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INTERSTITIAL-IMPURITY INTERACTIONS
IN COPPER-SILVER AND ALUMINUM-MAGNESIUM ALLOYS
Humphrey Pan Wong, Ph.D.

Department of Physics
University of Illinois .at Urbana-Champaign, 1982

Our purpose has been to determine the configurations and dynamical
properties of complexes formed between interstitials and oversized

impurities in electron-irradiated aluminum and copper. Measurements

_were taken of the ultrasonic attenuation (at 10 and 30 MHz) and

resonant frequency (at 10 MHz) in single crystal samples of Cu-Ag and
Al-Mg.

A variety of peaks appeared in both materials in plots of the

logaritnmic decrement versus temperature. The simultaneous presence of

multiple defects was established by the different annealing behavior
shoun by each peak. It was found that interstitial trapping in our
oversized systems was generally weaker than in previously studied
undersized systems.

The principal features in Cu-Ag that must be accounted for by a
model include the following: 1) Three low-temperature peaks (including
phe main one at 16 K, peak 1) were seen having trigonal Vsymmetry; 2)
Peak 1 annealed away at 110 K uncorrelated with any resistivity
recovery. 3) Peak 1 grew at 60 K, correlated with a resistivity
decrease. |

For Al1-Mg, the principal features associated with the main peak

(peak 6) include: 1) Peak 6 was seen at a high temperature (>135 K)



iv

having.trigonal symmetry. 2) It annealed away at 127 K and seemed to
correlate with a resistivity decrease. 3) The remaining peaks (1-5)
grew while peak 6 annealed away.

The implications of an existing model were developed. This model
was based on the predominant>influence of size effects in determining
impurity-interstitial interactions. Predictions were compared with the
experimental results. No evidence was found for the deeply-~trapped
<110>-orthorhombic defect predicted by the exiéting model. Therefore,
two alternative models Qere developed. |

Model A uses a "canted dumbbell™ at the next-nearest neighbor
position to explain thé results. Model B uses a point interstitial at
an octahedral position. A distinction between the two which is subject
to experimental check is that msdel A predicts that intérstitial
migration between different impurity atoms occurs near 127 K in Cu-Ag

while model B predicts a migration temperature near 60 K.
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CHAPTER 1

INTRODUCTION

Our purpose has been to determine the configurétions and dynamiéal
properties of complexes formed between interstitials and oversized
impurities ip electron-irradiated aluminum and copper. Ultrasonic
measurements offer symmetry information about defects and provide an
excellent way of identifying their configuration. Previous wultrasonic
studies have been conducted by Johnson(1978)! and Hultman(1979)? on
aluminum alloys containing undersized impurities. However, only
limited agreement was found between those studies and a model developed
by Dederichs,et gl.(1976)3 in which the size effect pla&s a dominant
role. Closer agreement 1is expected in the oversized case where the
predicted perturbations near the oversized atom are smaller, leading to
better justification for the model's use. Two oversized systems, Al-Mg
and Cu-Ag, were chosen for this investigation. Al-Mg provides a
natural extension to ‘the oversized case of ultrasonic measurements
.already performed for several undersized aluminum alloys. Cu-Ag was
selected because it had earlier been the subject of an extensive
resistivity study by Cannon and Sosin(1975).*% The results we obtained
do not agree with the predictions made by Dederichs,et al., nor are
they entirely consistent with the interpretation by Cannon and Sosin of
their annealing results. Two models are proposed which can account for

our principal results as well as the resistivity results obtained by



Cannon and Sosin.

The study of defect-impurity interactions has both scientific'
and technological significance and has been undertaken with a variety
of techniques in metals. These include measurements of resistivity,
channeling, internal friction, Mossbauer, and Perturbed Angular
Correlation (PAC). The latter two are made only in special systems for
which a suitable impurity is available and will not be discussed in
further detail here.

Resistivity recovery measureménts detect the changes in the
electrical resistivity caused by radiation-induced defects and their
annealing at successively higher temperatures. Interstitial
concentrations, as well as migration and binding energies, can be
obtained, but no symmetry information is available from resistivity
studies. |

Channeling measurements usé backscattered ions from oriented and
irradiated crystals to obtain the "apparent fraction™ of solute atoms
displaced 5y trapped defects into normally clear channels in the
crystal structure. According to Swanson and Maur'y(1975)s this
technique can be used to determine the configurations of
defect-impurity pairs by simply comparing the displacements into
different channels. However, large defect concentrations of greater
than 100 ppm are required, and in practice, concentrations of about
1000 ppm are normally used. The high concéntrations lead to increased
interactions between defects so that conclusions from this data about

the nature of isolated defects should be made with some caution. Also,



since the T"apparent fraction" of solute atoms_dispiaced represents an
average over the displacements caused by all the defécts in " the
crystal, it is only with some difficulty that the channeliﬁg technique
can distinguish between defects of differing configurations which might
be present in the sample simultaneously. Several different defect
types have been found at defect concentrations as low as 100 ppm with
the use of internal friction measurements in electron-irradiated
samples (Rehn, Robrock, and Jacques, 19'(8).S Using ultrasonies,
Hultman(1979)2 has also detected the presenée of several defect types
in samples irradiated to Frenkel pair concentrations of only 10 ppm.

Rehn, Robrock , and Jacques6

further suggest that at the defect
concentrations used in channeling experiments, defect clustering
probably occurs, resulting in displacements quite different from those
" caused by single defect-impurity complexes. Therefore, while some
symmetry information is available from the channeling measurements,
preciée " interpretations in terms of simple defect-impurity
configurations remain in doubt in many cases.

Torsional pendulum experiments (at oscillation-frequepcies on the
ordgr of 100 Hz) have been performed to detect the relaxations of
defects formed in irradiated metals (Rehn, Robrock, and Jacques,1978).°
The relaxations appear as peaks in a plot of the logarithmic decrement
(which is a measure of internal friction) versus temperature and, for
single crystals, contain information about the symmetry of the defect.

Furthermore, these measurements are sensitive to the presence of only a

few ppm of defects. However, looking for different symmetries requires



the preparation of different samples, a procedure which 1is both
time-consuming and difficult. |

Our measurements have been of internal friction and elastic
constant ° changes at ulérasonic frequencies v(10‘ and 30 MHz) in
irradiated single crystals. Ultrasonic studies, unlike those of the
resistivity, offer symmetry information about the defects observed and,
in contrast to channeling measurements, are able to differentiate
between the configurations and reorientation energies of different
defects present in the sample at the same time. Also, the required
éoncen;rétions are only a few parts per million which decreases the
iqteractions between induced defects and permits the study of defects
which are more nearly isolated from each other. Unlike internal
friction experiments at low frequencies, use of ultrasonics allows the
monitoring of eéch of the independent elastic constants by merely
changing the polarizétion or direction of propagation -of .the sound
wave. Only a 8ingle sample 1is necessary. Furthermore, higher
frequencies allow the observation of processes (such as those involving
quantum effects) at higher, more accessible temperatures. A resulting
drawback however is that some relaxation peaks are pushed to a
temperature higher than their annealing temperature and are
consequently either not observed or are observed in the midst -of
annealing. A final wuseful feature of ultrasonics makes use of the
proportionality between one component of the attenuation and the
-electrical conductivity at temperatures below about 100 K which causes

the attenuation to rise to a plateau at about 5 K. The plateau is



produced by the residual resistivity of the sample which changes with
impurity and Frenkel pair concentration. Thus, a measurement of the
plateau's height permits a calculation of the number of defectsl
introduced by the irradiation (see Hultman?).

Historically, resistivity measurements have played a large fole
in understanding some of the fundamental aspects of radiation damage in
metals. Irradiation displaces atoms from their normal sites and
creates Frenkel pairs which scatter conduction electrons and change the
residual resistivity. This change gradually disappears as thermally
activated> processes at higher and higher temperatures cause trapped
defects to escape and migrate through the metal until they find
annihilatory sinks. Thgse processes are grouped in distinect stages and
substages which can be found in most irradiated metals (Schilling, et
al’.) There are three main stages of interest here: Stage I which
takes place in aluminum and copper between 15 and 60 K, Stage 1II
between 60 and 200 K, and Stage III between 200 and 300 K.

Stage I results from interstitial migration to vacancies. - There
are several substages, labeled A-E. Stages IA‘ID are concentration
independent, while Iy shifts to lower temperatures with increasing
dose, and is absent in impure or cold-worked specimens. Stages IA‘ID
were discovered by Magnuson, Palmer, and Koehler'8 and supposed by them
to result from annihilation of interstitial-vacancy pairs close enough
éo ﬁhat their strain-field interaction reduced the activation energy
for annihilation. Stage Ip was found by Corbett, Smith, and Walker? to

have the same activation energy as ID to within experimental error, and



they proposéd that Ip corresponded to long-range migration of the
"interstitial to a vacancy sink, while Ip corresponded to short-range
correlated migration of an interstitial to its own vacancy. Granato
and Nilan!® found substructure in Ip and supposed it to be partly due
to weakly interacting close-pairs and partly to correlated.recovery.

Stage III is generally thought to correspond to recovery caused by
the recombination of migrating vacancies with interstitials trapped by
impurities or other interstitials.

Stage 1II in very pure materials consists of a small and nearly
structureless recovery. It is with the introduction of impurities that
the amopnt of recovery becomes large and marked by distinct substages
whose exact number, Size, and location depend upon the émount and type
of impurity present.llvlz’la"“ The impurity atoms ‘trap migrating
interstitials and.hold them until higher temperatures result in either
release from the trap, reconfiguration, or annihilation by .a vacancy
migrating in stage III"»1%, |

A treatment by Eshelby(1955)!5 of the elastic interactions betwegn

16 suggestion in 1960 that the volume -

point defects 1led to Hasiguti's
change caused by an impurity atom in a cubic crystal helped determine
the strength and nature of its trapping ability. He offered the
suggestion that strongly undersized solute atoms would produce a single
deep trap while oversized atoms were capable of several shallow traps.
In fact, a similar prediction was made by Dederichs(1976),et gl.s

following an atomistic calculation using either a Morse, a Modified

Morse, or a Born-Mayer potential to calculate possible stable positions



for the interstitial.

Until recent years, the actual geometry of an isolated
interstitial was in doﬁbt. Hasiguti(1§60)16 assumed a point
interstitial for his calculations. He also supposed that it retained
its identity - as a point interstitial without radically affecting the
pqsitions of the atoms around it when it became trapped by an impurity.
Sosin(1967),'” while using Hasiguti's basic approach, proposed that the
preferred trapping configuration might instead consist of a <100>
self-interstitial dumbbell trapped at one of éeveral possible sites
around the impurity atom. Sosin's model was based on earlier
calculations by Gibson, et gl.(1960)15 and Johnson(1966)'% which showed
the <100> split dumbbell to be the moét stable form of the
self-interstitial in pure fcc metals. This dumbbell consists of two
host atoms whose axis is oriented in the <100> direction and centered
on a normal lattice site. Sosin also used this model (with its several
trapping locations) to ékplain thé number of substages observed in
copper alloys. |

In bufe metals, experimeﬁtal evidence for the <100> split dumbbell
configuration was first obtained using elastic constant measurements in

copper by Holder, Granato, and Rehn,20

who found a large diaelastic
reduction in Cyy, as predicted by Dederichs, Lehmann, and Scholz.2?!
There is now strong experimental evidence for this configuration for
both Cu and Al from elastic constant measurements?? and from diffuse
x-ray scattering measurements., 23

A simple theoretical treatment comes from Dederichs, et



g.(1976).3 Dederichs, et al. concluded that for fcc metals,
undersized solute atoms would trap intersititals deeply, forming <100>
"mixed dumbbells"™ with the trapped interstitial if the size difference
. betwcen solute and host were not too great. Oversized solute atoms on ‘
the other hand would form shallow traps, trapping the self-interstitial
dumbbell nearby but without forming a mixed dumbbell.

Thus, a model exists relating possible trapping configurations in
a dilute alloy to a single parameter: namely, the size difference
between impurity and host. Figure 1 illustrates the favored trapping
configurations for both the undersized and the oversizedl'case. Figure
1A shows the <100> mixed dumbbell which is believed to form for
undersized‘ impurities. ;rhe impurity is show;) jumping between two
equivalent sites within a "cage" formed by the ﬁost atoms. Figure 1B
shows the deepest trapping configurations for a dumbbell near an
oversized impurity. The dumbbell is shown jumping betweep two of the
equivalent sites. (The remainder are depicted by the darkened
ellipaca.)

Experimentally, evidence for a <100> mixed dumbbell in undersized
materials has come from several sources. Swanson, et al.?* first
suggested the existenc.e of the <100> mixed dumbbell in 1973 to account
for his channeling results in Al-Mn. They also proposed mixed dumbbell
formation in aluminum alloys containing Fe, Zn, and Ag(1976)2°
(although Ag, in fact, is very slightly oversized.) Vdgl and
Mansel (1976)?°® conducted Mossbauer measurements following irradiation

of A157Co(57Fe) and detected motion of the impurity atom within a



Figure 1.

A) The <100> mixed dumbbell, consisting of an interstitial
and an undersized impurity atom (shown as the smaller,
darkened circle). The impurity is shown jumping between
two of its 6 equivalent positions within a "cage" of
host atoms.

B) The trapped <100> dumbbell in the deepest trap pre-
dicted by Dederichs, et g;.s for an oversized impurity.
It is shown jumping between two of its 12 equivalent
positions. The other positions are indicated by the
darkened ellipses. :
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"cage".of host atoms (possibly the reorientation of a mixed dumbbell).
Ultrasonic measurements by Hultman(1979f provide evidence thgt <100>
mixed dumbbells are formed in irradiated Al-Zn. However, measurements
in Al—Fé and in Al—Mn(Johnson} 1978) suggest the importanée of
factors other than size effect in determining the impurity-interstitial
complex. Both Fe and Mn are similarly undersized in aluminum yet both
" alloys produced quite different relaxation spectra. Furthermore the
observations cannot be explained by the simple <100> mixea dumbbells of
Déderichs, et al.'s model. So, for the case of undersized impurities,
there remains substantial disagreement between experiment and theory.
In the case of oversized impurities, channeling

measurements (Swanson, et al.?®

, 1976) in aluminum alloys with Mg, Ga,
and Sn anq copper alloys with Ag, Au, and Sb indicate weak trapping by
the solute atoms, i.e. only slight displacements of the solute atoms
from their lattice sites were deduced, consistent with the presence
nearby of a trapped self-interstitial dumbbell as described by
Dederichs, et El? However, the size of the apparent displacements as
well as the 1large defect concentraﬁions required for the channeling
measurement makes any dtailed interpretation difficult.

Very 1little data is available on the symmetry of possible
impurity-interstitial configurations in oversized materials. Internal
friction measurements of Cu~-In and Al-Mg by Kollers, Jacques, Robrock,
and Rehn(1981f7 indicated the presence4of relaxation processes, but

since they were conducted in polycrystalline samples the symmetry of

those processes is unknown. Our present investigation of single
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crystals is capable of gaining symmetry information about the
relaxations and the?efore of deciding whether they are consistent with
the trapping configuration (figure 1B) suggested by Dederichs, ggvgifz
and by Cannon and Sosin.'

Resistivity studies have been made on both Al-Mg and Cu-Ag so that
the temperatures of the resistivity recovery stages in each material

"are known. Since it is possible in certain cased # to identify
internal friction peaks with some of the radiation-induced defects
which anneal away during these recovery stages, knowledge of the
resistivity recovery spectra is extremely useful in planning the
irradiation temperature and the annealing 'program fér our own
experiment. Cu~-Ag has been studied in particular detail by Cannon and
Sosin(1975f., who developed a simple mddel for the annealing and the
geometry of the trapped interstitial. Their experiment studied the
resistivity recovery foilowing 1.5 Mev electron irradiation of dilute
copper alloys of gold and of silver in varying concentrations. Both
Cu-Ag and Cu-Au displayed similar annealing behavior. They observed
four substages in vst#ge II, but only three were large enough to be
considered significant for our results. These were, for Cu-Ag, IT, at
60 K, II, at 130 K, and II4 at 195 K.

11, was believed to be caused primarily by the migration of
interstitials from shallow traps to deep traps at the same impurity.
(See figure 2A.) This was based on the fact that the fractional ~amount
of recovery seen did not change with increasing impurity concéntration.

If, instead of this reconfiguration, migration away from the impurity
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Figure 2.

A) Cannon and Sosin's model“ for explaining resistivi-
ty substage II, at 60 K in Cu-Ag. The dumbbell is
shown Jjumping from the shallow trap to the deep trap.

