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Pure and dilute aluminum alloys (Mg, Zn, Ag, Ge, Au, and In} were irradiated at about 90
'K by 2- or 3-MeV electrons. Isothermal annealing for 30 min at temperature intervals 10
'C apart was carried out. The major results were the following: Stage-III annealing occurs
by a second-order process with an activation energy Exn = 0.60 + 0.04 eV for both pure and
dilute aluminum alloys. Since this activation energy is the same as that found by quenching
experiments, it is concluded that stage III in aluminum and dilute aluminum alloys occurs
by the motion of vacancies. Two stages below stage III are dependent on the kind of impurity.
A mechanism consisting of a breakup of interstituals from impurity traps (single-impurity
atoms or impurity-atom clusters) can explain the experimental results. Reverse recovery
of electrical resistivity was observed below and above stage IG; this is due to Guinier-
Preston-zone formation.

I. INTRODUCTION

The low-energy electron irradiation of metals at
low temperature is likely to produce a particularly
simple distribution of point defects in metals. An-
nealing of irradiated metals shows only a few re-
covery stages. They have been called stage I (be-
low 60'K), stage II (60' ET&&220'K), stage III
(220'K&T &450'K), and stage IV.

The stage-I recovery is generally ascribed to the
annihilation of close pairs (interstitial vacancy) and
the long-range migration of an interstitial-defect
species. One of the important processes in stage
II is associated with the recovery of interstitials
released from impurity traps, shallow ones at low-
er temperatures and deeper ones at higher tem-
peratures. ' There is relatively little experimen-
tal data concerning stage IV.

The recovery of electrical resistivity in pure A],
and Al alloys following neutron and electron irradi-
ation at various temperatures has been one of the
most studied approaches. Table I summarizes the
results of some previous investigations of both pure
and aOoyed aluminum. The purpose of the present
research is to study the effects of impurities on
stage-III annealing and the recovery between liquid-
nitrogen temperature (the temperature of irradia-
tion) and stage III.

II. EXPERIMENTAL PROCEDURES

A. Specimen Preparation and Mounting

The alloy specimens used were supplied in the

form of 40-mil-diam wire (nominally 99.9999%
aluminum and dopants) by Cominco. These wires
were dx'awn to a diameter of 5 mil. The wires were
etched with a hot mixture of 95% phosphoric acid
and 5% nitric acid between drawings. The speci-
mens were mounted in the manner described by
Dworschak, Herschbach, and Koehler. ' For those
specimens annealed at temperatures higher than
60 'C, thin-cleaved mica sheets were used in place
of Mylar sheets used in previous expex'iments.

The annealing of alloy specimens was carried out
in air. The furnace used for annealing was sudden-
ly heated and shut off when it reached 450 C. The
specimens were allowed to cool to room tempera-
ture in the furnace, The annealing of some of the
alloy specimens was carried out in a vacuum fur-
nace. The results were found to be the same as
those in air.

8. Irradiation Procedure

The liquid-nitrogen eryostat used is described
by Lwin, Doyama, and Koehler. ' The Van de
Graaff machine of the Materials Research Labora-
tox'y at the University of Illinois was used for the
present experiments. The cryostat was visually
aligned with respect to the electron beam. The
beam uniformity was checked by irradiating a glass
slide mounted on a dummy block with a short pulse
(a few seconds) of electrons. The uniformity in
color, due to formation of color centers in the glass
slide, gave a good indication of the uniformity of
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Activation
energy

0.6+0.04Pure Al
0.1% Cu, Mn, Si
Zn, Ag, Sn, Mg
Pure Al
Pure Al 0.1% Zn

VacancyNeutron -78'K

Electron - 90 'K
Elec trons
-4. 2 and - 78 'K
Electron - 10 'K

Vacancy
Interstitial

0.61+0.04
0.45 +0.01

Pure Al
0.1% Mg, Ga, Ag
Pure Al
0.3% Zn, Cu, Ge
Pure Al
Quenched Al
Pure Al
wide range of
Mg alloys
Pure Al

Pure -0.53
Alloys 0.62

Interstitial

VacancyElectron
10-80 'K
Electron - 10 'K Inters titial 0.58

Neutron - 78 'K

Electron -100 K 0.55 + 0.03Inters titial

TABLE I. Summary of experimental results for stage III in pure and dilute alloys of aluminum.

