, the decrease of y~ as p„ increases
implies, in terms of the tmo-band model, that
higher-order interstitial clusters tend to scatter

neck electrons more strongly than do simple di-
interstitials.

Next consider the similarities and differences
between the results produced by bombardment at
4 'K and 80 'K. In all cases the tmo-band model
gives a reasonable fit to the data for p~ greater
than about 20x10-8 Acm (65 'K). The main dif-
ference between the 4 and 80 K bombardments
appears to be a shift in the position of the peak
from 50 'K (pr = 50 nQ cm) in the 80 'K bombard-
ments to 60 'K(pr =90 nAcm) for the 4.'K bombard-
ments.

A more detailed examination of the region below
about 65 'K than is shown in Figs. 6-8 reveals

' that the two-band model gives a theoretical predic-
tion for L/p~ (using values of y~ and yr found ap-
propriate for the higher-temperature regions) sig-
nificantly larger than found by experiment. In
fact, a close examination of the data of Lengeler
et al. , in their alloy work at low temperatures,
show a similar effect. They attribute this to inter-
ference from the residual impurities present be-
fore doping or irradiation. However, they found
this effect quite significant even up to defect levels
over 100 times greater than the residual impurity
levels. The two-band model predicts that at low

T, 6= np~, independent of dose. Homever, the
data in Fig. 6 (80 'K irradiations using sample 1)
show that, at constant p~ and very lorn T, ~ is pro-
portional to p~. These results are displayed in
Fig. 12. For deviations from MR caused by
changes in the temperature-dependent part of the
electrical resistivity, Eq. (16) shows that az
= (const. ) prp, . Figures 12 shows that ~ is pro-
portional to p~ but does not vary linearly mith p~
until p~ & 0. 80 nQ cm. Perhaps the residual im-
purities are interfering here. Unfortunately, be-
cause of experimental problems, measurement at
these low values of p~ could not be made in run II,
displayed in Figs. 7 and 8. What data there are
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FIG. 14. Variation of p&/6 with p&/pz at constant T
=20'K for sample I irradiated at 4'K and subsequently
annealed in stage I.

tend to indicate, however, that changes in the tem-
perature-dependent part of the electrical resis-
tivity are, at least at low p~, a significant contri-
bution to the deviation from MR.

Finally, one is struck by the similarities be-
tween Figs. 6-8 and other authors' '5'6's'24 results
for doped metals. Also, the results for y„of 0.4-
0. 5 for this experiment are very similar to the re-
sults of I.engeler et a/. for gold and nickel im-
purities in copper (y~ = 0. 50 for Au; y„= 0. 44 for
Ni).

Assuming with I.engeler et al. that single inter-
stitials are preferential scatterers of p-type or
neck electrons and vacancies are preferentia, l scat-
terers of s-type or belly electrons and that equal
numbers of interstitials and vacancies are pro-
duced in the lattice by electron irradiation, one
might expect 7„/7e= I for this experiment, con-
sidering only defect-scattering relaxation pro-
cesses. In the two-band model, y, = —,

' ~„/7s; this
would result in y~ =0. jL6. However, if it is as-
sumed that interstitial clusters, because of their

I

5 IO

FIG, 15. Variation of p„/4 with pz/pz at constant T
=25'K for sample I irradiated at O'K and subsequently
annealed in Stage I.

Pd
/p

FIG. 16. Variation of p&/6 with p&/p& at constant T
=30'K for sample I irradiated at O'K and subsequently
annealed in stage I.

increased size, scatter neck and belly electrons
about equally, one would expect a preponderance
of belly electron scattering, largely by vacancies,
resulting in 7~/'7~ &1. Values of y„of about 0. 5

would then not be unreasonable.