B) Dederichs, et al.'s results® for the binding
energy of the defect complex consisting of a <100>
dumbbell trapped by an oversized impurity located at
the sites shown. Each site is labeled by its binding
energy . The energy is in units of the binding energy
of the mixed dumbbell. Positive energies are binding.
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had taken place, some correlated recovery (caused by annihilation with
the interstitial's own vacancy) would have occurred. This would have
resulted in enhancement of the recovery substage with increasing
impurity content because a greater fraction of the interstitials would
have been trapped at impurities close to their own vacancies. This
enhancement did not take place, according to Cannon and Sosin.
Therefore, reconfiguration of the interstitial at the same impurity was
concluded to have occurred rather than the release of the inﬁerstitial
from the impurity. It should be noted, however, that other studies!"
have indicated that reconfiguration should not change the.resistivity.
Further discussion of this point will appear in chapter 4.

Resistivity substage II,, at 130 K, displayed behavior consistent
with interstitials being released from the Ag impurity. Upon release,
the interstitials perform a random walk away from the impurity atoms;
some. will run into their own correlated vacancies nearby. Others will
move away from their own vacancies and encounter othef impurity atoms
from which they escape again. Eventually, these freely migrating
interstitials find either a very deep trap and are bound, or a foreign
uncorrelated vacancy 'and are annihilated. The resulting uncorrelated
recovery (at about 130 K) takes place at a somewhat higher temperature
phan the correlated recovery kat about 120 K) because of the additional
time spent escaping impurity atoms. Since, as argued earlier,
increasing impurity content should result in a greater fraction of
correlated recovery occurring, one would expect a change in the shape

’ of substage II, with increasing Ag concentration as the‘ lower
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atom located at the sites indicated. The energies are in units of the
binding energy of the mixed dumbbell. Values for these energies in eV
can‘be found in Table VII. The deepest trap is marked .21. Note that
the dumbbell movesh and the impurity does not. OQnly its reiative
position changes.

Resistivity studies by Garr and Sosin(1967)2% on Al-Mg were not
neariy as complete as those performed on Cu-Ag. However, the presence
of a major substage at 127 K guided our attention to possible changes
in the ultrasonic attenuation occurriqg in this annealing region.
Since Mg is oversized in Al by about the same amount as Ag is in Cu,
Dederichs, et al.'s model predicts that the trapping configurations and
energies should also be very similar. That is, the deep trap expected
in Cu-Ag should also be found in Al-Mg.

Odr experiment can detect relaxations of the elastic constant that
are related to the reorientation of a defect between equivalent sites.
We use pure shear modes of elastic waves prbpagating ?n the [110]
direction and oriented in either the [001] direction (for Qetecting'
relaxations of the elastic constant Cyy) or the [170] direction (for
relaxations of the elastic constant C'). The corresponding applied
stresses (for cubic crystals) possess symmetries which are given by the
group theoretical designations T (for observing Cyy relaxations) and E
(for observing C' relaxations). The Cy) and C' relaxations can also be
observed using longitudinal waves propagating in the <111> and <100>
directions respectively (see Nowick and Berry?").

The relaxations which occur under a particular stress are
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determined by the symmetries of the defect, the crystal, and the stresé
applied. A defect possessing symmetry lower than that of the crystal
can occupy one of several equivalent sites in the lattice. Applying
the proper stress removes the degen;racy and makes some of the sites
favored over others. The resulting "“stress-induced ordering" produces
a relaxation which is visible in measurements of the internal friction.
For example, a defect with trigonal symmetry in a cubic erystal will
"relax under a T symmetry stress (if it relaxes at all) but will not
relax under an E symmetry stress. This means that a trigonal defect
could produce a Cyy relaxation but not a C' relaxation. Other examples
are given by Nowiék and Berryz“ in a table relating the symmetries of
thevdefect, the crystal, and the applied stress to the possible
relaxations of the elastic constants.

The deep trapping configuration (marked by .21 in figure A2B)
proposed by Dederichs, et 31.3 and by Cannon and Sosin" possesses
<110>-orthorhombic symmetry and, according to Nowick and Berry, would
relax under both E and T symmetry stresses if it relaxed at all; that
is, both C' and Cyy relaxations should be eipected. Figure 3A shows
the twelve equivalent positions of the trapped dumbbell around its
impurity. An elementary jump performed between two of the positions is
shown. Figure 3B shows the equivalent sites as squares before ahy
stress 1is applied. Note that the degeneracy of the equivalent
positions is removed by either a <100>- or a <111>-propagating
longitudinal wave, which acts 1like a wuniaxial stress in those

directions. Sites of different energy are now distinguished by
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Figure 3. A) The twelve equivalent positions for a dumbbell in
the deepest trap around an oversized impurity,
according to Dederichs, et gl.a An elementary
jump is shown, with the initial and final positions of
the dumbbell atoms all in the same (100) plane.

B) The twelve equivalent sites are marked by squares
before a stress is applied. Uniaxial stresses may

be applied in the form of longitudinal waves, as
shown. The degeneracy is removed, producing sites

of different energies shown as triangles and squares.
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triangles and squares.

We made 10 and 30 MHz measurements of the wultrasonic attenuation
and the resonant frequency in single crysﬁals of our dilute alloys.
Both the T symmetry mode (elastic constant Cyy) and the E symmetry mode
(elastic constant C') were examined for internal friction peaks. Only
Cyy relaxations were present; no peaks were seen in the E symmetry
(C') mode. This result is inconsistent with the relaxation of a <110>
orthorhombic defect (like that shown in figure 3). Peaks in both modes
were found in Al-Mg, but the annealing behavior’ ruied out the
orthorhombic configuration predicted. Therefore, two modified versions
of the predicted geometries were developed and will be presented later

in this thesis.
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CHAPTER 2

EXPERIMENT

We give a brief overview of the experiment first, followed by a
more detailed description of the apparatus ahd procedure used.

Ultrasonic pulses are sent into one side of a sample via a quartz
transducer. The pulses are reflected from the opposite parallel
surface and return to the transducer producing an echo visible on an
oscilloacopc. The returning pulse bounces back and forth between the
- faces and forms the pattern shown in figure y,

Due to relaxation mechanisms withip the crystal, energy is
absorbed from the ultrasonic pulse with each passage through the sample
causing attenuation of the echoes. This attenuation is measured at 10
and 30 MHz as a function of temperature before irradiation (producing
the "background" curve shown schematically in figure 5), éfter
irradiation, and during the annealing program. Irradiation is by 2.5
Mev electrons at a fixed temperature which is above the end of Stage I
so that interstitials which are formed freely migrate until they are
trapped. These trapped interstitials provide new relaxation mechanisms
that change the temperature dependence of the attenuation from the
background curve, sométimes producing peaks caused by relaxation
processes as shown in figure 5. In fact, we can obtain the number of
defects introducedyto the sample by monitoring the changes in the

attenuation caused by the increased electrical resistivity. By raising
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Figure 4. Sample with ultrasonic quartz transducer bonded in place
with Nonaq stopcock grease. Pulses reflect between oppo-
site parallel surfaces, producing echoes shown on
oscilloscope screen. Electrons strike the sample oppo-
site from the transducer.
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Figure 5.

A schematic representation of the ultrasonic attenuation
as a function of temperature between 5 and 200 K. Three
stages of the experimental measurements are shown.



o Before Irradiation

b ]

@ "Background”

7

o

© |

ao 150 T(K)
o o

< After Irradiation

'z

(@)

i

(&)

L))

T \ |
M0 150 T(K)
‘G

_g_g After Annealing

©

2

Q

g

1 :
0 | 50  T(K)



27

the temperature to successively higher temperatures followed by a
return to 1liquid helium temperatures, one can observe the gradual
annealing away and/or growth of the radiation-induced attenuation
changés. Measurements are also made of the changes in the sample's
resonant frequency which are proportional to changes in the elastic
constant. By changing the polarization of the ultrasound and'Observing
the resulting differences, we obtain information about the symmetry of
the defect. The annealing data gives us.stability information, while
measuring the relaxation peaks at two different frequencies provides usb

with the activation energy for the relaxation process.

A. Sample Preparation

Single crystal boules of CuQAg and Al—Mg. were grown by
Monocrystals Company of .Cleveland Ohio. The boules were roughly
oriented using Laue x-ray backscattering photographs. Ultrasonic
samples'were then cut from the oriented poules with a wire acid saw.’’

The cutting solution used for Al-Mg was 50% water and 50%
concentrated hydrochloriec acid, while a concentrated nitrie¢ aeid
solution was used for CuéAg. The samples were then remounted ‘on a

goniometer3°

and finally oriented to an accuracy of +1/2 degrees using
the Ochs technique.31 Excess material was removed with the acid saw
before mounting the goniometer-with-sample directly onto the
crystal-facing device.?? This direct mounting preserves the orientation

of the sample. Care was taken through use of these methods to avoid

the introduction of dislocations to the sample; dislocation effects
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ére undesirable since they tend to swamp the effects attributable to
point defects.

The sample rotates about the axis of orientation while being
pressed very lightly against a 100% polyester cloth-covered wheel which
rotates in the opposite direction. The wheel picks up a solution which
attacks the sample chemically and allows current tp flow from the
sample to the wheel; thus the sample surface is electrochemically
polished to a nearly optical finish although an "orange-peel effect"
remains to mar its overall flatness.

At one time, the samples were approximately cubes with three pairs
of parallel faces (Hultman?). However, satisfactory results have been
ébtained for Cu-Ag andl Al-Mg with just two pairs of faces: the -
"ultrasonic" and the "thermal" faces.

The ultrasonic faces are used for the bonding of. the transducer
and for- the reflection back and forth of the ultrasonic pulsés. The
face opposite the transducer is directly exposed to the electron beanm.
The t;hermal faces are held against the sample holder with Apiezon
grease and are polished to insure good thermal contact with the holder.
These faces are oriented as accurately as the ultrasonic faces since
t}hey are also used as a guide for positioning the transducer. To
indicate their polarization, the shear transducers have flat portions
cut from them. The "flat" is then lined up to be either parallel or
perpendicular to the edge of the thermal face, depending on the mode
desired.

The polishing technique used a Model U451 crystal facing instrument
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by South Bay Technology. The polishing solutions, temperatures, and
voltages are listed in table I. The wheel rotation was set at about 21

rpm while the sample rotation was about 20 rpm.

TABLE I. Polishing Parameters

Material Solution Temperature Voltage

Cu-Ag 800 ml phosphoric acid 25°C 5V
800 ml acetic acid
400 ml nitric acid

Al-Mg 1600 m1 phosphoric acid 85°cC 7.5 V
250 ml acetic acid
150 ml nitric acid
8.31 gm Cu(NO3)p

One should not expect perfect results with these paraméters; they
should serve only as starting values which can be varied to give the
desired polish. In our case, this was one which would. accomodate a
quartz transducer bonded to the surface with a very small quantity of
Nonaq stopcock grease (Fisher Scientific Co.). The bond had to permit
a "clean" pattern of echoes at frequencies as high as 90 MHz at room
temperature and survive thermal cycling between 2 K and 170 K. A élean
pattern is one in which each echo rises from a flat baseline
undisturbed by the presence of "ringing" phenomena caused by an
unbonded section of the transducer (a problem which becomes more
pronounced with increasing frequency.) With very few exceptions, if the
bond survived the first excursion down from room temperature to 4.2 K

at- 1 K/minutc without major changeco in the attenuation pattorn, then it
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lasted throughout the irradiation and annealing program.

In appearance, the polished surface of aluminum was mirrorlike
with a fine "orange-peel" texture which is a common result of chémical
polishing. The flatness was judged first by observing the reflection
of overhead 1lights from the polished face while holdiné the sample at
half-arm's length. With Do-All optical flats, the flatness was
estimated to be typically 6 microns.

10 MHz, quarter-inch quartz transducers were purchased from
Valpey-Fisher (Hopkinton, MA). They were of the overtone type,

unplated with no leads, with both sides polished parallel and optically
flat. For examining the E and T symmetry modes, we used shear type
AC-cut transducers.

The bonding procedure is a critical step in the experiment since a
bénd breaking at an inopportune moment results in much waéted time and
money. Both the sample and the transducer are carefully cleaned with
acetone (reagent grade seems to be best) and wiped with tissue.
Kleenexes worked well for aluminum since they were soft enough +to
scratch the metal surt'ace only slightly. The sample was cleaned first
and heated to aboui 40°C by being placed on a hot aluminum block. .A
cleaned transducer was heated on the sample surface as well as a minute
drop (about .5 mm wide) of Nonaq grease. The Nonaq had been heateq to
about 50°C and outgassed in a rough vacuum. The transducer was then
placed_atop the grease droplet and pressure applied to squeeze the
grease into a thin, uniform layer. The transducer is then wrung down

against the sample with a combination of light pressure downward and a
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rotary motion alternating between clockwise and counterclockwise
directions. Light pressure is used to avoid scratching the surface and
also to produce a more uniform bonding layer. The final wringing down
is accompanied by a gradual increase of pressure up to the desired
orientation of the transducer. Heating the sample 1lowered the
.viscosity of the Nonéq and enabled the thinnest.bonds to be made; on
the other hand, excess heating was found to degrade the Nonaq and
resulted in poor bonds. The bond could be inspected visualli through
the unplated transducer and examined with a Sperry attenuation
comparator at different frequencies using the criteria stated earlier

for a "clean" pattern.

. B. Apparatus

The prepared sample is mounted in the sample holder as shown in
figure 6, and the holder is placed into éhe sample chamber of our
cryostat.1 Figure 7 (after Johnson!) displays the physical arrangement
of the sample and the beam interface tube. A 2.5 Mev electron beam is
provided by the Van de Graaf facility of the Materials Research
Laboratory. The beam strikes a thin aluminum scattering foil C and
_passes through the water cooled collimators D and E. About 10% of the
incident beam reaches the sample after collimation. Beam currents
generally run from 2 to 9 microamps depending on the holding
temperature and the cooling power. The cooling power is available in
the form of liquid helium brought through the capillary tube M and

vaporized directly beneath the sample holder. The beam was aligned by
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Figure 6. Three views of the sample holder.

(1) Plunger pressing against the quartz transducer and
feeding r.f. pulses into it. ~

(2) Block containing the platinum, carbon, and silicon
thermometers.

(3) Ultrasdnic sample.
(4) resistivity sample.

(5) Hole cut in the holder to allow electrons to strike
the ultrasonic sample.
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Figure 7.

Cross-section of Cryostat, sample holder, and electron
beam interface.

(A) e~ beam entry port

(B) BeO disc, beam alignment flap

(C) scattering foil

(D) first aperture

(E) second aperture

(F) current monitor flap

(G) gate valve

(H) LN, shield

(1) sample chamber window

(J) cooling coils

(K) bypass valve

(L) viewing port

(M) liquid He caplllary tube and vaporlzer
[After Johnson']

we



13




36

maximizing the current falling on the current flap F after the
collimatoré; this is a simplification of the original téchnique in
which a Be0O disc (which fluoresced under electron impact) was wused in
conjunction with a T.V.. camera to line up the beam.! Thé current flap
was lowered periodically to helﬁ eétimate the total dose, but this has
been found to give inconsistent results. Methods are now being
developed to measure the total electron flux more reliably by using a
combination of continuous current measﬁrement and more meticulous
alignment of the sample holder itself.

We measured the temperature of the sample with three thermometers.
Platinum and carbon thermometers were used in a system described by
Johnson! and Hultman? and depicted in figure 8 A(after Hultman). The
platinum sensor was used for temperatures above 25 K,‘while the carbon
sensor.was.used_to record temperatures below 25 K. This manual systenm
was used intermittently during our experiments and usually only for
measurements, of the resonant frequency. A new . computer-based
témperature control/measurement system centered around an LSI-11 is
being developed (figure 9). The manual system now serves mainly as a
back-up temperature cﬁntroller in casé the computer systeﬁ fails.
Details will be presented in another thesis.

During our experiments, the computer used a silicon thermometer
from Lake Shore Cryotronics. This thermometer became uncalibrated upon
exposure to the gamma radiation arising from the 2.5 Mev electron
bombardment. It was recalibrated against the platinum thermometer and

was found to be in error by as much as +1.5 K near 60 K; but below 30
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Figure 8.