Material Irradiation Model supported
or proposed
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FIG. 1. Resistivity increase as a function of integrated
electron flux for samples bombarded by 3-MeV electrons
at 80'K.

the beam. To monitor the temperature rise during
irradiation and later during recovery, a copper-
constantan thermocouple (2 mil diam) was attached
to a dummy specimen mounted in each block. The
energy of the electron beam was regulated to within
0. 025 MeV at 2 or 3 MeV.

After passing through three windows of 1-mil Al

foil, the incident beam of electrons was estimated
to have an energy of 1.94 MeV (for 2-MeV initial
energy). At this energy, the range is approximate-
ly 140 mil, sufficient to insure a homogeneous dis-
tribution of defects in 5-mil-diam samples.

The beam current was limited to V. 5 pA/cm,
which resulted in a sample temperature of no higher

than 100'K. For the dummy sample, the decrease
in thermal conductivity for increasing defect con-
centration resulting from the irradiation was ob-
served from the steady gradual rise in tempera-
ture throughout each irradiation.

In order to investigate the production damage by
electron irradiation, some samples were removed
from the beam, measured at 4. 2 -"K, and returned
for further irradiation. With this procedure, pro-
duction curves for eight different samples were ob-
tained (Fig. 1).

C. Resistivity Measurement and Annealing

The resistance of all samples was measured at
liquid-helium temperature by immersion of the
sample block in this liquid. The method was a
standard potentiometric method. The current was
supplied by a constant-current supply (Fluke Model
318). The voltage across the specimen was mea-
sured by a Rubicon six-dial thermofree microvolt
potentiometer in conjunction with a Rubicon photo-
electric galvanometer. The effect of stray thermal
emf's in the circuit was eliminated by reversing
the current direction and taking the average of the .

readings for the two current directions.
Sample blocks were annealed in an immersion

bath. This consisted of a double-Dewar system
with liquid nitrogen as a cooling source and an elec-
tric heater for heating. The deviations between
the platinum resistance thermometer used to mea-
sure the bath temperature and the set point, the
desired annealing temperature, were approximate-
ly 0. 2 p, V, corresponding to a temperature varia-
tion of less than +0. 025 C.

In order to extend the operating range of the an-
nealing bath, liquid Freon No. 12 (CF,Clz) was used

up to —4Q 'C, alcohol wasused for —4Q'C —T—50 C,
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TABLE II. Summary of data for irradiated samples.

Specimen
block

Material
and type

Fig.
Resistivity

before
irradiation
(1O-' acm)

Resistivity
after

irradiation
(].0-' acm)

Radiation Total
induced electron

resistivity fluence
(10"9 &cm) (10 el/cm )

Treatment given

L D2

L A2

L 01

L Al

L02

L52

L G1

L 21

Bl

22

61

12

71

M1

A1

E1

101

Al+ 0.08% Mg

Al+0. 08% Mg

Al+0. 09% Mg

Al+0. 08% Mg

Al+0. 08% Mg

Al+0. 1 /p Ag

Al+0. 1/p Ag

Al +0, 1% Ag

Al+0. 003/p Au

Al+0. 003/p Au

Al+O. OO3% In

Al+0. 003/p In

Al+ 0.1% Zn

Al+0. 1% Mg

Al+1. 5% Mg

Al +0 ~ 1% Mg

Al+1. 5/p Mg

Al+0. 03% Mg

Al+0. 1% Mg

Al+1. 5% Mg

Al+0. 1% Mg

Al+0. 1% Zn

Al+0. 1/p Zn

Al+0. 1% Zn

Al+0. 1/p Zn

Al+O. O3% Ag

Al+0. 1% Ag

Al+0. 5% Ge

37.48

37.97

115.58

10

2. 56

2.96

4, 8 34.57

2, 4, 8 35.83

4, 8 565.07

4, 8 9.43

4, 8 35.43

5, 9

5, 9

35.99

22.47

34.12

5, 9

3, 5, 9

10 33.36

10 111.19

338.13

4, 8 563.40

47. 67

42. 54

40.40

38.41

38.38

120.82

117.94

116.52

4.92

2.58

4.60

2.99

2.28

40.33

550.02

44. 97

580.04

19.61

48. 27

579.53

46.11

33.51

45.85

29.52

28, 76

39.23

117.34

347. 26

10.19

4.57

5.24

2.36

1.64

5.76

9.14

14.97

10.18

12.84

16.13

10.12

11.04

ll. 73

5.87

6.15

9.13

3.1

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

0.94

0.94

2.18

2.18

2. 5

2. 2

1.56

1.88

1.88

1.56

1.56

1.56

1.56

1,56

Isothermal (29 'C}
(4, 4, 8, 16, 32 min)