B.Effects of stage III annealing

In Fig. 9 a similar behavior is exhibited by both
the sample bombarded a,t 4 'K and the sample bom-
barded at 80 'K. In both cases, the curve showing
b/p~ a, s a function of pr obtained by annealing be-
low the onset of stage III changes dramatically as
the damage is annealed out through stage III. As
the samples are annealed, the maxima, in the
curves shift to higher T and become larger. In-
stead of the high-temperature part of the curve
following the two-band model, the curves fall off
less rapidly with temperature at first and decrease
in a quasilinear manner with p~. These curves
cannot be explained in any direct manner by the
two-band model. The rise in the maxima could be
explained by y„becoming larger, but not the shift
in position of the maxima towards higher Io~. The
two-band model predicts that, as defect concentra-
tion becomes less, the maxima should shift to
losoer p» the opposite of what is observed. Fur-
ther, the behavior of ~/p„, when pr is large, is
governed by changes in y~ with p~. Since y~ is a
characteristic quantity of the host la.ttice for the
two-band model, it should not change its behavior
upon annealing. Yet upon annealing the curves no

longer decrease as before with increasing p~; in-
stead they begin to decrease quasilinearly with a
slope that decreases as higher annealing tempera-
tures are attained.

The progression of the curves shown in Fig. 9.
does not correlate with defect concentration, but
appears to correlate well with annealing tempera-
ture. As the annealing temperature increases,
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FIG. 17. Variation of p&/b, with p&/p& at constant T
=35 'K for sample I irradiated at 4'K and subsequently
annealed in stage I.

each curve reaches a higher maximum and be-
comes flatter, The bambardment temperature
seems to p/ay no part. Lengeler et al. report
similar behavior for neutron-irradiated copper.
However, they find this behavior even at annealing
temperatures well beloso stage III.

In contrast to the isolated Frenkel pairs pro-
duced by electron" damage, fast neutron irradia-
tion produced highly energetic recoil atoms which
initiate large displacement cascades leading to the
survival of clusters of interstitials and vacancies.
In this experiment's electron-irradiated samples,
the interstitial atoms already exist in clusters,
while the vacancies are distributed singly and
randomly in the lattice, when a sample is annealed
below stage III. Thus, one difference in defect
configuration between electron-irradiated samples
annealed below stage IQ and neutron-irradiated
samples are the vacancy clusters which are pres-
ent in the neutron-irradiated sample. Since the
shape of the curves for deviations from MR should
characterize the defect configurations, the simi-
larity between the curves for neutron irradiation
and electron irradiation annealed in the stage III
region could reflect the build-up of vacancy clusters
in the stage III region of copper.

Currently, there are two major theories of the
annealing in stage III for copper~5:

(i) Vacancy model —In this model, stage III is
attributed to the migration of single vacancies
which recombine with the trapped and clustered
interstitials remaining after stage I, and which
cluster with other vacancies.

(ii) Conversion-iwo-interstitial model —The
basic idea of the conversion-two-interstitial model
is the assumption of a metastable configuration in
which interstitials can migrate freely in stage I
with the alternative possibility for conversion of
these interstitials into a more stable configuration,
particularly at higher temperatures. This second
configuration is thought to be immobile up to the
temperature of stage III, where it can migrate
freely by thermal activation.

The results of this experiment tend to support
vacancy migration, if vacancy clusters are the
primary consideration in the character of Fig. 9.

As has been mentioned, at high pr, b/p~ de-
creases linearly with pr. From Eq. (14), b/p~ is
const. ~p~, where this constant may be positive
or negative, depending on the relative sizes of q
and $. Thus, this linear decrease with pr is as
predicted, indicating that a significant portion of
the deviation from MR in the stage III region is due
to h~ arising from changes in the temperature-
dependent part of the electrical resistivity.

C. Effects of stage I annealing

Figure 10 displays results obtained by measur-
ing the deviation from MR in the stage I region of
copper and in this form does not appear to be too
illuminating. However, Eq. (4), rearranged, is

(17)

where a, P may be functions of temperature but
not of dose. Thus, if p~/A is plotted vs p~/pr at
a constant temperature, a straight line should be
obtained. Curves obtained in this manner are dis-
played in Figs. 13-17,for T=(15-35) 'K. In all
cases, rms straight lines are plotted as the solid
line and fit the data extremely well.
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