Manual platinum temperature control system

A(top): control loop schematic

B(lower left): platinum thermometer bridge schematic
C(lower right): integrating/differentiating controller
schematic

[After Hultman?]
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Figure 9. Hybrid LSI-Manual Temperature control schematic’
A(top): LSI-11 and peripheral equipment
B(left): sample holder and thermometry
C(right): interface between computer and temperature

controller
D(bottom) : manual platinum temperature control
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K it was incorrect by only .2 K, and ébove 110 K the silicon
thermometer was within .1 K of its original calibration. These errors
were not‘important in the temperature ranges'of interest.

Siﬁultaneous measurements were made of the ultrasonic attenuation
'_at both 10 and 30 xﬂz using equipment purchased from Matec, Inc.
(Warwick, R.I.) The advantages of such a system over the meihod used by
Johnson are discussed by Hultman. They include savings in both time
and helium use as well as allowing more accurate observation of the
relative behavior of the 10 and 30 MHz attenuation. A schematic
diagram of the system is shown in figuré 10 (after Huitman).

Two pulse-echo and attenuation recorder packages from Matec (one
for 10 and the other for 30 MHz) were externally triggered on alternate
phases of a 200 Hz square wave. The r.f. signals from each. package
were led into separate impedance-matching networks which both fed into
the quartz transducer bonded to the sample. There was considerable
interaction between the networks which affected the amount of energy
actually coupled into the sample; however, it was assumed that there -
_was no corresponding effect upon the radiation-induced changes in the
attenuation. In any case, both impedance-matching networks were tuned
to maximize the 10 and 30 MHz pulse-echo patterns. ﬁe could discern
changes in the attenuation as small as .02 dB out of 10 dB.

The resonant frequency (or velocity) measuremeﬁts were taken with
the  set-up shown in figure 11 (after Hultman). A sampled-continuous
wave technique was used as described by Johnson. The excitation

frequency is modulated at about 16 Hz around an odd harmonic of the



Figure 10. Attenuation system schematic [After Hultman?]
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Figure 11.

Velocity system schematic

[After Hultman?]
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resonant frequency of the sample. These harmonics are approximately
100 KHz. apart and are easy to find near the 10 MHz resonant frequency
of the transducer. Periodically, the signal to the power amplifier is
gated-off and the decay of the standing wave's strain amplitude in the
sample is observed. Thié strain is meagured after a set delay time
(that follows the gating-off of the inpﬁt signal) and is processed
synchronously with the modulation frequency. A feedback signal is
derived from this which determines the central frequency about which
the excitation frequency is varied. It is assumed that the strain
amplitude as a function of frequency is fairly symmetric about odd
harmonics of the resonant ffequency and 1is maximized there. The
frequency of the chosen harmonic is then read from the digital counter.
At temperatures below 40 K, our resolution is better than 10 Hz out of
10 MHz or one part in a million.

The resonant frequency f is related to the elastic constant C and

the sound velocity v in the sample by the equations,
(1) f=nv/2L and v= ¥YC/p

where n is an odd integer, L is the sample length, and p is the sample

density. Thié leads to the expression,
(2) 2Af/f = AC/C + AL/L

Thus, the relative modulus change AC/C is twice the relative
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frequency change, since lehgth changes can be neglected here.!’?2

Resistivity measurements were made with the M—terminal AC current
bridge described by Johnson.! The sample was a thin wire spark-cut from
a slice of the single crystal boule that had been electrochemically
polished to a thickness of about 10 mils. The ratio of the room
temperature resistivity to thé residual resistivity at 4.2 K was used
in conjunction with the change in the electronic component of the
ultrasonic attenuation to determiné the number of defects created in

the sample.

C. Procedure

The contributions of various mechanisms to the total attenuation
are assumed to be 1linear in nature. Therefore, the changes
attributable to the r;diation—induced defects can be found by
‘'subtraction of the background (pre-irradiation) attenuation curve as a
function of temperature from the post-irradiation curve. The
background attenuation was measured while linearly ramping the sample's
temperature down from about 180 K to 2 K at 1 K/min.(see figure 5) The
attenuation was high in the temperature region above 240 K probably
because the Nonaq grease bond between transducer and sample had ﬁot
frozen yet. Around 240 K , the bond froze for the first.time and the
atﬁenuation became fairly flat, though it still tended to decrease
until about 190 K. From 190 K to 100 K, the attenuation was flat
except for occasional small jumps which may have been caused by the

bond readjusting itself to the first thermal stresses it had ever
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encountered in its frozen state. From 100 K to 15 K, the attenuation
rose again because of an electronic contribution proportional to the
increase of electrical conductivity in this temperature range. This
rise in the attenuation at low temperatures was first observed by
- B5mmel32 and has been discussed by Hultman as well as by
others.33,3%,35 The change in the residual resistivity(pgy) can be
calculated from the decrease following irradiation(AA;) in the

attenuation rise(A;), by using equation 3:

(3)  Bpo = po(BAg/AG)/[1-(ARG/AG)]

We can then obtain the number of defects induced in our sample by using
published values of the change in resistivity per unit concentration of
Frenkel pair.

Frqm 15 K to 2 K, the attenuation flattens out again due to the
slow temperature dependence of thé conductivity. The 2 K point was
reached by first flooding the sample chamber with 1liquid helium and
then pumping on the sample chamber to reduce the temperature. 10 and
30 MHz backgrounds were similar except for the 1larger electronic
contribution. which was expected for the higher frequency. After the
first ramp downward was completed, the sample was heated to about 180 K
and cooled ‘off again to obtain a final background that was usually
freer of the jumps which appeared in the first backgfound.

The resonant frequency was also measured before irradiation in the

range from 40 K to 5 K using the manual platinum temperature



k9

controllier. Below 20 K, the background is fairly flat, while above 35
K the strong temperature dependence of the‘elastic modulus causes the
frequency to drop off sharply, roughly as 4. Resistivity measurements
were also made before irradiation at 5 ,10 and sometimes 4.2 K.

Irradiation temperatures for Al-Mg were set at 50 K, but the
actual sample temperature was higher due to a thermal gradient between
the place where the beam struck the sample and the thermometer.

A new method for monitoring the irradiation temperature was used
for the later Cu-Ag runs and all of the following runs. This method
uﬁilized the strong monotonic temperature dependence of the. resonant
frequency above 35 K (about 1000 Hz/K compared to a frequency
resolution in this region of 100 Hz out of 10 MHz). A background
measurement of the resonant frequency was taken at temperatures in the
region of the desired irradiation temperature. Thé velocity system was
then used to continuously monitor the resonant frequency during the
irradiation. In this manner, the temperature of the sémple is directly
measured, eliminating the problem of thermal lags or gradients. It was
found that the sample temperature could be as much as 30 K higher than
the temperature set Qith the control system; this differential
depended upon the temperature, the beam current, and the helium flow
rate.

For Cu-Ag, the desired irradiation temperature for most of the
runs was 50 K or lower. This was required in order to study the nature

of the resistivity annealing substage at 60 K observed by Cannon and

Sosin*. The later runs used the frequency measurement as a temperature
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gauge during irradiation and we performed irradiations as low as 40 K
with annealing steps to 80 K followed by 80 K irradiations with
annealing stéps to 240 K.

The irradiations with 2.5 Mev electron lasted for several days
using beam curpents ranging from 4 microamps at 40 K to 9 microamps at
80 K. Since all the electrons are stopped é few millimeters deep in
the samples, the .attenuation effects seeg are representative of a .
volume averaged defect concentration. These volume " averaged
concentrations were typically around 9 ppm, but for two Cu-Ag runs, the
concentrations became as high as 18 ppm. Using a procedure outlined by
Johnson,! the 1local defect concentrations can Se calculated. For
Cu-Ag, these local concentrations ranged from about 70 ppm to 170 ppm.
qu Al1-Mg, these local concentrations were less than about 35 ppm.

The isochronal annealing program was intended to crudely
approximate the use of a constant heating rate as an annealing3
technique. The sample is heated so as to produce a temperature ramp
which is linear with respect to time. The sample is "ramped" up to an
annealing temperature where it is held for a fixed time before ‘it is
ramped back down to helium temperature. The attenuation measurement is
made continuously during the upward and downward ramps as well as
during the anneal itself, and is interrupted only in order to perform
the frequency measurement at low temperatures. This process is
Eepeated for each annealing point.

The ramps upward were usually conducted at a rate of 2 K/minute to

a temperature 10 K below the anneal point. We then continued to the
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annealing temperature at 1 K/min., held at the annealing 'temperature
for 10 minutes, and then ramped down at 1 K/min. to 10 K below the
anneal pdint. From there, we would ramp down to around 60 K at either
2 K/min. or 1 K/min. The 1 K/min. rate was used whenever a more
precise temperature measurement was desired: for ekample, whenever
there was the possibility of a relaxation peak between 60 K and the
anneal temberature. From 60 X down to helium temperatures, the 1
K/min. cooling rate was uséd.

The annealing points were initially selected on the basis of known
resistivity substages in Al-Mg and Cu-Ag but were ultimately determined
by the growth or disappearance of the relaxation peaks observed. In
regions where annealing of ‘the relaxation peaks takes place, the
annealing temperatures were 5 K apart below 160 K and 10K apart above
160> K. This distinction was justified because énnealiné takes place
over a wider temperature range with increasing temperature (Granaté and
Nilan!®). In between Ehese annealing regions, annealing points were
chosen to be as much as 40 K apart although a 20 K separation was more
likely when the annealing behavior was ‘not well-known. Anngaling
continued until 2“0 K where bond changes started to make our frequency
measurements less reliable. It was found that very liﬁtle remained of
any relaxation peak after an anneal to 240 K and that most peaks

disappeared before this final anneal.
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CHAPTER 3

EXPERIMENTAL RESULTS

+

A. Scope of the measurements

The ultrasonic attenuation and resonant frequency were measured in
Qamples of Al-Mg and Cu-Ag, before and aftér irradiation.

Three distinct effects were observed: 1) the conductivity-related
rise in the attenuation below 100 K (see for example the "background"
curve in figure 5}, 2)Vchanges in the frequency caused by diaelastic
effects, and 3) relaxation peaks in the attenuation (see the "after
irradiation" curve in figure 5) and related chapges in. the frequency
caused bx paraelastic effects.

The rise in the attenuation below 100 K is caused by the
interactipn. of the sound wave with the conduction electrons and is
proportional to the eiectrical conductivity. The shear wave’
attenuation Ag(Np/cm) is given in the low frequeﬁcy limit (electron

mean free path << ultrasonic wavelength) by?
(4) Ay = (2n2£2/pv? ) (3n2N?)2/3 (n0/5e?)

where f is the frequency of the sound wave, p is the sample density, v
is the sound velocity, N is the number of electrons of charge e per
unit volume, and g is the electrical conductivity (all in Gaussian

units). However, both Lax?® and Hultman? have observed a discrepancy
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between the calculated and the experimental values for the attenuation.

2 that the mean free

This discrepancy may be caused by the assumption
path is the same for both acoustic and electronic processes,. or by a
failure of the free electron approximation upon which equation 4 is

based. Our own results appear in table II.

TABLE IT. Conductivity-Related Attenuation

Run  Sample Mode A (Np/cm){calel Aglcalcl/Aglexptl]

I Al-Mg c! . 1408 ‘ 1.22

II Al-Mg Cyy .1064 1.58
I1I Al-Mg Cyy .1064 1.67
v Cu-Ag c .3432 1.51
v Cu-Ag . Cyy .0604 ©1.03
VI Cu-Ag Cyy .0604 1.09
VII Cu-Ag  Cyy - 0604 1.17
VIII  Cu-Ag c! : .3432 ' 1.24

Diaelastic and paraélastic effects are descriptive terms analogous
to those given to relatea magnetic effeé¢ts. They both involve the
responsé of a defect possessing an 'elasﬁic dipole moment in an
externally applied strain field.

The diaelastic effect is caused by a leaning (withéug
reorientatioﬁ or diffusion between sites) of dipolar defects in
respoﬁse to an ultrasonic strain. The straip induces a dipole moment
proportional to the strain.l This effect is measurable in our
experiment as a relétively large decrease ih the resonant freqﬁency

from the background value. This diaelastic effect can be expressed as
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a reigtivé frequency change which is independent of temperature and
frequency in the range of our measurements. It is the effect that
provided the first exberimental evidence for <100> split interstitials
in pure Cu.

The paraelastic effects are caused by the stress-induced ordering
and 'relaxatién of pre-existing' elastic dipolgs between orientations
which were equivalent before application of the ultrasonic strain.
Unlike the case of the diaelastic effect, actual diffusion of the
defects takes place from one site to another. 1In a crystal containing
many defects, this précess again leads to a reduction of the elastic
dopstants. It also produces an attenuation effeéct. A different
process occurs for each deféct type that undergoes relaxation. The
temperature and frequency dependence of the atténuation and modulu;
changes caused by a _singie defect type are .given by the well-known

Debye equations:

(5) . Ac/C = (R/M) [1+(wT)?17

(8) A = (Rot) (1;(wr)2];l

where AC)C is the relagive modulus change, A 1is the logarithmic
dcerement, R/n is the relaxation strength, w is the frequency, and Tt is

the relaxation time constant. The decrement A is related to our

measured attenuation a{(dB/usec) by
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A7) : A = 115 a/f (MHZ)

For a ciassical thermally activated relaxation, T is given by the

Arrhenius expression
(8) ™! = vo exp(-H/KT)

where Vo is a frequency factor and H is the activation enthalpy for the
relaxation (reorientation) process. The relaxation strength is given

by37

9 R/T = BevoC2(8A)2/KkT

where B is a numerical factor of the order of unity, c¢ .is the atomic
fraétion of defects present for»the defect type undergoing relaxation,
C is the eléstic constant appropriate'to the mode being examined, vy is
the . atomic .volume, and §)A is the shape factor:of the defeét derived
from différences between the principalnvalueé of the )-tensor. (The

A-tensor describes the strain produced in the c¢rystal per unit
concentration of the defect.) Therefore, paraleastic effects give rise
ﬁd 'peaks in the attenuation as a function of temperatﬁre and ﬁo
dispersions in the modulus as a function of temperature. Diaelastic
effects also produce changes in the mbdulus,’but they are distinguished
from the paraelastic changes by their independence of temperature and

frequency in the temperature range studied.
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37

Nowick and Heller have discussed the relaxation effects expected

" for ~various defect configurations, while the possible diaelastic
effects due to split interstitials have been treated by Dederichs, et

al.?

- Tables III and V provide summariesvof some basic data for the

Al-Mg and Cu-Ag runs in the order in which they were performed.

TABLE III. Summary of Al-Mg Runs

Date Mode 1Irrad Selected Echoes Time Thickness Volume

Temp 10MHz/ 30MHz Between (mm) Averaged
(K) Echoes , Dose
' (us) (ppm,F.P.)
Run I Nov C! 55  2nd+8th/2nd+i4th 54/18 13.9 5.8
1978 :
" Run II Feb Cyy 50 2nd+14th/2nd+4th 94/15.5 13.16 4.3
1979 - _ ~
Rui III Jun Cyy 60 2nd+12th/2nd+6th 70/28 11.73 4.5
1980

Dose  figures are given in terms of the induced Frenkel paif
concengration. Equation 3 gives the radiation-iﬁduced change in the
bulk resistivity correéponding to the observed changes in the
conductivity-related rise in the attenuation. The Frenkel pair
concentration is then obtained by using published vaiues of the
resistivity change per atomic § of Frenkel pairs present: ZMQ;cm/at.%
for copper’® and 4yQ-cm/at.$ for aluminum®®. However, the -absolute

values of the concentrations obtained in this fashion were found to be



57
less precisely known than the relative heights of the attenuation peaks
between different runs. From . equation 9 (which gives the
préportionality between the relaxation strength and the defect .
concentration), we know that.the relative heights of the peék543hould
also give the relative defect concentrations from run to run. For
" example, in order to reach the final tabulated values for Cu-Ag (Cyy
mode), we assumed that the calculated defect concentration for' run 5
was the most accurate and then used the relaﬁive heights of peak 1 (see
figure 19) to establish the Frenkel defect concenprations in the other
runs. A similar procedure was followed for the remaining runs.

Pre-irradiation resistivity measurements were taken of both Al-Mg
and Cu-Ag. The residual resistivity measured in each éase was compared
with the known resistivity contribution per atomic % of Mg in Al (.46

)3  and of Ag in Cu (. 14 uf-cm)*® in order to obtain the impurity

ufl-cm
concentrations. Those concentrations were 893 at. ppm of Mg in Al and

1370 at. ppm of Ag in Cu.