Isothermal (20 'C)
(4, 4, 8, 16, 32 min)

Isochronal (30 min)
1O'C

Isochronal (10 min)
10 'C

Isochronal (30 min)
10 'C

Isothermal (20 'C)
(4, 4, 8, 16, 32 min)

Isochronal (10 min)
10 'C

Isochronal (30 min)
10 'C

Isochronal (10 min)
10 'C

Isochronal (30 min)
10 'C

Isochronal (30 min)
10 'C

Isochronal (10 min)
10 'C

Isochronal (10 min)
10 'C

Isothermal (10 'C)
(4, 4, 8, 14 min)
Isothermal (10 'C)

(4, 4, 8, 14 min)
Isothermal (10 'C)

(4, 4, 8, 14 min)
Isothermal (10 'C)

(4, 4, 8, 14 min)
Isothermal (10 'C)

(4, 4, 8, 14min)
Isothermal (10 'C)

(4, 6, 8, 12min}
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal ( at

—150'C, —85'C, —55'C)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Specimen prequenched

Isothermal (10 'C)
(4, 6, 8, 12 min)

Specimen prequenched
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 C)

(4, 4, 8, 14 min)
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TABLE II. (continued)

Specimen Material
block and type

Fig.

Resistivity
before

irradiation
(10-' ncm)

Resistivity
after

irradiation
(10-' Ocm)

Radiation Total
induced electron

resistivity fluence
(10" &cm) (10 el/cm )

Treatment given

102

Rl

R2

51

H1

Al+0. 1% Ge

Al+0. 5% G

Al+0. 1% Ge

Al+0. 1% Au

8.51

333.76

78.84

36.65

33.67

34, 10

33.88

ll. 91 1.56345.67

87.58

48. 29

36.54

44, 4]

40. 83

1.568.74

11.64 2. 511,16

Al+0 ~ 1% Au 7, 11,16

Al+0. 1% Au

Al+0. 1% Au

0.5442.87

10.31 2.03

6.95 1.56

6 78.99 87.50 1.56 Isothermal (10 '.C)
(4, 4, 8, 14min)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 'C)

(4, 6, 8, 12 min)
Isothermal (10 'C)

(4, 4, 8, 14 min)
Isothermal (10 'C)

(4, 4, 8, 14 min)
Isochronal (10 min)

10 'C
Isothermal (at

-150'C, -85 C, -55'C,
-15 C)

Kinetics

580—

I
I

I
I

I

RE (Ad + I 5 at. % Mg)

p, 565, I nAcm

h p ~ I5.0 n Qcm

0,7 C.

8

Y
575,

~t

570
I

70

I I j
90 0

ANNEALING TIME IN MINUTES

FIG. 2. Isothermal recovery of the electrical resis-
tivity increase 4p between —150 and 100 'C for specimen
21 (Al+0. 1 at. % Mg) following electron irradiation near
80 'K.

water was used 50 'C —T ~ 90 'C, and oil was
used above 100 C. Liquid freon No. 12 has a
larger operating range and fewer hazards than those
used previously. The lowest operating tempera-
ture obtained with this liquid was —155 'C. The
difference in temperature between the dummy spec-
imen and the bath was measured with a thermocou-
ple attached to the dummy, the reference tempera-
ture being that of the bath. These readings were
recorded throughout the anneal and corrections
similar to those described by Grenning and Koeh-
ler' for the warmup time were calculated using a
CDC 3600 computer at Argonne National Labora-

tory.

III. EXPERIMENTAL RESULTS

A total of 35 specimens, mounted on 20 different
specimen blocks, were irradiated with 2- and 3-
MeV electrons near liquid-nitrogen temperature in
20 different irradiation runs. Specimen names
labeled L(L specimens) were irradiated with 2-
MeV electrons; the others were irradiated with
3-MeV electrons. Table II gives the composition
of the specimens, the integrated flux used, the ra-
diation-induced resistivity, and treatment after
irradiation.

A. Damage Production

The resistivity increase by irradiation is plotted
against electron fluence for Al and Al alloys.
From Fig. 1, the resistivity increase due to irra-
diation is largest for those samples which have the
highest concentration of dopants and smallest for
pure aluminum doped with vacancies. The plot of
the logarithm of damage vs the logarithm of the
electron flux for pure aluminum shows a definite
concave- downward curvature. For dilute- alloy
specimens, the production curve is nearly linear,
but again shows the concave feature. Although the
simple relation 4p =Ay" does not give a perfect
fit, n was found to be 0. 6 for pure aluminum, 0. 75
for less-pure aluminum, and about 0. 9 for dilute
alloys. For the same concentration 0. l at.% the
production rate as measured by electrical resis-
tivity decreases as the atomic mass of the dopant
increases (Mg, Zn, Ge, Ag). This result is not
unreasonable if one considers energy-transfer
mechanisms such as direct displacement of impurity
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atoms. Furthermore, it has been brought to the
authors' attention that the capture cross section of
the impurity could play an important role in. deter-

FIG. 3. Isothermal recovery of the electrical resis-
tivity increase ~p between —150 and 100'C for specimens
A2 (Al +0.1 at. % Zn} following 3-MeV electron irradia-
tion near 80'K.

mining the production rate. Alloys doped with Au

however do not follow this scheme. The total in-
tegrated fluxes were between 3&10"and 2. 5~10"
electrons/cm .

8. Isothermal-Isochronal Annealing

Isothermal annealing was carried out at tem-
peratures successively &0 'C apart from —150 'C to
100 'C. 20 specimens of Al and Al alloys were
given this treatment. At each temperature, the
residual resistivity remaining, as measured at li-
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dpo I0,2 nGcm
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dp 9,I5 nQcm

07 C.

8 I (Ag + O. I at. % Mg)

p~ = 54.6 nQ, cm

dp* 5,8 nQcm

05 C.

FIG. 4. Isochronal recovery
of the electrical resistivity in-
crease 4p for Al specimens con-
taining Mg following electron
irradiation near 80'K, and an-
nealed for 30 min every 10 C .
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x g

INI (AA+ 0.5 at. % Ge)

p, ~ 355,8 nQcm

pa * 545. 7 nQcm
I I.9 nQcm

)I2(Ag+ O. I at. % Ge)

pr ~ 78,8 nQcm
87.5 nQcm
8.7 nQcm

Ag+ Ge

0,5 C.

IOI (Ad + 0,5 at. 4/e Ge)
~ 558. I num
~ 547.2 nAcm

AX+ O, l at. /o Ge)
* 790 nAcm
~ 87.5 nQcm

I02

Io—
-200 -I 50

I I I

-IOO -50 0
ANNEALING TEMPERATURE ('C)

I

50 IOO

FIG. Ci. Isochronal recovery of the electrical resis-
tivity increase &p for Al specimens containing Ge fol-
loiving electron irradiation near 80'K, and annealed for
JO rr). in every 10 C'.

(quid-helium temperature, was determined after 4,
10, 18, and 30 min of total annealing time. Qther
specimens (I, specimens) were annealed at tem-
peratures successively 20 'C apart from —120 'C to
75 'C and measured after 4, 8, 16, 32, and 64 min.
'l'he temperature rise in the dummy specimen was
recorded in each case and annealing times were
corrected. This correction can be eliminated by
choosing the starting time of the anneal appropri-
ately.

The results consisting of segments of isothermal
anneals for two of the specimens are shown in Figs.
2 and 3. From all of the isothermal curves, iso-
chronal curves were constructed. A few represen-
t.ative curves are shown in Fig. 4-7. The total
annealing times are 30 min at each temperature.
The experimental points are connected with a
"s)nooth" curve. Each smooth segment between
two experimental points was obtained from a
seventh-order polynomial fitted to eight neighbor-
ing points. The procedure was then shifted to the
next data point producing the "smooth" curve. The
corresponding slopes of the isochronal curves were
obtained by differentiating these seventh-order
polynomials and connecting these slopes to produce,
for example, Figs. 8-12. A CDC 3600 digital
computer at Argonne National Laboratory was used
for these calculations. Recently there has been
some discussions regarding the methods of calcu-
lating activation energies. ' We chose here the
change-of-slope method. ' The isothermal inter-
vals were changed compared to a previous experi-
ment in order to obtain more accurate values.