B. Al-Mg results

The 10 MHz ultraéonic attenuation in the Cyy mode as a function of
temperature ;s shown in figure 12 for Al—Mg(run III). This attenuation
was measured using the 2nd and 12th echoes (70 usec separation) and is
given in units of dB. The conductivity-related rise in the attenuation
which occurs between 100 K and 10 K is evident in the . figure.
Typically, the post—irfadiation value of this rise (at our doses) was

5-10% lower than the value before . irradiation.



Figure 12. The attenuation in Al-Mg at 10 MHz is shown as a function
" of the observation temperature in the: Cyy mode. Three
different 10 minute anneals between 125 and 145 K are
displayed. (Data from run III.)
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Figure 12 displays the results of four different anneals in the
region around 130 K and shows how the main peak near 135 K, peak number
6, disappeared while the three lower temperature peaks (at 8, 20, and
By K) grew. An interpretation of this behavior will appear later in
chapter 4.

Measurements in the C' mode were performed in run I, but while two
small peaks (at - 14 and 19 K) were present after irradiation and
apnealing, no peak as large as péak number 6 was observed.

Figure 13 shows the logarithmic decrement in C' and Cyy modes
(blotted with solid and dashed lines, respectively) as a function of
témperatupe with the background values subtracted. Six decrement peaks
are shown at three different points in the annealing program. Peaks 1
and12 were seen in C'(run 1), and ﬁeaks 3, 4, 5, and 6 were seen in
Cyy(run III). A seventh -peak, in the Cy)y mode, appeared at 33 K
(during run II) after a 50 K irradiation but disappeared after the
firsé anneal (to 85 K) was performed. The.Cuu run shown in figure 13
was performed at a higher irradiation temperature, and this seventh
peak was not seen.

Peak 6 was the largest peak, and its disappearance after the 145 K
anneal coincides with the growth of the remaining peaks in both modes.
It was difficult to determine the exact shape of peak 6 since the
defect responsible fof it anneals away in the region where the peak is
seen (figure 12). 1In fact, the portion of ~the peak that we were
observing dwindled viéibly while we were holding the sample at the

annealing temperature, allowing us to measure the annealing as a
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Figure 13. The logarithmic decrement in Al-Mg at 10 MHz as
a function of observation temperature in C'(run I, solid .
~curve) and Cyy(run III, dahed curve). Three different
anneals are shown.
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function of time. Figure 14 shows the height of the peak at 130 K and
135 K (background subtracted) plotted semilogarithmically against the
time held at each temperature. The results of both Cyy runs are shown.

The straight line fit shows that the annealing process is exponential
in time. Since the peak height is proportional to the defect

concentration, the concentration may be expressed as
(10) c/co = exp[-foAt exp(-U/kT)]

where cg is the concentration at the start of the anneal, fo 1is the
. frequency factor, U is the activation energy for annealing, and At is
the iime after the sfﬁrt‘of the anneal. The activation energy U may be
obtained by first plotting the slopes of the_ lines in figure 14
semilogarithmically against 1000/T. The aetivation_ energy may be
obtained from the slope of the resulting line. This plot is shawn in
figure 15 using the data‘from both Cq& runs. In our case, U = -326+.05
-eV, This compares well with the activation energy of .33 éV found by
Garr and Sosin2® for the resistivity substage at 127 K in Al-Mg. This
value can be compared with that obtained for a set of internal friction

peaks found by Kollers, Jacques, Rehn, and Robrock??

in polyerystalling
Al-Mg. We estimated an activation energy of .4 ev for those peaks by
first assuming a heating raﬁe of 1 K/min to be equivalent to their set
of 10 minute isochronal anneals at 10 K intervals. We then applied

Granato and Nilan's!® relation between activation enérgy, heating rate,

and temperature of maximum annealing. The discrepancy between their
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Figure 14,

The 1ogar1thmic decrement at 10 MHz of peak 6 at. 130 and
135 K plotted semilogarithmically against the time

held at that temperature,
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Figufe_TS. The slopes of the lines from fignre 14 plotted semi-
logarithmically against 1000/T to obtain the activation
energy for annealing. ‘
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activation energy and the energy obtained for our peak 6 remains
unexplained.

k2?7 observed five internal

Kollers, Jacques, Rehn, and Robroc
friction peaks using a torsional pendulum (at frequencies of 20-70 Hz)
.that had been irradiated with 3 MeV electrons. Of all our peaks (and

despite the discrepancy n@tea above), only peak 6 has an annealing
behavior similar to that observed by Kollers, ég _L.27 for the set of
peaks II, III, and IV. The remaining two peaks, I and V, annealed away
near 150-160 K and did not correspond to any peaks observed by us. At
our frequencies of 10 and 30 MHz, peak IV (and V as well) would only
have been visible at a temperature higher than the annealing
temperature. We therefore tentatively identify our peak 6 in the Cyy
mode with peaks II and III seen by Kollers, et al. Since thé shape of
our peak is altered by the annealing which takes place duriﬁg the
measurement, it is possible for peak II to ovérlap with peak III and Bg
indistinguishable as a separate' peak inA our measurements. Using
fréquenéies of 20-70 Hz would push the observation temperatures of our
low temperature peaks ﬁo evén lower values; nevertheless, some of our
peaks, particularly 1, 3, and 5, should still have been yisible in
Kollers, gg' al.'s measurements; Their absence will be explained in
chapter 4, but the absence in our meésurements of any peaks
'corfesponding to thelr peak 1 remains unexplained.

The maximum peak height for each of the peaks (except as noted for

peak 6 where the height at 120 K was used) is expressed in terms of the

logarithmic decrement (background subtracted) and plotted against the
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annealing temperature in figures 16 and 17. Figure 16 shows the data
frbm the first Cyy measurements (run II), following irradiation to a
Frenkel pair concentration of 4.3 ppm. Peak. 3(20 K) and a peak at 33 K
were seen immediately after irradiation, but the 33 K peak disappeared
after the first anneal to 85 K. Peak 4(8 K) appeared at this point.
The next major feature ié the disappearance of peak 6 accompanied by -a
growth in peaks. 3, 4, and 5(which first became distinguishable after .
"the 125 K anneal). This activity coincided with a'resisti&ity‘substage
seen at 127 K by Garr and Sosin after eiectron irradiatipn28 and by
Dim;trov, et al. followihg neutron ir'r'adia'i:,ion"l of Al-Mg. No points
were taken in run II between the 145 and 180 K anneals, but evidentiy
the three remaining peaks expebiencéd growth ih this regiqn. The
dashed lines in figure 16 connecting the 190 K anneal points to the 210
K anneal points indicate that éhe 210 K anneal was for 20 minutes
instead of the 10 miﬁutes used for the other anneals. ’

This lack of detail in two énnealing regions of interest (145-180 "
K, and 190-210 K) led to a second examination of Cyy (run III) shown in
dashed lines in fiéure 17. The growth of peaks 3, 4, and 5 betweeg 145
and 180 K is seen to be fairly gradual. Between 190 and 210 K,-peak 3
grew, peak U4 disappéared, and peak 5 became smalier. Above 220 Ky
vacancy migration begins and peaks 3 and 5 finally diappear.

A plot of the C! results(ﬁun I) is shown in figure 17 as a solid
curve. Peak 1(19Y K)  was present immediately after irradiation and
remained unchanged until the 125 K anneal. Peak 2(1l4 K) first appeared

after the 120 K anneal. Growth of these two peaks also accompanied the



Figure 16. The maximum peak height for the Cyy peaks at 10 MHz
' (in log decrement) plotted against annealing temperature.
(run II data) : .
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Figure 17. A(top): Maximum peak heights (in log decrement) for
C' (run I) and Cyy (run III) at 10 MHz,
plotted against annealing temperature. C' is
shown with a solid curve, Cy, with a dashed curve.

B(bottom): The relative modulus change, after
irradiation, plotted against the annealing temperature.
C' is the solid curve, Cy) the dashed. The dotted
portion in the lower Cy)j curve represents uncertainty
about the data point. The frequency used for C' was
11.04 MHz. For Cyy it was 10.16 MHz.

(Data from run 1 ?C') and run III (Cyy).)
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disappearance 6f peak 6 in the Cyy mode; however, very 1little change
was seen afterward until peak 2 started to shrink following the 195 K
anneal. Peak 1 remained untillthe onset of vacancy migration in étage
IITI, when it also vanished.

One of the conclusions that can be made from these plots is that
since no peak displayed an annealing behaQior which was identical to
theibehavior of any other peak, each peak must correspond to a
different defect type. For example, althoﬁgh peaks 1 and 3 (in the C'
and Cyy modes respectively) occurred at nearly the same temperature,
they behaved quite differently in the annealing region between 180 and
200 K: peak 1 changed hardly at all, while peak 3 grew significantly.
In this same region, peaks 2 (at 14 K) and 4 (at 8 K) both annealed
away; however, peak 2 first appeared after the 120 K anneal whereas
peak 4 was present immediately after irradiation. Peak 5 (at 45 K, Cyy
.mode) seemed to partially anneal away around‘190 K but did not entirely
vanish until the onset of stage III (240 K) when vacancy migration
takes place. Peak 6 disapﬁeared near 127 K unlike any of the other
peaks.

The lower p&rtion of figure 17 shows thé annéaling behavior of the
diaelastic effect for C'(run I) and Cyy(run III) (éolid and dashed
‘lines; respectively) plotted as the temperatﬁre-independent part of the
relative modulus change, AC/C(at 5 K) versus the annealing temperature.
As mentioned previously, this change is equalL to 2Af/f, twice the
relative change in the resonant frequency, where Af is the difference

between the frequency measured at 5 K after irradiation and the
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frequency at 5 'K before irradiation. The resonant frequency is
decreased after the crystal is softened by the introduction of
radiation damage, and this decrease appear"‘s as a negative diaelastic
" effect.

As the annealing program proceeded, the C' diaelastic effect
decreased slightly after the 85 K anneal and then almost completely
disappeared.aroﬁnd the 130 K anneal. The diaelastic effect in the Cyy
mode also decreased after the 85 K anneal, but showed little change

_near 130 K, although a small amount of anﬁealing would héve been hidden
in the noise. Not until the 200-240 K anneals did the Cyy diaelastic
effect disappear.

Plotted in'figure 18 is the relative modulus change at 5 K as a

‘fﬁnction of the annealing temperaiure for the Cyy mode, run II. The
sample was irradiated to a Frenkel pair concentration of 4.3 ppm. The
Cyy diaelastic effect again displayed a decrease after the 85 K anneal.
Near 130 K, the noise level was lower than in the éther Cyy run and a
&efinite "decrease in the diaelastic effect occurred. The Cyy effect
remained unchanged until‘the onset ‘at 210_K of vacancy migration, afﬁer
-which the 'éiaelastic et‘fect:, annealed away. The dashed portion of the
curve signifies that the 210 K anneal was 20 minutes 1long instead of
'tﬁe usual 10 minutes. |

Two interesting features appeared in these annealing curves which
may be related to the annealing of decrement peak 6: 1) A small
decrease in the Cyy diaelastic effect occurred near 130 K, as shown in

figure 18, and 2) nearly complete recovery of the C' diaelastic effect



Figure 18. The relative modulus change for Cyy (measured at
5 K), plotted against annealing temperature. The
frequency was 11.04 MHz. The dashed portion indicates
that the 210 anneal lasted for 20 minutes instead of
the usual 10 minutes.
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occurred near 130 K, as shown in figure 17. The small decrease seen in
figure 18 seems to be a real effect and is not caused by the presence
at‘8 K of a relaxation peak; first of all, the magnitude of an effect
. caused by the relaxation at 8 K would be no more than .5 ><'10‘5 which is
only about 20% of the relative change actually observed in the modulus.
Secondly, _one‘ would expect the dispersion caused by a relaxation to
cause an apparent increase in the diaelastic effect, i.e. a change to
more negative numbers. |

The diaelasti'c effect is still not well understood theoretically
so that an interpretation of these results in terms of possible defeét

configurations will not be attempted here.

TABLE IV. Characteristics of Attenuation Peaks in Al-Mg .1%

Peak . Mode T (K) H(meV) vo(1/sec) Ap/ec RTp/c

10MHz / 30MHz (x)
1 C' . 19.3 /7 21.8 +.5 1847 101105 55,5 201
2 c 14.0 / 15.9 +.5 11s2 101825 86,5 o
3 Cuy  19.8 /7 22.3 x5 1723 10122507 22,741 899
4 Cul 8.2/ 9.3 4.5 6s2 10 '+8%:5 11.92.5 195
5 Cuyy W/ 48 +1 4setd 103+6%:T  q0.u.6 915
6 Cyy >135 ‘ ' - 48+5 12960

Table IV summarizes the major characteristics of -the relaxation
" peaks observed in Al-Mg.

Ty is the temperature of the peak maximdm, and values are given



e

. One technique?

79

for both 10 and 30 MHz. From the Debye equations, the decrement peaks .
occur for wr=1 which, when combined with the Arrhenius expression for <t
given in equation 6, implies that the use of two different frequencies,
fq and f,, causes the peak temperatures to shift accordingly from Tq to

T, One can use this shift to obtain H, the activation enthalpy for

the relaxation:

(1) (H/x)[(1/T)-(1/T2) ] = 1n(fp/fq)

\)o', the frequency factor, is then easily calculated from equatién 6.
9 for obtaining the peak shift is to plot the decrement
peaks for 10 and 30 MHz as showﬁ in figure 19. The background was
$ubtracted and each point;. on the curve multiplied by its corresponding
temperature in order to eliminate the inverse T dependence of the
relaxation strength (see equation 9). The result was normalized and

then plotted against 100/T. Since Debye peaks are normally symmetric

about wt=1 when plotted versus ln wt, the exponential dependence of <t

ﬁpon the inverse temperature means that replacing ln wt with 100/T (for

. a given frequency) will preserve the symmetry of the peaks. The

results for peak 3 (Cyy mode) after the 190 K anneal are shown in
figure 19. .

The shift of the entire peak (rather than Jjust that of the
maximum) is wused for the evaluation of H using equation 11. Ty was
obﬁained by taking an average of. the abscissa values at the

half-maximum points on the curves. (In some cases where the peak was
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Figure 19.

The decrement values for peak 3 in Al-Mg, multiplied
by temperature and normalized, plotted as a function
of 100/T for 10 and 30 MHz, side by side. The

~peak shift with frequency was. used to calculate the

activation energy for relaxation of the peak 3 defect.
A peak having the classical Debye shape was calculated
and is shown as the dashed curve.
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slightly asymmetric, the nine-tenths-maximum points were also used.)
The last two columns in table IV are concerned with the size of the
relaxation peaks. Ap/c is the maximum decremént seen for éach peak

during the annealing program divided by the Frenkel defect
concentration after irradiation (as listed in table III). RTﬁ/c is the
temperature-compensated relaxation strength for each peak per unit
concentration of Frenkel defect after irradiation, again for the
maximum value observed.

From the  characteristics 1listed in table IV and the Debye
equations, the shapes of Debye peaks can be calculated and compared
with the experimental peaks. For example, the curve drawn with dashed
lines in figure 19 has the classical Debye shape and agrees well with
peak 3. All the peaks in Al-Mg have shapes which are approximately
Debye in nature except possibly peak 6 -(which anneals during our

observation of it.)

C. Cu-Ag results

Measufements were taken of the ultrasonic attenuation (at 10 and
30 MHz) and resonant frequency (at 10 MHz) iﬁ both C' and Cyy modes. A
summary of some basic data for the Cu-Ag runs isbgiven in table V. No
relaxations were visible in the C' mode, but several peaks were seen in
the Cyy mode. The existence of several peaks was deduced only after
observation of the anneéling behavior of the attenuation. This proucess
of deduétion will be outlined later in this section and involves a

combination of the data shown in figures 20 and 21. Figure 20 shows
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Figure 20.

The log decrement in Cu-Ag at 10 MHz, plotted as
a function of observation temperature for Cyy.
Three different anneals are shown. (data from run V)
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Figure 21. A(top): The maximum peak height for the Cy), peaks
in run V (in log decrement) plotted against annealing
temperature (in K).