In the isochronal anneals for pure aluminum, the
main peak (so-called stage III) was found near —40
'C with two small peaks A at —120 'C and B at
- l50'C (Fig. 12). These two small peaks grow

E I

4J

UJ
Z

I-

I-
EO

tO
ul
tt:

L22 (Pure
pr I,

b,p ~ I.

L52 (Ad+ 0
Pr
hp~ 2

5I (A4+ 0.
pr*&
4p ~ 2

at. % Au)

-200
I

-I 50
I I I

-IOO -50 0
ANNEALING TEMPERATURE (eC)

I

50 I 00

FIG. 7. Isochronal recovery of the electrical resis-
tivity increase &p for Al specimens containing Au fol-
lowing electron irradiation near 80 'K, and annealed for
30 min every 10 C'.

as the impurity content increases. The main peak
shifts to lower temperatures as the dose in-
creases. The activation energy of this peak was
found to be 0. 60 + 0. 03 eV.

Aluminum-zinc alloys show enhanced A peaks
and a main peak C shifted to —60 C, appreciably
lower than that for pure aluminum (Fig. 9); the
half-width of the main peak is about 30C, which
is approximately the same as for pure aluminum.
The activation energy for this stage was calculated
to be 0. 60a0. 03 eV. The temperature of A peak
was found to be almost constant at —137 C for
30-min isochronal anneals. Slight shifts of this
peak were attributed to differences in dose; for
larger doses, a slight increase in the annealing-
peak temperature was observed. The activation
energy associated with this peak was approximately
0. O'I +0. 02 eV. The small shoulder (peak B) was
not enhanced as much as peak A. Since the main
C peak was shifted to a lower temperature, the
clear separation seen in pure aluminum is greatly
reduced.

If the breakup process in which interstitials break
away from a zinc atom or small zinc cluster is oc-
curring in this stage, then the binding energy for
this process would be 0. 26=0. 37 —0. 11 eV. Guin-
ier-Preston-zone (GP-zone) formation was ob-
served above 20'C (see Fig. 2). A small reverse
recovery was observed below stage III (sample M1,
Fig. 5), which may be due to the motion of a va-
cancy-impurity complex forming GP zones before
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'C. The other two fuse together to form a doublet
whose midtemperature is dose dependent. The
—150 'C peak of Al-1. 5 at. /g Mg is not as sharp as
that of Al-0. 1 at. % Mg. The activation energy as-
sociated with this peak is 0. 30+0.04 eV. The low-
er peak of the doublet B peak is greatly enhanced
compared with that of pure aluminum (Fig. 8). For
samples containing the same concentration of mag-
nesium the midpoint of the B peak is shifted to
higher temperatures with increased dose: Compare
I31 and 21 (Fig. 8). The activation energy for the
B peak is 0. 54+0. 04 eV, and that for C peak is
(0. 61 s0. 04) eV. Again GP-zone formation is
clearly seen in Al-Mg alloys, particularly in those

specimens with higher magnesium concentrations,
i. e. , sample 22 in Fig. 4. Garr and Sosin' ir-
radiated Al-Mg alloys and observed one stage near
80 K and another at 130'K. Their 130'K peak is
the same process we observed at —137 'C. If this
stage results from the breakaway of interstitials
from a magnesium atom or small magnesium clus-
ters, it follows that the binding energy between an
interstitial and magnesium impurity is about 0. 3V
—0. 11= 0. 26 eV. For the same dose the stage on
the lower side of the doublet grows as the impurity
concentration is increased (Fig. 8). For A1-0. 03-
at. /p-Mg alloy, sample 61, this peak was not rec-
ognizable (Fig. 8). This could be due to the release

0
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X
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Vl
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O
4Ja.
O
Ch

AZ + O. l at. % ALI

62 (0,8 C.)

FIG. 11. Slope of isochronal re-
covery curve for specimens containing
Au irradiated with electrons near
80 'K and annealed for 30 min every
10 C'.
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FIG. 12. Slope of isochronal
recovery curve for pure-Al speci-
mens irradiated with 2-MeV elec-
trons near 80 'K and annealed for
30 min.
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of interstitials from dimagnesium agglomerates.
The binding energy between an interstitial and the
defect is 0. 43=0. 54 —0. 11 eV.