B(bottom): The relative modulus change for C'(solid
curve), run IV and Cyy (dashed curve), run V,

plotted against annealing temperature (in K). The fre-
quency used for C' was 10.52 MHz. For Cyy, it was
11.17 MHz.
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the 10 MHz logarithmic decrement after background subtraction plotted
as a function of temperature between 0 and 30 K at three different
points in the annealing program. The results are from run V. The top

portion of figure 21 displays the annealing behavior

TABLE V. Summary of Cu-Ag Runs

Date Mode Irrad Selected Echoes Time Thickness Volume

Temp 10MHz/30MHz  Between (mm) Averaged
(K) Echoes Dose
(us) (ppm,F.P.)
Run IV Jul ct 50 1st+4th/1st+2nd 30.9/10.3 8.48 3.6
1980
v Jul Cyy 50 2nd+8th/ist+3rd 34/11.2  8.48 9.3
1980 :
VI Oct  Cyy 58 1st+7th/1st+3rd 33.7/11.2 8.18 5.0
1980 )
VII  Mar  Cyy 40 1st+10th/1st+5th  49/22 8.18 4.0
_ 1981 80 18.7
VIII Apr c' 40 1st+9th/1st+3rd 77.3/19.3 8.18 1.8
1981 80 15.4

at 10 MHz in terms of the maximum peak height‘in logarithmic decrement
versus the annealing temperature, again for run V. Run V served as a
preliminary investigation of the Cyy mode.

Immediately after irradiation at 50 K to a Frenkel defect
concentration of 9.3 ppm, only peak 1(at 16 K) was visible. The 75 K
anneal produced a two-fold increase in peak height. This suggested an

assoclation with the resistivity substage II, observed by Cannon and
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Sosin® at 60 K. The next substage observed by them was named II, and
occurred between 120 and 140 K; therefore, our next anneal was to 120
K. Of great interest was the fact that peak 1 was already gone after
tﬁis anneal, well befofe the bulk of the resisti&ity annealing in this
région had taken place. Only a small, poorly-defined peak structure
was left in its place with a shoulder between 9 and 12 K and a maximum
centered at 15 K rather than 16 K. One of the most intriguing features
aboug 'ﬁhe Cu-Ag system is that this peak structure continued to
increase' duriﬁg the 125-145 K anneals, well after peak 1 had
disappeared. If, as Cannon and Sosin supposed,“ Ag impurities releésed
‘trapped interstitials in.this vicinity, the growth of this strpc;ure
can be explained. However, what annealing mechanism woﬁld then account
'fof the early disappearance of peak 1?

- Figure 21 shows the groﬁth in both the height of the shoulder and
the maximum height at 15 K. In figure 20, the structure present after
the 145 K anneal is shown, and the maximum is labeled peak 2 while the
shoulder near 11 K is labeled peak 3. Peak 2, even though occdrring at
nearly the same temperature as peak 1, was believed to bé a distinct
éeak caused by a different defect or set of defects and not simply a
diminished vérsion of peak 1. It was assumed ﬁhat ~once the defect
' responsible for peak 1 started to anneal, as evidenced by the drastic
reduction in peak height, the defect would continﬁe to anneal away
until peak 1 was entirely gone. Also, the maximum height of the "peak"
definitely shifted from 16 K to 15 K during the 75-145 K anneals. The

existence of the shoulder was verified when, upon subsequent annealing
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to 160 K, the peak height between 9 and 12 K decreased noticeably.
' Peak 2 remained until the 200 K anneal where it finally annealed away.
This behavior correlates with the resistivity substage II4 seen by
Cannon and Sosin at about 19Q K.

A second ruh was performed in the Cyy mode (run VI, Frenkel péir
concengration of 5 ppm) in order to obtain details about the behaviof .
of peak 1 near 60 K(stage II,), and about the temperéture separation
between the annealing of peak 1 and the growth of peaks 2 and 3. The
bbserved annealing behavior is shown in figure 22 plotted as the
maximun peak height in decrement (background subtracted) versuﬁ the
" annealing temperature. Unlike the behavior in run V, peak 1 did not
grow after annealing to 80 K. Apparently, the irradiation temperétuhe
was too close to 60 K so that all of the II, annealing took place
during the irradiation. However, we were still able to check on the
annealing region between 95 and 145 K. The difference between the
température where peak j disappeared and that where peaks 2 and 3 grew
is clearly shown in figure 22. Maximum annealing‘of peak 1 took place
near . 110 K, well before stage II, (as seen by Cannon and Sosin), while
mgximum g}owth for peaks 2 and 3 took place near 127 K. Peak 3 again
disappeared near 150 K (which did not correspond to any resistivity
change observed) while peak 2 annealed out in the same temperature
range as stage II4 (190 K).

To determine whether or not‘peak 1's growth corresponded to the
resistivity stage II, (60 K), we performed a third Cyy run (VII) with

particular emphasis on a low temperature irradiation followed by an



Figure 2Z. The maximum peak heights for the Cyy peaks (in log
decrement) in run VI, plotted against the annealing
temperature.
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anﬁealing program centered on 60 K. We irradiated our samp;e qu
several. days at 40 k to a Frenkel pair concentration of about 4 ppm.'
To insure the proper irradiation temperature, we monitored the resonant
frequency continuously during irradiation and made use of the strong
sensitivity of the freqﬁency to temperature changes. The resulté of
the irradiation and annealingifor 30 MHz are shown in figure 23. Shown
in solid lines aée the annealing -curves (maximum peak 'height in
decrement vs. annealing temperature) for the 30 MHz attenuation peaks
1 and 2 (read from the left-hand scale). Peak 3 was ignored for this
run. The boxed portions represent the growth of the peak following
irradiation at the temperature specified. The dash-and-dotted curve
gives the Cannon and Soéin data for the amount of inducéd resistivity
- change remaining in Cu-Ag(500 ppm) as a function of annealing
temperature. The resistivity points are normalized to the value after
the 40 K anneal, and their values are read from the right-hand scale.
They are unconneéted with ﬁhe 80 K irradiation, as indicated by the
dashgd line.

After the 40 K irradiation, we proceeded to anneal the sample
upward in 4 or 5 K steps to 79 K. The grow;h‘of peak 1 correlated very
well with the recovery stage IIb which was believed by Cannon and
Sosin" to be due to a reconfiguration of the interstitial into a deeper
trapping poéition at the same impurity.

The anﬁealing program was followed by énother irradiation, this
time at 80 K to a final Frenkel pair concentration of 18.7 ppm. This

higher irradiation temperature increased our effective cooling power



Figure 23.

The results of run VII for the Cyy mode:

A: Boxed portions show the maximum height of peak 1

in Cu-Ag (at 30 MHz) as a function of the total induced
Frenkel pair concentration, measured after each day

of irradiation.

B: Outside the boxed portions, maximum peak heights (at
30 MHz) are plotted against annealing temperature, shown
by solid curves.

C: For comparison, the residual resistivity change
measured in Cu-Ag(500 ppm) as a function of annealing
temperature by Cannon and Sosin* is also shown

(by the broken, dash-and-dotted line). The values
were normalized to the 40 K anneal.
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and allowed us to use higher beam currents. Peak 1 grew by a factor of
4., We annealed between 95 and 145 K, and after comparing our annealing
data for peak 1 with Cannon and Sosin's resistivity data, we saw no
distinct resistivity‘change associated with the disappearance of peak .1
at 110 K. Resistivity measurements performed by us on samples made
ffcm.our own boule of Cd—Ag confirmed this fact.

We also verified the growth that took place in peak 2 between 120
and 145 K, significantly separated from the disappéarance of peak 1
between 95 and 115 K. From figure 23, §ne can see a strong correlation
between the growth of peak 2 and the resistivity recovery (stage II,)
observed by Canﬁoﬁ and Sosin. Our interpretation of these results will
appear in chapter Ui.

The annealing continued through 210 K with the disappearance of
peak "2 taking place between 170 and 210 K, just where stage II4 in the
- resistivity was observed. The dotted line between 160 and 190 K in the
peak 2 annealing-curve indicates that no annealing points were taken in
that region.’ | '

Measurements of the diaelastic veffect in terms of the
temperature-independent part of the relative‘modﬁlus change (AC/C) were
also performed at 10 MHz in our samples. The lower portion of figure
21 sShows a plot of the relative modulus change versus the annealing
temperature for C' (run IV, Frenkel pair concentration of 3.6 ppm) and
Cyy (run V, 9.3 ppm Frenkel pairs) indicated by the solid and dashed
lines, respectively.

The annealing curve for the C' diaelastic effect is rather flat,
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showing very 1little change even in the annealing regions where the
attenuation peaks were undergoing growth or shrinkage. The annealing
curve for the Cyy diéelastic effect shows a slight decrease of the
effect (to less negative values) after the'75 K anneal, and then stays
fairly flat until abéut 180 K. Above 180 K, the diaelastic effect
gradually increases (to more negative values).

Figure 24 shows the annealing results for the C' (run VIII) and
Cyy (run VII) diaelastic effects (solid and dashed lines,
respectively). Both of these runs started with a 40 K irradiation (to
1.8 ppm Frenkel pairs for C' and to 4 ppm for Cy,) followed by
annealing up to 74 K for C' and 79 K for Cyy. The C' diaelastic effect
appeared to increase slightly in this annealing region. However, there
was a definite decrease in the CQu diaelastic effect that correlates .
weil with the resistivity substage II, (60 K).

An 80 K irradiation was then performed (to a final Frenkel pair
concentration of 15.4 ppm for C' and 18.7 pbm fof Cuu) followed by the
annealing program described earlier for the attenuation measurements.
The anneéling points were taken from 80 to 200 K.

In the C' mode, fhe diaelastic effect decreased thfoughout this
region fairly smoothly except near 110 K and 130 K.(where peak 1
disappeaned and peak 2 grew in the Cyy mode) . The size of these
deviations from smoothness was small, near the nolse level of the
system, and no conclusions are made about their possible origin. The
diaelastic effect iﬁ Cyy showed no major changes between>80 and 160 K.

After 160 K, the effect gradually increased as it did in run V (figure



Figure 24.

Annealing behavior of the relative modulus change for
C' (solid) and Cyy (dashed): first, following
irradiation at 40 K, and then following irradiation
at 80 K. Data are from runs VII(Cyy) and VIII(C').
Measurements were at 5 K; the frequency for C' was
10.48 MHz. For Cyy, it was 10.3 MHz.
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21).

Figure 25 shows a plot of the diaelastic effect as a function of
the Frenkel pair concentration for C' (run VIII) and Cyy (run VII)
shown with solid and dashed 1lines, respectively. As di scussed
previouély, irradiation took place at 40 and 80 K. After each day of
irradiation, the sample was ramped down to helium temperatures and the
diaelastic measurement taken. The C' effect (after about 1.8 ppm of
Frenkel pairs were introduced at 40 K) was very small. Affer annealing
to 74 K, the effect was only slightly larger, as indicated in figure
25. Irradiatiop at 80 K seemed to produce 5 much larger effect per ppm
Frenkel pair as evidenced by the steeper slope of the line drawn
between the 80 K points, compared to the slope for the 40 K
irrédiation. However, only one point was taken after the 40K
irradiation, and since the iq;tial pinning of dislocations might
decrease the diaelastic effect in the early stages‘of irradiation, it
is possible‘that the slope of the 1l1line drawn through the 40 K
- irradiation poihts later in the irradiation program could have been as
large as the slope of the 80 K line.
- In Cyy, the diaelastic effect after 40 K irradiation was larger
than in C' for the same dose. The annealing up to 79 K produced a
decrease in the effect, as shown in figure 25. One would expect from
this decrease after annealing that the diaelastic effect per ppm
Frenkel pair after irradiation at 80 K would be 1less than that for
irradiation at U40 K. This conclusion is supported by a comparison of

‘the slopes of the lines drawn through the 80 K and 40 K points.
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The relative modulus change for C'(solid) and Cyy

(dashed) as a function of total radiation-induced

Frenkel pairs at 40 and 80 K irradiation temperatures.
Data were taken at 5 K following each day of irradiation.
The resonant frequency for C' was 10.48 MHz. For Cyy,

it was 10.3 MHz.

Figure 25.
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However, because the diaelastic effect is still not sufficiently
Qell—understood, the signifieance of these results to the possible
defect configurations remains unclear.

Table VI lists the characteristics of the peaks in Cu;Ag which
‘were obtained in the manner discussed previously. An accurate
determination of the characteristics for peak 3 was precluded by its
small size and its proximity to peak 2. The numbers given for peak 2
are intended as estimates only; peak 2 was too wide to be accounted
fo; by a single relaxation process. Figure 26 shows a plot of the
-normalized, temperature—éompensated decrement at 10 and 30 MHz versus
100/T for peak 1 after the 95 K anneal. The dashed line is a
calcqlated Debye peak, and it agrees well with the experimental peak

. observed.

' N
TABLE VI. Characteristics of Attenuation peaks in Cu-Ag .1%

Peak Mode Tp(K) H(meV) - vo(1/sec) Ap/c RTy/c

10MHz / 30MHz (K)
1 Cyy  16.3 7 18.4 +.5 14s3  10'2:3%9 43,045 2y
2 Cyy - 15.1 /7 17.1 2.5 13+3 10'2°1+9 5 151

3. Cyy 10 / -




Figure 26.

Peak 1 in Cu-Ag, decrement values multiplied by
temperature and normalized, plotted as a function of
100/T for 10 and 30 MHz, side by side. A peak having
the classical Debye shape was calculated and is shown
as the dashed curve.
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'CHAPTER

Discussion

We have found that electron-irradiation of Al-Mg and Cu-Ag i
introduces. defects which cause a variety of peaks in the ultrasonic
attenuation. Al-Mg displayed 6 peaks which were visible in both the C'
v'and Cyy acoustic modes, while Cu-Ag displayed 3 peaks only in the Cyy
acoustic mode. A

Each of the'reléxation peaks in A}-Mg showed an annealing behavior
different from that of every other peak. The same is true of the three
:peaks in Cu-Ag: that is, peak 1 disappeared ét 110 K, peaks 2 and 3
gréw at about 125 K, peak 3 disabpeared near 150 K, and peak 2
disappeared near 190 K. It is reasonable to conclude from the
annealing . beQavior observed that each peak in Al-Mg and Cu-Ag
“corresponds to a different defect type.

Al—Mg and Cu-Ag represent twb systems iﬁ which the impurity atom
113 strongly oversized within the host lattice: AV/V is 444 for Mg?s in
Al and 36% for Ag®? in Cu. In these oversized systems, all of the
attenuation peaks (except possibly peak 6 in Al-Mg) underwent growth
-during some part of the stage II annealing progran. The main peaks
(peak 1 in Cu-Ag and peak 6 in Al-Mg) annealed away in the middle of °
stége II (110 K for Cu-Ag, 130 K for Al-Mg). This is in sharp contrast
with the behavior found in the undersized systemé studied so far:

Al-Mn (Johnson') as well as Al-Zn and Al-Fe (Hultman?). In the
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undersized case, almost all of the peaks reached their maximum heights
iﬁmeqiately after irradiation and remained unchanged until they finally
annealed away. For the strongly undérsized materials Al-Mn.and Al-Fe
(where AV/V is about -30%)’39 the main peaks did not disappear until
the.onset of vacancy migration in stage III (210-240 K).

These differences in the annealing behavior suggest that the
interstitial traps near oversized impurities tend to be shallower than
’: the. traps near oversized impurities. Tﬁis behavior is roughly
consistent with the results of calculations performed by Dederichs, et
QL.SAFigureAZB 5hows the binding energies foﬁ the complexes consisting
of. a self-interstitial dumbbell and an oversized 1mpufity located at
the sites indicated. (Recall that the impurity does not move‘ between -
thesé sites. Rather, the dumbbell jumps so that the relative position'
of the impurity is what changes. Also, the energies are given in units
of the binding energy for the mixed dumbbell, which forms only in.thé
case of the Qnderéized impuriby. Posipive values are considered to be.
binding.) Reversing the signs gives the results fof an undersizéd
impurity. The binding energies one then obtalns for the undersized
complexes represent stronger binding overall than one finds in the case
of the oversized impﬁrity: theée energies are 1.0, .uo,”)13, énd .04
for the undersized impurity, and .21, .09, and .01 fof fhe oversized
impurity. Table VII gives the predicted binding energies, E, (in eV),
and the approximate expected temperatures of anneéling, TA, for these
configurations in Cu-Ag and Al-Mg. The results for two models (models

A and B) are listed. These models will be discussed in detail later in .
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TABLE VII. Binding Energies and Annealing Temperatures for Impurity
Traps in Cu-Ag and Al-Mg

Cu-Ag Al-Mg

Trap .01 .09 .21 .01 .09 .21
MODEL A

Ep (eV) .03 .26 .62 .03 .25 .57

U(eV)=Ep+E, .15 .38 .73 .14 .36_ .69

Tp(K)=320 U 47 122 235 46 116 220
MODEL B

Eb(evi .013 .12 .28 .012 M .26

U(eV)=Ep+E, .13 A.au b0 .13 .23 .38

T4(K)=320 U a2 76 127 w 72 120

this chapter. The binding energy of a mixed dumbbell as a function of
<sizeA ﬁismatch (AV/V) is given by Dederichs, et al.’? and is used to
obtain Ej, the binding energy of the complex. We assume the activation
énergy tor aunealing, U, is given by Eb+Em, where Ep is the free
migration éneﬁgy of the interstitial which is taken here to be .115 eV
for Al and .117 eV for Cu."? This value for U should be regarded as an
upper liﬁit in the case of a defect moving from a shallow trap to a
. deeper one. This is because the energy barrier separating a shallow
trap from a deep one is likely to be lower than the normal migration -

energy in the rest of the crystal.
The annealing temperature is calculated by first considering

equatioh 10 again. (Implicitly, to obtain equation 10, we assumed that
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the defects need to perform only a single Jjump to produce annealing

behavior in our attenuation peaks.) We rewrite equation 10 as:

-(12) ¢ = co exp(~-t/T) ~ where

(13) ‘ ! = £y exp(-U/kT).