Al-Ag alloys again show essentially the same
three-peak structure seen in Al-Mg alloys. The
peak around —150 'C is distinct and its activation
energy is 0. 35 +0. 03 eV. The other peaks 8 and C
fuse together (Fig. 10). The width of the fused
peak is about 37 'C, which is wider than that of pure
aluminum. This is an indication of two overlapping
peaks. The activation energy associated with the
low-temperature side of the peak is 0. 55+0. 33 eV,
and that of the main peak is again 0. 61 a 0. 03 eV.
For the Al-0. l-at. %-Ag alloy, sample E2, the
GP-zone formation is seen above —50 'C with the
maximum resistivity at 80 'C. For these alloys,
the binding energy between an interstitial and a
defect would be 0. 24 = 0. 35 —0. 11 eV if the breakup
process occurs.

The results for Al-Au alloys differ from the other
alloys mentioned above. When the gold content
is high, suppression of the low-temperature peak
(at= —140'C) is complete. The main peak has a
small shoulder (peak B) and shifts with dose (Fig.
11). The activation energy for the main peak is
0. 61 +0. 03 eV. A new peak can be seen near —15
'C and its midtemperature shifts to lower temper-
atures as the dose increases. The activation en-
ergy for this peak is 0. 69+0.03 eV. The peak--
near 90'C has an activation energy of 1.02+0. 05
eV. The reverse recovery due to GP-zone forma-
tion was not seen in gold alloys. Al-Au alloys do
not have any distinct stages below stage III (Fig.
11). The solubility of gold in aluminum is very
small. ' It is likely that most of the gold atoms
in 0. l-at. %-Au alloys are not dissolved but a,re
precipitated. Interstitials may be trapped at these
small precipitates quite strongly as well as at iso-

lated gold atoms in this alloy.
Al-Ge alloys have three peaks, one at —140'C

and a large peak at about 55 'C with a definite
shoulder. The activation energy associated with
the peak at —140 'C is 0. 34 +0. 03 eV, that of the
low-temperature shoulder 0.47+0. 04 eV, and that
of the main peak 0. 61+0.03 eV. The peak in Al-
0. 1 at. % Ge (Sample 102) is quite broad (=44 'C).
The GP-zone formation is apparent above 30 'C.
An increase in resistivity below —100'C for this
alloy was observed. This again is possibly due to

Al +0 I at. % Mg

o 7I p = &6,47nQ-cm

06— a = 4.2I I XIOe nQ-crn/sec

05

I 0,4

II. oa

0.2

O, I

I I I I

I 2 4
ANNEALING TIME (104 sec)

FIG. 13. Long isothermal annealing of electron irra-
diated A1-0. 1-at. %-Mg alloy. Two specimens were iso-
thermally annealed at —55'C for 850 min.
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FIG. 14. Activation-energy spectrum for pure Al.

C. Determination of Order of Kinetics

The rate of resistivity change is often written as

p) F (t )n s/kr (1)

the GP-zone formation.
The results for In-doped alloys are similar to

those for pure aluminum because of the low dopant
concentration.

bution of activation energies has been discussed in
detail by Primak. The calculation of activation-
energy spectra for first-order process has been
carried out by Magnuson, Palmer, and Koehler, '
by Bredt, by Herschbach, and by Bauer, De Ford,
Koehler, and Kauffman. This method has been
applied to second-order processes by Dworschak,
Herschbach, and Koehler. '

In this work the activation-energy spectra were
determined under the following assumptions: (a)
independent processes are distributed in activation
energy, and (b) the frequency factor is constant.

The values of the constants necessary for these
calculations have been determined such that the
best smooth curve can be obtained. Figures 14-
16 show the activation-energy spectra for pure
aluminum, aluminum-zinc, and aluminum-gold al-
loys, respectively. The uncertainty of the values
of the constants introduces an error in determining
the activation energy of about 0. 03 eV. The inte-
grals were evaluated using Gauss's mechanical
quadrature formula, ~' order 16, and the CDC 3600
digital computer.

The activation-energy spectra for Al alloys are
analyzed by a method detailed above. The spectra
have essentially the same features as the corres-
ponding differential isochronal annealing curves.
(Compare Figs. 12and14, Qand15, 11and16. ) Table
III gives the results obtained for some of the sam-

where ~p is the resistivity remaining after anneal-
ing, E is the activation energy of annealing, T is
the absolute temperature of annealing, k is Boltz-
mann's constant, t is annealing time, I' is a con-
stant, and n is the order of kinetics. ~p can be
written in the form of ~p = p- p„, where p is the
resistivity at time t and p„ is the resistivity after
complete annealing of the process. For n = 2, the
solution of Eq. (1) becomes

)
-E/AT

p —p po —p~

Here po is the resistivity at t = 0. A disadvantage
associated with the use of Eq. (2) is the need to
extrapolate the annealing process to completion,
Various attempts have been made to circumvent
this problem but these methods also have certain
difficulties. ' ' In this paper, the equation

p = p „+[o.(t - to) j '

7
E

O

I- 5-
M

LLI

Cl

I-

I-
CO

Q) 3
LLJ
IL'

Al+ Zn

was used. p„, n, and to were obtained by the
least-squares method using the CDC 3600 digital
computer at Argonne National Laboratory. Figure
13 is one of the typical curves.

0 I

03 0.4 0.5 0.6
ACTIVATION ENERGY (eV)

I

G7

D. Determination of Activation-Energy Spectrum

The annealing of kinetic processes with a distri- FIG. 15. Activation-energy spectrum for Al-Zn alloys.
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FIG. 16. Activation-energy spectrum for Al-Au alloys.

ples.

IV. SUMMARY AND CONCLUSIONS

There are several surprising facts which the
present experiments reveal concerning stage-III
annealing of electron-irradiated alloys. They are
the following:

(a) In all of these dilute alloys an annealing peak
that occurs after electron irradiation has an activa-
tion energy of 0. 60 eV, which is just the vacancy-
migration energy seen in pure aluminum after
quenching from low temperature. This indicates
that for many of the vacancies, migration to the
interstitial-impurity clusters occurs with fewer
atomic jumps than migration to an isolated impur-
ity or an impurity cluster. It is possible that the
impurities are not present as single-impurity

atoms but consist of small impurity clusters. Fur-
thermore, it is conceivable that the activation en-
ergy for the motion of impurity-vacancy complex
studied in this research is the same or lower than
that for single vacancies. Peterson and Rothman
find that Ge, Ga, Zn, Ag, and Au diffuse into alu-
minum with almost the same activation energy as
the activation energy of the self-diffusion in alu-
minum.

In gold there is further evidence that stage III
results from vacancy migration. In gold, electron
irradiated at 130 'K, Shimomura ' observes inter-
stitial platelets by electron microscopy. In films
thinned after warming to an annealing temperature,
the interstitial platelets shrank and vanished during
stage-III annealing. For specimens thinned before
stage-III recovery, the platelets did not completely
vanish. This was attributed to vacancies reaching
the surface. If the platelets were emitting inter-
stitials there should be no difference between sam-
ples annealed in bulk form or for thinned samples.

(b) In the alloys which show GP-zone formation,
the zone formation after quenching appears almost
identical to samples which were irradiated. The
presence of the interstitial clusters does not appear
to influence the zone formation.

The major experimental results found in these
experiments are as follows:

(a) The production curves of dilute aluminum
alloys upon irradiation at 80'K by 2- and 3-MeV
electrons are much enhanced in comparison to pure
aluminum. This shows that impurities (Mg, Ag,
Au, Zn, and Ge) trap interstitials.

(b) Two annealing stages normally seen below
stage III are enhanced in Mg-, Ag-, Zn-, and Ge-
doped aluminum. Al-Au alloys do not have anneal-
ing stages below stage III. These stages are prob-
ably due to the break up of interstitials from the
impurity atoms or clusters.

(c) Below and above stage III, reverse recovery
of electrical resistivity was observed in some al-
loys. Zn- and Ge-doped aluminum alloys showed
the reverse recovery below stage III. This is
due to the formation of GP zones by the migra-
tion of vacancy-impurity complexes. The reverse
recovery above stage III is due to the GP-zone

Material

TABLE III. Stage III activation energies.

Activation energies as obtained by Primak analysis
Main peak "C" B peak A peak Fig.

Pure Al
Al-Zn
Al and Mg
Al and Ag
Al and Ge
Al and Au

0.60 +0.02
0, 61 +0.03
0.61 +0.04
0.62 +0.03
0.61 +0.04
0.61 +0, 04

0.54+0.04
0.55 +0.03
0.47+0.04

0.37+0.03
0.37 + 0.04
0.38 + 0.03
0.34+0.04

14
15

16
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formation as found in a normal recovery process.
(d) Stage III in aluminum is not affected by al-

loying Mg, Zn, Ge, Ag, and Au. The activation
energy for the annealing is calculated to be 0. 60
+0. 03 eV, which is the same as that for pure alu-
minum.