For a time of measurement, T, of about 103 seconds (about 16 minutes)
and a value for fo of 1013 sec”!, we obtain the following linear

relationship between U and TA:
(1) Tp(K) = 320 U(eV)

fhe trap marked .01 was used by Cannon and Sosin in their
_interpretation of the resistivity substage II, at 60 K (see figure 24).
‘ It was believed to be the shallow trap that fed into the deepest trap
marked: .21 in figure 2B. However, Table VII shows that this process
should océur at 47 K (as an upper limit) so that this configuration

’.probabl& cannot account for the 60 K substage? Also, this trap is
probably unimportant for irradiation temperatures between 40 and 80 K.
.Therefore, we can - simplify our discussion by dealiné only with the
remaining stable sites marked .21 énd .09. We will  use the numberé
shown in figure 2B for identification of the different defect complexes

treated in the following discussion.
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A. Predictions of the Dederichs, et al. model

Dederichs, et 3&.3 used simple potentials (the Born-Mayer, Morse,
and . Modified Morse): to describe the interactions between the
"_interstitial and the impurity atom. These potentials would be'gxpected
to giie good résults for Cu and Ag which havé hard core cloéed electron
shells. Also, these potentials have given a good quantitative account
4 of the interstitial and vacancy properties in pure copper. Therefore,
-it is expected that the calculations by Dederichs, et al. should apply
best to Cu-Ag amohg all of the interstitial-impurity systems
Ainvéstigated to date.

To see the implications of these calcu;ations for the present
- measurements, we first take note of the fact that there exist several
independent "tracks™ for the motion of the interstitial, so -that not
ever& configuration iS 'available to a given interstitial at a given
impurity atom. - This has certain consequences upon the annealing
behavior which will be discussed below. 'The concept of the tracks
arises from consideration of the stable defect configurations 1ndicated
_in -figure 2B with the binding energies .21 and .09. If the dumbbell
can only migrate via the elementary jump shown in figure 1B (i.e., the
linitial and final positions of the dumbbell atoms all lie in a (100)
plane), then the site marked .21 is inaccessible to the site marked
.09. In fact, 1if ,the system is alléwed tb change only via the
elementary jump specified, then at a given impurity, the migration
paths or "tracks" including the sites marked .09, 0.0, -.ou; -.13, and

-.4 are completely inaccessible to the path that includes the sites .01
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and .21.

These tracks are drawn in figure 2T7. The impurity atom is
Stationﬁry, while the dumbbell can migrate between the positions ahd
orientations shown for each track. Two types of tracks are shown,
track A (containing the stable site marked .21) and track B (containing
the stable sitg marked .09). 9"Track B" actually consists of three
independent tracks; For example, each position marked .09 for one
orientation of the dumbbell is marked 0.0 for the other two
orienﬁations. Dederichs, gg.g£.3 have shown that a simple rotation of
the dumbbell at the same site requires an .energy greater than the
migration energy, sSo that the dumbbell cannot get from 0.0 to .09 at
the same site by simply rotating. Therefore, the three tracks passing
through the position marked .09 are independent. A similar situation
"exists for every position shown in the figure, so that a total of four
independent tracks exist for each impurity atom in the crystal
(although tracks B1-B3 are related by 90° rétations around a <100>-axis
passing through the impurity).

.Afte? irradiation at low temperatures, 25% of the induced "defects
_are in Ltrack A, trépped at the sites markqd .21. T5% of the deteéts
are divided among tracks Bi-B3, trapped at the sites marked .09. As
fhe annealing program reaches about 120 K (in Cu-Ag 6r Al-Mg, see table
VII), the sites marked .09 release their trapped dumbbells and tracks
B1-B3 become depopuiated. The tfack B interstitials m%grate away from
their own impurities, enter track A at other impurities, and are deeply

trapped in the sites marked .21. In the process of changing tracks,
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Figure 27.

Four independent tracks are shown for each impurity.
Only the sites on a single track are mutually
accessible. Most of the sites are marked by their
binding energy as calculated by Dederichs, et gl.a
in units of the mixed dumbbell binding energy. Positive
values are binding. Note that the deepest trap

(marked .21) lies in track A, while the .09 trap lies
on tracks B1 through B3.



112

TOI Ol
.0l ol .
Q| | | track A
| |21e* ol
2| 2]

track B|

track Bo

track B3




113

some of the interstitials recombine with nearby correlated vacancies
and produce resistivity recovery. After the 230 K anneal'(see-table
VII), the sites marked .21 detrap and finally release their
interstitials. Both correlated and uncorrelated resistivity recovery
shouldAoccur at this tiﬁe.

Dederichs, et §£.3 chose the deepeat trap (.21) in track A io
illustrate a Aposéible reorientation process in oversized materials.
The relaxation is betweén the equivalent sites shown in figure 3A. The
relaxing defect compléx possesses <110>-orthorhombic symmetry and
should produce an attenuation peak visible in 'both the C' and Cyy
acoustic modes®?(see figure 3B). Since the C' relaxation requires the
same elementary jump of the dumbbell that 1is required for the Cyy-
relaxation, we expect the frequency factor and the activation ehergy
fpr the relaxation to be the same in both modes. The relaxat;on peak
should therefore appear at the same temperature in both C' and Cyy
modes. chause the reorientation jump is similar to the motion of the
interstitial when freely migrating though the erystal, fhg
reorientahion energy should be on the order of the migration energy:
;bout .1 eV in copper. This results in a peak temperature of 100 K or
possibly higher at 10 MHz. Finally, sincé a single defect type |is
causing the peak in both modes, the peak should display identical
annealing behavlior in both modes.

The defect trapped in the site marked ,09 does not appear to
félax. On a given track, there are only two equivalent positions

located on opposite sides of the impurity. Neither a <100> nor a <111>
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uniaxial stress removes the degeneracy of these two sites. Therefore,

no attenuation peak is expeéted for this trapping position.

wé summarize the‘predictions of Dederichs, et EL.'sA model . as
follows:

1) Following irradiation, 25% of the induced defects should be in -
the ‘deepest trap, marked .21 in track A. Relaxation of the trapped
dumbbell should‘be viﬁible as an dttenuation peak located at about 100
K in both the C' and Cyl modes.

2) At the same timé, 75% of the induced defects should be trapped'
Aat the sites marked .09 in tracks Bi1-B3. No relaxation due to these
defects is expected.

3) After the 100 K‘anneal, the ".09" defects (with a binding
energy of only .25 eV, see table VII) dissoqiate. The shallow trapped
interstitials leave their impurities and find the deepest trap (.21) in
track A or recombine with correlated vacancies. This causes the high'
‘temperature attenuation peak in both modes té grow by at most a factor
of A, decreased by the correlated recoveby which oceurs.

4) The attenuation peak(at aﬁout 100 K) should remain until the
230 K anneal. The binding energy of the .21 trap (which causes the
peak) is about .6 eV so that at 230 K, these traps finally release
their interstitials causing the attenuation peak to digappear. Long
range migration of the interstitials takes place, resulting in both

correlated and uncorrelated recovery.
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B. Cu-Ag discussion

The principal results which need to be accounted for by a model

can be summérized as the following:

1) Three peaks were seen, including the main one (peak 1), all
ﬁith trigonal symmetry (that is, all in the Cyy acoustic mode).

2) Peak 1 was seen at 16 K, so that the defect responsible
requires a low activation energy of about .014 eV for relaxation.

3) Peak 1 anneals away without an accompanying resistijity
‘substage at 110 K, at a temperature close to but distinct from_thé
resistivity substage II, seen by Cannon and Sosin* at 127 K.

4) Peak 1 grows at 60 K, corresponding with the resistivity
substage IIj seen Sy Cannon and Sosin.

‘5) The smaller peaks 2 and 3 grow at about 127 K. Their growth

corresponds with the resistivity substage II,.

None of the peaks observed in Cu-Ag can be identified with the
<110>-orthorhombic defect predicted by Dederichs, et gl.’ Point 1 of
_ihe summarized results indieates that only peaks of trigonal symmetry
were seen. None of them possessed a counterpart in C', which would be
‘required for the predicted relaxation. We examined the C' mode
~carefully for a peak that might be associated directly with peak 1, our
main peak in Cyy. The relaxation strength of such-a'peak would have to
Abe more than 30 times less than the relaxation strength found for peak

1. This in turn would require a condition on the principal values of
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ﬁhe A-tensor (see equation 9) that we believe to be improbably
bestrictive. .Furthermore, point 2 of our summarized results states
that the temperature of peak 1 was only 16 K, much lower than the
predicted‘peak temperature (100 K) for the <110>-orthorhombic defect.
" We conclude that peak 1 is not due to the deep-trapped defect predicted
in Dederichs, et al.'s model. The remaining peaks 2 and 3 are also at
low temperature - (15 and 10 K) and possess trigonal symmetry. We
therefore conclude that none of the peaks are caused by the predicted
defect.

The annealing behavior predicted by Dederichs, et al.'s treatment
does not fit the annealing behavior outlined in points 3, 4, and 5.
The annealing of peak 1 near 110 K without any distincf resitivity
substage occurring cannot be explained by the emptying out near 100 K
of the .09 sites into thé deep .21 sites. This emptying out must be
accompanied by correlated resistivity recovery which, in this case, is
not seen. The growth of peak 1 at 60 K (mentioned in pointAu) does not
correspond with any annealihg at 60 K predicted by the model unless one
makes a major modification in the calculated numbers. The model as it
stands, however, does not predict any annealing at 60 K. Finally, the
behavior described in point 5 might be explained by migrating
interstitials encountering deep traps at tracé impurities or Ag
doublets. Such traps may produce relaxation peaks and would grow due
to long range interstitial migration following finalAdetrapping at
single Ag atoms. However, final detrapping in the model does not take

place until about 235 K when the deep traps marked .21 finally release
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their interstitials.

| To summarize, the symmetry and temperature of our main Cu-Ag peak
do not match with those predicted for the most deeply trapped defect.
.in'fact, no evidence for the predicted defect symmetry is found iﬁ our
measurements. The annealing behavior observed by us is also not well
explained by the model without major modification of the results
calculated by Dederichs, et al. Qur results force us to suggest
.éertain extensions of and changes to the model by Dederichs, et al.,
resulting in tﬁov new models that can better explain the principal
features seen in our measurements. These models are outlined in the

next section.

" C. Two possible models for Cu-Ag

| Since the model py Dederichs, et al. should apply best for Cu-Ag
as noted earlier, it is surprising that‘there.exists such a discrepancy
‘ bétween.the predictions and the results. Nevertheless, we would first
like to make the 3smallest possible changes to the ﬁodel that are
necesséry in trying to account for our results. We assume that the
binding energies for the limited number of configurations considered
are correct, but that other stable configurations have not yet been
treated and that some of the equilibrium configurations proposed may
be, in fact, saddle point configuratiéns,v Therefore, our initial
suggestions are in the nature of extensions rather than correetions to

the model.
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1. Model A: First, in explaining points 1 and 2 of our Cu-Ag

summary of results, we require a defect with a 1low energy of
relaxation, a trigonal symmetry which produces only a Cyy peak, and a
binding energy that causes the peak to disapbear at 110 K. The only
defect in the basic model which has the proper binding energy is a
'dﬁmbbell located at site .09 which has a calculated annealing
temperature (table VII) of 122 K in Cu-Ag. The .09 configuration for
which the Qinding energy was calculated is an equilibrium configuration
by symmetry, but the equilibrium of the <100> orientation could be
unstable. Therefore, 1in 6rder to obtain a 1low temperature Cyy
relaxation, we'postuLate that the dumbbell be tilted slightly away from
the <100> axis and inﬁb_the (110) plane, as shown in figure 28. Such a
tilt is reasonable when one assumes a strong repulsion of phe bottom
atom of the dumbbell both from the oversized impurity and from the
face-centered host atoms. This dumbbell can occupy one of the
eduivélent .positions A-D shown in figure 28. The distance between
eqdivalent éites is short and no motion of the c¢enter fof mass is
_required. This means that the activation energy for relaxation and
therefore thé peak temperature can be quite low. This satisfies point
2 of our Cu-Ag results. By applying a <100> uniaxial stress, the
degenéracy of positions A-D is left unchanged: no C' relaxation takes
place. A <{111> uniaxial otress does remove the degeneraéy so that
relaxation oceura between the positions shown, producing a peak in the
Cyy mode. This sétisfies point 1 of our main results in Cu-Ag. Thus,

" the canted dumbbell can explain two of the principal features observed

0
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Figure 28. The .09 site occupied by a canted dumbbell. Equivalent
' positions are labeled A through D. The oversized
impurity lies at the bottom of the face~centered cube.
Open circles represent host-type atoms.
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in Cu-Ag: 1) a peak in the Cyy mode only, and 2) a 1low activation
energy for relaxation.

‘We note here that up to now, not very much attention in the

.theoretical models has fallen on the interstitial traps marked .09 in

tracks B1-B3. This is a little surprising considering that .the track
model predicts that three times the number-of defects initially enter
track B as enter track A. Calculations in the vicinity‘bf the .09 site
should be extended to test for the possibility of the proposed canted
dumbbell.

Our second suggestion is directed at an explanation for the

disappearance of peak 1 ‘at 110 K without an associated resistivity

substage. This behavior can be explained if the defect causing peak 1

(the canted dumbbell in our new model) dissociates and is trapped again

. at Ehe same impurity so that no recovery with nearby or distant

vacancies has a chance to occur. We require this new irap to be only
somewhat deeper than the .09 site so that‘it may release interstitials
at 127 K in stage II, (this corresponds to a bind}ng energy of .095
Qompared to .09 for the canted dumbbell.) Also, this trap must 1lie on
track B so that it is accessible to the detrapped dumbbell from the .09
site. Examining the available sites on track B (figgre 27), we see
that none of the other sites which have been treated by Dederichs, et
al. have positng binding energies. However, the site marked Y was

apparently not considered for calculation so that the binding energy

for this position is unknown. If one groups the known stable sites

together (.21, .09, and .01) they all lie on the same (110) plane that
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-includes site Y. Therefore,‘our second suggested extension of the
model is that site Y may be a stable trapping site for a dumbbell.
After 110 K, the dumbbell leaves the .09 site and can migrate to site Y
without encountering a vacancy. The result is that peak 1 di'sappears.
-at 110 K without producing a résistivity substage and thus accounts for
point 3 of ouf main results. This is in contrast to Cannon and Sosin's
interpretation* of an earlier resistivity substage II,, (60 K) as being
caused by the same sort of process: a reconfiguration of the
interstitial from é shallow trap to a deeper one. It is pogsible that
not all reconfigurations produce resistivity changes. It is also
possible that the interpretation of II, in terms of deeper trapping was
incorrect. More will appear on this point later in the discussion.

A dumbbell trapped at site Y may be capable of producing a
relaxafion peak in Cyy, but the required reorientation energy would be
on the order of the migration energy (.1 eV), and the resulting peak
temperature wpuld be high (about 100 K at 10 MHz). Therefore, this
'site is not itself a candidate for the low temperature Cyy peaks
_observed. The observation temperature of the peak at 10 MHz may be
higher than the annealing temperature and might be missed for tpis
reason.

>Thus, we offer two sdggestions for ﬁossible extensions of the
model by Dederichs, et al.? to form what we call model A: 1) The
dumbbell trapped at the .09 site is canted away from the impurity atom
aﬁd “into the (110) plane. This can produce a low temperature, Cuj

relaxation which accounts for points 1 and 2 of the main results
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observed in Cu-Ag. 2) Site Y is a deeper trap than the .09 trap (with
a bindingienergy in these units of about .095). This accounts for the
early disappearance of peak 1 without an accompanying resistivity

substage at 110 K (point 3 of our main results in Cu-Ag).