This activation energy is also the same as that
in a quenching experiment in aluminum. However,
the temperature associated with stage III is nor-
mally lower than that of pure aluminum because of
the high damage and the low number of jumps for
a defect to reach a sink and the difference in sink
densities.

We conclude that stage-III recovery in aluminum
and aluminum alloys occurs by the migration of
vacancies to interstitial clusters or to interstitials
trapped by impurity atoms. Grenning and Koehler'
also found that there was not much change in the
activation energy associated with stage III in Ag,
Cu, and Au dilute alloys.
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Pulse-echo measurements were made of the oscillations in the attenuation of 100-420 MHz

longitudinal sound in single crystals of Mg [99, 95'fo R(300 K)/R{4. 2 K) -425]. The q in differ-
ent specimens was parallel to the [0001j, [1120j, «nd [1010j axes; H was varied from 1 to
40 kOe. The temperature was varied from 1 to 4. 2 K, and ql from 0.4 to 1.8. Areas of
extremal-sized cross sections of the Fermi surface, oriented perpendicular to II, were cal-
culated from ihe 6{1/H) periods in attenuation. These areas l.re in good agreement with
Stark's values from de Haas-van Alphen —effect «lata using much purer Mg, with the exception
of the p& area, where there is a 2% difference. The short ~(1/H)-period magnetoacousticoscil-
lations corresponding to the large-area Xl oscillations were modulated with the long period
corresponding to the small p, '& area, and the A2 oscillation was modulated with the period cor-
responding to the p, &

area. This phenomenon is not s ltisfactorily explained. A simple der-
ivation is given for magnetoacoustic oscillations (periods and amplitudes) on the assumpti. on
that the only effect of H on the attenuation is through its effect on the density of states at the
Fermi surface. The de Haas-van Alphen (ql & 0.7) and intermediate (ql & 0.7) regions of mag-
netoacoustic absorption are included. The dependence of the oscillation amplitudes on H, T,
w, ql, and the direction of q was checked experimentally.

I. INTRODUCTION

This is a report on the investigation of the oscil-
lations in the magnetoacoustic (MA) absorption of
longitudinal sound in single crystals of Mg as H was
varied in magnitude and direction. The investiga-
tion was carried out with 100-420 MHz sound, at
temperatures between 1.0 and 4. 2 K, in fields from
1 to 40 kOe, using single crystals' of Mg having
resistance ratios between 350 and 450. The product
ql (q is the sonic wave number 2v/X, and f is the
electron mean free path) in our investigation was
of order 1. This puts our investigation in a region
of ql in which the oscillations in the ultrasonic at-
tenuation coefficient o'(B) have an origin similar to
the origin of the oscillations of the magnetic sus-
ceptibility in the de Haas-van Alpen (dHvA) effect.
As a consequence, the MA oscillations we observed
were similar in frequency, temperature and field
dependence of amplitude, and line shape to the os-
cillations in the dHvA effect.

The MA oscillations in o'(B) are periodic in 1/B.
The 1/B periods are proportional to reciprocals of
extremal values of the cross-sectional areas of the
Fermi surface (FS) in k space sectioned by planes
perpendicular to B. The areas are extremal with
respect to displacements of the intersecting plane
along the axis of B, The FS is oriented with respect

to the crystal axes; by varying the orientation of the
axes of a crystal with respect to the solenoid field
H, extremal areas for all orientations relative to
the crystal axes are, in principle, obtainable. The
extremal areas, in conjunction with theoretically
determined electron band structures and electron
constant-energy surfaces in R space, make possible
determinations of the actual shape and size of the
FS, and with this information to calculate a Pseudo-
Potential for the conduction electrons.

The FS of Mg has been investigated experimen-
tally by others and by other methods. ' The most
recent and complete measurements on Mg are the
MA measurements of the geometric- resonance type
(q/ »1) by Ketterson and Stark, and the dHvA-effect
measurements by Stark. Our MA data (extremal
cross sections of the FS) are compared with ac-
curate data by Stark' from dHvA measurements.
The labeling of cross sections of the FS in our paper
was adopted from Stark.

A theory for MA oscillations is presented for the
region vv «1 (w is the sonic angular frequency,
is the relaxation time for an electron). The ideas
and mathematics are not original, but as far as we
are aware, the theory for MA absorption in the
+v«1 region has not been presented before in the
mathematically simple method followed here.

We investigated experimentally the dependence of