In summary, Model A makes the following predictions:

1) After irradiation, a low temperature attenuation peak appears
. in the Cyj mode which is caused by the canted dumbbell. 75% of the
induced defecté are divided among the canted dumbbell sites (binding
energy .09) and the deeper traps marked Y on track B (binding energy
}095). Site Y may also produce an attenuation peak in the Cy; mode
whose observation - temperature may be 'ﬁigher than its annealing
temperature (127 K). The remaining 25% of the induced defects 1ié in
the 'deepest traps marked .21 in track ‘A. These produce a high
température attenuation peak in both C' and Cyy modes.

2) At 110 K, the low temperature peak anneals away as the canted
-dumbbell 1leaves the .09 site and migrates to site Y at the same
impurity atom. Very little resistivity _recovery occurs because the
interstitials do not leave the impurity atom, and recovery with nearby
correlated vacancies does not take place. If an attenuation peak 1is
associated with site Y, it grows while the peak associated with the .21
. 8ite remains unchanged.

3) At about 127 K, site Y finally detraps, and the interstitials
leave the impurity atoms to migrate freely through the crystal. Some

correlated recovery takes place, but most of the interstitials enter
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track A and are deeply trapped. Almost all of the induced defects now
reside in the deepest trap and the high temperature peak grows by at
ﬁbst a~fgctor of 4, decreased by the correlated recovery that occurs.
4) Finally, at about 235 K, the deepest traps (at the .21 sites)
rélease their interstitials and the high temperature peak disappears in
both modes simultaneously.
| We see that in model A, the growth of peak‘1 at 60 K (point 4 of
our main results) is still unexplained, althﬁugh the caﬁted dumbbell
accounts for the peak itself. We can explain its growth by hsing
Cannén and Sosin's general view of resistivity substage IIc at 60 K as
being caused by a reconfiguration of defects from shallow traps into
deeper ones. The shallow and deep traps involved, héwever, are
different from the ones chosen by Cannon and Sosin (see figure 2A). 1In
our model A, the deep trap at 60 K can be’either the site marked .09
(the canted dumbbell) or the site marked Y. The 1location -of the
'éhallow. traps remains - unknown. Cannon énd' Sosin believed such a
reconfigurétionAcoﬁld cause the resistivity change they observed,* but
'Lehnartz, Dworschak, and Wollenherger"“? concluded otherwise after
performing damage rate measurements in copper alloys. They found that
deeper trapping at an impurity did not seem to change the resistivity
‘contribution of the interstitial compared to no trapping at all. Later
in this chapter, we present an alternative explanation for the
resistivity substage that is more consistent with 'the results pf
Lennartz, Dworschak, and Wollenberger.

The greatest difficulty with this strict adherence to the
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calculated bindipg energies of Dederichs, et al. arises in accounting
for the reciprocal damage rate measuremehts of Dworschak, Lennartz, and
Wollenberger.** They showed that in dilute copper alloys with Au, Ge,
Ni, Pd, Sb, and Zn, final detrapping by the impurity atoms occurs
around 110 K. Only the undersized inpurity Be displayed evidence of.
trapping to higher temperatqres. Cannon and Sosin observed that Au and
Ag displayed similar properties in their resistivity measurements*,
and, citing Dworschak, Lennartz, and Wollenberger's results, concluded
fhat the substage II, at 127 K in Cu-Ag was due to the final detrapping
of interstitials from single Ag atoms. This directly contradicts the
prediction that the deepest trapping site marked .21 is stable to 235 K
and forces a major modification of the model. Recognizing that this
represents a departure from our earlier attempt'to make only small
extensions of the model, let us examine some of the consequences of
revising the binding energy of the .21 site.

If the defect configuration associated with the .21 site exists at
all, it muét detrap by 127 K, and its binding energy must therefore be
reduced by a fs;ctor' of 2 or more. (In Cu-Ag, this }r'epresents a change
from .62 eV to .28 eV.) The annealing temperature may then become lower
than the obserﬁation temperature of the predicted attenuation peak iq
C' and Cyy, thus accounting for the absence of -the peak in our
measurements. If we assume that the .21 site detraps at 127 K, then
point 5 of our results (the growth of peaks 2 and 3 near 127 K) may be
explained by the long range migration of interstitials resulting from

the final release of defects from the impurity.
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This also raises the possibility that the revised .21 site is the

deep trap into which the canted dumbbell disappears (at 110 K) instead

Aof our proposed site Y. Otherwise, one has the awkward situation of

three separate sites (.09, Y, and the revised .21) all detrapping

" . between 100 and 130 K with site Y and the revised .21 site detrapping

at almost the same tempefature. The canted dumbbell cannot reach the
.21 site via the usual elementary jump, but this constraint on its
motiqn may be lifted due to the pre-existing tilt qf the dumbbell into
the (110) plane. The canted dumbbell might then be able to . reach the
.21 site diyectly via a jump within the (110) plane. On the other
hand, it is just as likely that the .21 site does not bind at all * and
that site Y is the proper choice for tﬁe deep trap into which the
canted dumbbell disappears. Based on the available evidence, we are
unable to favor one ovér the other.

Thus, we have found that while model A can explain points 1, 2,
and 3 frpm‘ our summary of main results in Cu-Ag, it fails to full&
accouﬁt for the growth of peak 1 at 60 K and the growth 6f peaks 2 ﬁnd
3 at 127 K. Id fact, strict adhereuce to thc caloulated values for the
binding energies leads to a strongly bound defect configuration that
contradicts the observation that there is no further trapping by single
Ag atoms above 127 K.** This forces a major departure from our earlier
attempt to merely extend the model of Dederichs, et al. instead of
revising 1it. To conform with the .experimental observations
reporﬁed,“:““ the binding energy of the site .21 must be reduced

drastically while leaving the binding energies of the other sites
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unchanged. With this Aréstic change of the estimatéd binding energy of
the .21 configuration, model A remains a possible model, but it can no
'longer pe conéidered‘ to be a simple extension of the médel by
Dédévichs,g& al. This leads us to consider an alternative model, model
B.

A}

2. Model B: To explain the observation by Dworschak, et al.“*
that final detrapping by most impurities in copper takes place near 110
1K, we require the binding energy of the deepest trap (marked .21) to be
decreased by about a factor of 2., In the case of Cu-Ag, the final
deﬁﬁappihg is believed" to take place near 127 K, corresponding to the
resistivity substage II, seen by Cannon and Sosin. This is also the -
'1'annealing region where the attenuation peaks 2 and 3 were seen to grow
‘in our measurements, behévior which is consistent with the long range
migration of interstitials. We wish té force the deepest trap to
 re1ease its defects near 127 K, so we change the binding energy of the
.21 site from .62 eV to .28 eV (see table VIT). It is reasonable to
expect that even if the absolute values of the calculated binding
energies are wrong, the ratio of their values might still be correct so
" that the annealing temperature of the .09 site is also scaled down by
aboﬁt the same factor to 76 K. The new binding energies and annealing
temperatures for model B are listed in table VII.
" The defect responsible for peak 1 in Cu-Ag must still satisfy the
requirements outlined earlier. In model B, the only defect which

anneals near ‘110 K is trapped in the .21 site. We require a simple
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modification of the dumbbell trapped at the .21 site that can meet the
requirements for peak 1. One such configuration is shown in figure 29.
-The figure shows the motion of a single point interstitial atom from
one octahedral site to another, with the trapped dumbbell at the .21
site acting as the saddle-point configuration between the two stable
‘octahedral configurations. We require the octahedral sites to be only
slightly " moré binding than the .21 site so as not to deviate too far
from the original assignment of the .21 sites as being the most binding
position. This results in a low activation energy for relaxation,
satisfying the requirement for a low temperature attenuation peak.
There are eight equivalent octahedral sites located at the corners of
the cube shown in figure 29 whose degeneracy 1is removed by a <111
uniaxial stress but not by a <100> uniaxial stréss. This produces a
peak in Cyy but not in C'. Therefore, the octahedral defect can
account for the symmetry and the temperature of the main attenuation
peak observed in Cu-Ag (points 1 and 2 of the Cu-Ag results). In fact,
the octahedral position 1lies at the body center of the face;centered
cube where an extra atém is easily accomodated. Hasiguti(1§60)16,
after performing a simple elasticity calculation, suggested that this
particular configuration was the deepest trap near an oversized
lmpurity in irrédiated copper. Our introduction of this configuration
ia therefore not new.

The binding energy of the .09 site is given in table VII aé .12
eV, which corresponds to anannealing temperature of about 76 K. A

defect trapped at the shallow .09 site will be released near 76 K,
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Figure 29.

A(top): A point interstitial is located at the octa-
hedral site in a <111> direction from the over-
sized impurity.

B(middle): As movement proceeds from one equivalent
site to another, a dumbbell forms as a saddle config-
uration, pushing the normal atom from its site.

C(bottom): Normal atom becomes the interstitial at
octahedral site.
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migrate away from the impurity and track B, and either recombine with a
. correlated vacancy or be deeply trapped at the (new) octahedral site in
track A, causing an increase in the .height of the 1low temperature
"attenuation peak. This gives an acéount of the growth of peak 1 at 60
K (which is consistent with an estimate of 76 K when one recalls that:
76 K should be considered an upper 1limit) and may explain the
resistivity change observed by Cannon and Sosin.* However, the process
described here 1is quite different from the one used by Cannon and
Sosin. This point will be discussed below in more detail.

Thus, model B consists of three main parts:

1) The .21 site must have a binding energy consistent with the
final detrapping of interstitials at 127 K in Cu-Ag; this energy can
lbe no greater than about .28 eV. |

' 2) The trapped dumbbell at the .21 site 1is actually the
saddlé-poiht configuration and the stable position for phe interstitial
atom is the octahedral site at the center of the face-cehiered cube.
This. configuration can produce a relaxation at low temperatures in the
Cgﬁ mode, satisfying points 1 and 2 of our main Cu-Ag results.

3) Even though the magnitudes of the calculated binding energies
are wrong, the ratios between them should still be reliable. We find
therefore that the .09 site can act as a shallow trap which empties
near 76 K and causes the low temperature Cyy peak to grow. This
accounts for point 4 of our maih results.

‘In summary, model B makes the following predictions:

1) After irradiation, a low temperature peak in Cj)y is immediately
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visible, due to one-fourth of the induced defects being trapped at the
Qctahedral site. The ;emaining three-fourths of the defects are
located at site .09 and do not produce an attenuation peak.

2) At 60 K, the .09 site detraps. The migrating interstiiials
find either correlated vacancies  or deep ¢traps in track A at the
octahedrai sites. The attenuation peak grows by at most a factor of 4,
decreased by the correlated recovery that occﬁrs. The correlated
recovery appears as a resistivity substage.

3) Near 127 K, the octahedral site finally detraps and releases -
. interstitials in@o the crystal. Long range migration occurs, resulting

in correlated and uncorrelated recovery and a resistivity substage.

The major problem with model B is that it does ﬁot explain the
early disappearance of peak 1 at 110 K without an accompanying
resistivity substagp} Tﬁis result was explained in model A Dby the
presence of a deeper trap at site Y that would retain the detrapped
defects at thg same impurity and prevent correlated recovery from
taging place. While it is required that there exists in model B a trap
deeper than the trap which gives rise to peak 1, its 1location 1is not
identified in the mpdel. Therefore, we actually expect that the
octahedral site will detrap at 110 K (with a new binding energy of .23)
feeding the unidentified deeper trap. This deeper trap releascs the
interstitial at 127 K. If we recalculate the energy for the .09 site
using this new binding energy for the .21 trap, we obtain a new

annealing temperature of 69 K. This brings the predicted temperature
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closer to the experimentally observed annealing temperature of 60 K.

Another possible difficulty is model B's account of the
resistivity substage II, at 60 K. In this model, the~.09 site detraps
at 60 K and interstitials are then free to leave traék B. This results
in some correlated recovery and a distinct substage. Mainly, the
interstitials are trapped at octahedral sites at other impurities,
wﬁioh results in the growth of peak 1. Cannon and Sosin" discuss the
possibility of correlated recovery in explaining the resistivity
substage‘at 60 K, but they discount it in favor of reconfiguration into
deeper traps at the same impurity. They based their conclusion in part
upon a calculated dependence of the correlated recovery on impurity
cqﬁtent. However, it is not clear that their measurements are accurate
enough . to rule out correlated recovery as a mechanism for explaining
their results. For example, Lennartz, et al.*? found tﬁat the
resistivity contribution of a trapped interstitial in Cu is equal to
‘the contribution from one which is isolated.-‘This question could be
settled by an experiment which could also be used to help select
between Model A and model B. This will be discussed in more detall
“below.

Peaks 2 and 3 are not specifically explained by model B, but their
bghavior is consistent with one of model B's main assumptions: that
- the deepest trapping sites finally release their interstitials near 127
K. Long range migration follows this detrapping. Trace impurities or
Ag doublets may be present which are still able to trap interstitials.

If those traps have relaxation peaks associated with the resulting
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defect complexes, then those peaks should increase, just as peaks 2 and
3 do. We do not know the origin of peak 3. However, because peak 2
'disappears during the resistivity substage II4, we make the same
iqentification that Cannon and Sosin make: peak 2 may be due to the
reiaxation of a defect trapped at a Ag doublet. The defect
- configuration seems to possess trigonal symmetry, but beyond this
éomment, no more will be said about the origin_of peak 2.

To summarize, model B is able to account for the symmetry and the
temperature of peak 1 as well as its growth at 60 K. It accomplishes
this by changing the magnitudes of the binding energies ealculated by
Dederichs, et al. but without changing the ratios between them. Model
B is distinguished from model A by its prediction that interstitials,
change from track B té track A near 60 K, causing some correiated
besistivity recovery to take place. The main problem is thaﬁ model' B
does not identify thé deep trap into which the peak 1 defect disappears
at 110 K, though such a trap 1is 'still required to exist by our

experimental results (see point 3 of our summary of results).

D. Concluding remarks on Cu-Ag

1) The model by Dederichs, et al.? fails to predict the appearance
of peak 1 in . the Cyy wmode or the annealing behavior of peak 1.
Furthermore, no evidence is found for the existence of the predicted
<110>-orthorhombic defect. |

2) Model A. We introduce small extensions to the original model:

a) We assume that the dumbbell trapped at site .09 in track B is
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canted. b) We assume a positive binding energy for site Y thch has
préviously escaped consideration. _

3) Model A explains the low temperature of peak 1 as well és its
symmetry and annealing behavior. Ii does not explain peaks 2 and 3,
and it does nog identify the shallow trap which feeds the .09 site at
60 K. Furthermore, to account for the evidence of final detrapping at
127 K, it is necessary to suppose that the computed binding energy for
-site .21 is greatly overestimated so that the ratios of the final set
of binding energies are changed from the oriéinal.

4) Model B: We take as a starting point thét~ final detrapping
occurs at 127 K in Cu-Ag. The resulting model has three parts: a) The
binding energy for the .21 site is no greater than .28 eV to account
for the final detrapping observed at 127 K. b) The trapped dumbbell at
the .21 site is a saddle point configuration between the stable
octahedral sites. ¢) The ratios between the binding energies are as
previously computed, so that the .09 site becomes the shallow trap.that
empties near 60 K.

5) Model B can explain the 1low temperature of peak "1, its
symmetry, and its groﬁth at 60 K. The growth of peaks 2 and 3 at 127 K
is accounted for by model B while.preserving the ratios of the earlier
'computed binding energies. This is something that model A fails to do,
However, model B's explanation for the resistivity substage at 60 K
conflicts with Cannon and Sosin's interpretation. Furthermore, the
model does not give a good account of peak 1's early disappearance at

110 K without an accompanying resistivity substage; i.e., a deeper
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trap ‘at the same impurity is still required to explain this feat\ire,
but it is not identified in this model.

6) One experimentally testable feature distinguishing model A from
model B 1is the prediction of the annealing temperature at which an
interstitial first leaves the impurity at which it is trapped. In
model A, this occurs near 127 K; when either site Y or the revised .21
site detraps. In model B, this takes place near 60 K when the .09 site
detraps, allowing the interstitial to switch to track A at another
impurity. We propose here an experiment which may provide additional
evidence in support of one model or the other. .The experiment requires
the exiét.ehce of an impurity which, when present in irradiated copper,
gives rise to attenua;bion peaks which are distinguishable from .those
caused 'by Ag. This impurity can be used as a probe in Cu-Ag to
determine when interstitials move from one impurity to another. The
peaks caused by the "probe" impurity need to be stable above 60 K.
This hypothetical impurity could be introduced in concentrations such
that its own attenuation peaks as well as the peaks caused by Ag were
large enough to be accurately measured. An example of t;his is
presented in the Al-Mg discussion for the case of Fe as a probe for
interstitial motion between Mg atoms. Af‘t;.er' irradiation at 40 K, an
annealing program centered on 60 K could be performed. If the Non-Ag
peaks grew at 60 K, then this would mean that interstitials had left
the Ag impurities at which they were initially trapped. This would
support model B. It would also mean that Cannon and Sosin's

interpretation of the resistivity substage Iy (in terms of



137

reconfiguration at the same impurity) was wrong. On_the other hand; if
the Non-Ag peaks grew near 127 K, then both ‘model A and Cannon and
Sosin's interpr'etatiod would be given further support. Of course,
further internal friction studies of different alloys need to be done

in order to find an impurity which can be used in this fashion.

E. Al-Mg discussion

As in Cu-Ag, none of the peaks seen were consistent with the

relaxation of .a <110>-orthorhombic defect. This was decided on the
basis of the symmetries displayed and by the different annealing
.behayior shown by each peak. In this discussion, we will focus first
on peak 6 in the Cyy mode because 1) it was the largest peak seen, and
2) it apparently was also seen by Kollers, Jacques, Rehn, and Robrock?’
in an internal friction study at 1low frequencies (20-70 Hz). This
suggests that peak 6 represents the principal intrinsic defeet in the
system.

Just as for peak 1 in Cu-Ag, peak 6 had no counterpart in .the' c
mode (an upper limit being established for the C' relaxation strength
which; again, was about a factor of 30 times 1less than the Cuu
relaxation strength observed for peak 6). Therefore, we concluded that
peak 6'was not caused by the predicted <110>-orthorhombic defect.

The annealing behavior of peak 6 seemed to correlate well with the
resistivity substage observed at 127 K by Garr and Sosin?® and by
Dimitrov, Moreau, and Dimitrov*' in Al-Mg. Both groups attributed this

substage to the final release of interstitials from Mg atoms. Our own
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observation in this annealing region was that peak 6 annealed away and
that all remaining peaks in both C' and Cyy modes underwent growth
Simultaneously. There was no indication (as there was in Cu-Ag) of the
presence of a deeper trap into whicﬁ the peak 6 defect was
disappearing.

To summarize the features of peak 6 that need to be accounted for
.by-a model:

1) The peak is a Cyy peak with no counterpart in C'.

2) It is a high temperature peak, requiring a high activation
eﬁergy for relaxation.

3) It anneals away at 127 K in an annealing region that correlates
well with a resistivity substage (labeled II, by Garr and Sosin®®.)

4) The remaining peaks (1-5) grow while it anneals away.

5) There is no evidence of a deeper trap at the same impurity into
which the peak 6 defect disappears; i.e., the disappearance of peak 6

seems to correspond to a resistivity substage, unlike peak 1 in Cu-Ag.

F. Proposed models for A)-Mg

Since the deepest trap predicted by Dederichs, et al. has the
wrong symmetry to explain peak 6 (as do all £he other predicted
configurations), let us first try to apply model A as it was developed
for Cu-Ag. This is desirable since model & still represents only a
small deviation from the original model by Dederichs, et al.
Therefore, let us suppose that the defect responsible for peak 6 is the

canted dumbbell. Of course, the symmetry is correct (for the reasons
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cited in the Cu-Ag discussion) but can the éame defect type be used to
explain two peaks which appear at such widely separated temperatures?
Peak 1 in Cu-Ag appears at 16 K while peak 6 in Al-Mg appears at 135 K
or'higher. Another possible problem 1l1lies in a comparison éf thé
temperatube—and—dose compensated relaxation stfengphs, RTp/c, from
tables IV and VI. The value for peak 1(Cu-Ag) is 424 while the value
for peak 6(Al-Mg) is almost 13,000, a factor of 30 greater.

Let us first examine the disparity in compensated relaxation
strengthé. This difference in strengths becomes smaller when one
fealizes that "c¢", the dose in terms of induced Frenkel pairs after
irradiation, describes the total defect concentration in the crystal

and not the concentration of defects spec¢ifically responsible for peak

‘1 or peak 6. In the case of peak 1(Cu-Ag), we believe that another

trap exists near the Ag atom which is deeper than the trap associated
with beak 1. As an interstitial approaches the Ag atom more closely,
it can enter either the peak 1 trap or the other deeper trap.

Therefore, this other trap probably accounts for a major proportion of

the total defect concentration so that the value of "c" used in Rty/c

is higher than the concentration of defects actually giving rise to
peak 1. In Al-Mg on the other hand, there is no evidence of a deeper
trap present near the Mg atom than the trap associated with peak 6.
There is then no competitibn between the peak 6 trap and any other trap
for migrating defects so that the value of "c¢" used in RTy/e¢ is closer
to the actual concentration of defects responsible for peak 6. In any

comparison between the two peaks, we need to increase the value of the
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compensated strength for peak 1(Cu-Ag).

If we suppose arbitrarily that in Cu-Ag half of the defects go to
the peak 1 trap and half to the competing deeper trap, then the
difference between the cbmpenséted relaxation strengths is reduced to a

. factor of 15. This implies a difference in the shape factor A of
' -\aboht a factor of U4 (see equation 9). Physically, this means that the
anisotropy of the strain caused by the peak 6(Al-Mg) canted dumbbell is
:u times gregter than. the anisotropy caused by the peak 1(Cu~-Ag) canted
dumbbell. Whether this is reasonable or not depends upon the details
of the atomic potential close to the impurity atom. However, if we
accept that the strain anisotropy of the peak 6(Al-Mg) defect is
greater than that of the peak 1(Cu-Ag) defect, then we would exp§ct the
relaxation time necessary for reorienﬁation between eqﬁivalent sites to
be longer for the peak 6 defect than for the peak 1 defect. A longer
relaxation time would resﬁlt in a higher observation temperature'for
peak 6(Al1-Mg) than for peak 1(Cu-Ag). This is in agreement with our
experimentél resulﬁs. Therefore, assigning the canted dumbbell of
model A to both peak 6 in Al-Mg and peak 1 in Cu-Ag can explain the
symmetries observed and does not result in any inconsistencies with our

measurements.

Model A: The predictions of Model A are listed earller (in the
discussion of Cu-Ag) but should be modified for Al-Mg. There is now no
need for site Y since point 5 in our suﬁmary of results states that

there 1is no evidence for a deeper trap at the same impurity into which
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the peak 6 defect dieappears when the peak anneals away. Indeed, part
of our plausibility argument for using the canted dumbbell ;o explain.
both peak 1(Cu-Ag) and peak 6(Al-Mg) depends on there not being any
site Y in Al-Mg. On the other hand, site .21 peeds to revised just as
it was in Cu-Ag because reciprocal damage' rate. measupementg by
Dworschak,. Monsau, and wOllenberger““ have indicated that single Mg
atoms lose their trapping ability above 127 K. The bihding energy’ of
the deepest trap (marked .21) must therefore be reduced by about a
.factor of 2, or the site must be done away with entirely. Table VII
lists the calcula@ed binding energiee and expected annealing '
temperatures for the Mg traps in Al. Finally, we assume that the
canted dumbbell is capable of a higher temperature relaxation (as
outlined above).

'The predictions of model A then become:

1) After irradiation, a high temperature attenuétion peak appears
in the Cyy mode caused by the canted dumbbells at the .09 sites in
' track B. A high temperature peak also appears in both C' and Cyy modes
dee to the induced defects stuck at the .21 sites in track A.

-2) Near 116 K, the canted dumbbell is released from the .09 trap
and the attenuation peak in Cyy disappears. The dumbbell leaves the
impurity atom and enters track A at anotﬁer impurity to be trapped at
the .21 site. Correlated resistivity recovery should occur and the
high temperature peak in both modes should grow.

3) Near 120‘K, the .21 site also releases its 1interstitials so

that both correlated and uncorrelated resistivity recovery takes place.
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The associated attenuation peak in both C' and Cjy modes disappears.

We see that model A for Al-Mg must be changed somewhat to account
for the differences between Al-Mg and Cu-Ag. With these changes, the
symmetry and temperature of peak 6 can be explained (points 1 and 2 of
our summary of results). Furthermore, by revising the .21 site's:
bindihg energy as we did for Cu-Ag, we are able to explain the growth
of peaks 1-5 (mentioned in point 4) as being due to the resulting long
rangé interstitial migration (similar to the growth of peaks 2 and 3 in .
Cu~Ag).

The temperature separation that the model predicts between. the
annealing point when the .09 site detraps and the annealing point when
the .21 site detraps does not show up in our measurements. However,
Dimitrdv, .gg 3&.“1 A performed resistiviﬁy measurements in
neutron-irradiated Al—Mg‘and studied the effect of varying the Mg
cénqentration. They Saw two substages, labeled IIgy and IIgp, at 112
and 129 K respecfively which were not evident in the Garr and Sosin
. electron-irradiation study.?® Possibly IIgq can be associated with the
detrapping of the .09 site and IIg> with the detrapping of the .21
site, but such an identification must remain uncertain at Best. Our
own measurements indicated very little éhange in peak 6 even after the
120 K. anneal, and Garr and Sosin only saw a single stage at 127 K in
their electron-irradiation study. In any case, no conclusive
" inconsistency éxists here between model A and the experiment.

We still do not see any evidence of a relaxation peak attributable
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to the <110>-orthorhombic defect predicted at the ;21 site. . However,
as before in Cu-Ag, 1tvis possible that the temperature of observation
’(at 10 MHz) was above the annealing température 3o that such a peak
might have been missed.

We also note that any growth of peak 6 at lower temperatures
similér to the growth of peak 1(Cu-Ag) at_60 K could not be seen bf us
secauses of the high temperature of observation for peak 6; A
resistivity substage at about 80 K exists in Al-Mg, but its origin is

still unknown?8%,"!

and may be quite different from the 60 K substage
seen in Cu-Ag. Kollers, et al.?7, using 20-70 Hz measurements of the

internal friction in Al-Mg, saw a get of relaxation‘peaks which we hafe

tehtatively identified with our peak 6. However, the main peak they

saw experienced little growth between the 70 and 100 K annealing points

(where the resistivity change mentioned above was seen). Therefére,

there 1s little evidence in Al-Mg for a shallow trap that feeds the

canted dumbbell sites at- 80 K as there was in Cu-Ag (at 60 K).

In summary, a modified model A in which the canted dumbbéll
remains the major aétor, gives a good account of the properties of peak
6 in Al-Mg (as expressed in points 1-5 of our summary of results). No
evidence for the predicted <110>-orthorhombic defect was seen. Once
aga;n, the main difficulﬁy with Qodel A is that it requires a change in
the. ratios of the calculated binding energies to account for the
detrépping observed at 127 K. This represents an unappealing feature

if "one wishes to' make the smallest possible changes to the modél by

Dederichs, et al.®
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Model B: In applying model B to Al-Mg, we need to use the same

plausibility argument used for the canted dumbbell in order to-

“’establish.that the octahedral defect can be used to explain both peak'
1(Cu-Ag) and peak 6(Al-Mg). This argument is unchanged if one recalls
. that even though no deeper trap than the octahedral defect 1is

explicitly identified in model B, such a trap must still exist (in the

Cu-Ag case) in order to explain the disappearance of peak 1 without a

- resistivity substage.

The pfedictions for model B have been 1listed before in the
discussion of Cu—Ag, and only the annealing temperatures and binding
enefgies need to be changed to the values listed in table VII; We
assumed that the bindiﬁg energies were scaled down by‘the same factor
used in Ch-Ag. - |

The;e predictipns are:

1) After i;radiation, a high temperature peak in Cyy is visible,
due to 25% of the induced defects being trapped at the octahedral site
shown in figure 29. The other 75% reside at the .09 sites and do not
produce a reiaxation peak,

é) Near 72 K, the .09 site detraps and the interstitials migrate
away from the impufity to enter track A and'the octahedral sites. The -
high temperature peak grows by at most a factor of 4, decreased by the
correlated recovery that aiso oceurs.

'3) Near 120 K, the octahedral site finally detraps, resulting in .
long range interstitial migration. Both correlated and uncorrelated

recovery should take place.
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The symmetry and temperature of peak 6 can be explained using the
octaﬁedral defect of model B. The disappearance of peak 6 near 127 K
, is in agreement with the detrapping at 120 K predicted for the
.octahedral site. The resulting long range migration is also consistent
with the growth of peaks-1-5 near 127 K.

In Cu-Ag, the usé of model B was awkward in the temperature region
where the main peak disappeared. For Al-Mg, on the othep hand, model B
'is less awkward than model A in explaining both peak 6's disappearance
and the growth of peaks 1-5 with a single detrapping process froﬁ the
octahedfal site.

Earlier in the annealing program, however, model B makes a
prediction which seems to contradict what is observed experimentally.
It pbedicts that near 72 K, the .09 sites empty out, causing some
. correlated resistivity recovery and causing the high temperature Cyy
peak to grow. Wwhile some resistivity recovery ‘is observed near
80K,2%1"*! there seems to be little evidence for much growth in peak 6.
We héve tentatively‘identified our peak 6 with a set of peaks seen by
Kollera; et 3;.27 Their peak TIII was considered to be the main peak and
was observable by them at about 75 K because of their lower measuring
frequencies (20-70 Hz). - Peak III grew no more than 10% between 70 and
110 K. The consequence of this upon model B is that the .09 site may
- no longer be a stable trapping position. It is also possible that a

deeper trap on track B (like site Y in model A) is able to retain the
detrapped defects and prevent them from feeding the octahedral sites

until about 127 K. This too might explain the two resistivity
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substages seen by Dimitrov, et al.*! at 112 and 129 K. However, these
'~sugg;stions musﬁ presently be regarded as speculations only, so that
the reasons for the apparent disagreement around 80 K between the
predictions of modei B ahd the experimental results remain unclear.
However, an experiment can be perfdrmed like the one proposed' for
CuéAg to select between model A apd model B. Again, a testable
distinction between the two models is that model A predicts that
detrapping froh track B takes place near 127 K while model B predicts
that it takes place near 72 K. It is known that the presence of Fe in
electron-irradiated aluminum causes a very strong relaxation pgak to
appear at low temperatures in thg Cyy mode.? This peak does not -
'ﬁormally grow at 72 K. if Fe were introduced at a coneentratioﬂ 20
times less than the Mg concentration, then about 1/20th of the induced-
defects would be trapped at Fe atoms and produce the characteristic 19
K peak (at 10 MHz) in Cyy that should be visible even at low
eonqentrations. One-fourth of the defects would get to the déep traps
in track A (for Mg), and about three-fourths of the defects would get
to the shallow traps in track B (if they existed in Al-Mg). After the
80 K anneal, model B predicts that defects are released from track B
and migrate away from their impurities. The Fe impurity atoms should
trap one interstitial for évery five that are trapped in the A tracks
of the Mg atoms. This should produce about a three-and-a-half-fold
increase in the size of the Fe peak (decreased by whatever correlated
recovery took place.) Therefore, if modél 3 were correct, we would

expect a significant increase in the size of the Fe peak after the 80 K
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"anneal. If podel A were corregt, we would not expect an increase until
the 127 K anneal . |
As in Qu—Ag, there are a ﬁumber of peaks (?-5) whose ofigins lie

outside both model A énd model B. Since peaks 1-5 grew after the final

detrapping at 127 K, the defects responsible for those peaks are not

believed to be associated with single Mg atoms. These peaks may be due

to impurities other than Mg, since they were apparently not seen by
Kbllers, et 53.27 For example, as has been mentioned, Fe displayé a
strong Cyy peak in irradiated aluminum. Usiné data from Hultmanz,' we

‘estimﬁte that only .1 ppm defects (or 1% of the total number of induced

defects, at typical doses) need to be trapped at Fe in order to'broduce

a peak the size of peak 3 at its maximum height. This would require an
Fe concentration of only 10 ppm in our sample which is a high though

not ihpossible level for a trace 1impurity. We did not test for

possible saturation effects (i.e., by using different doses) so we have

no indication of the concentration levels for the defects responsible

for peaks 1-5. If peaks 1-5 were due to trace impurities, it could

explain why Lhey were not gscen in the internal friction measurements of

Kollers, et al.?” Some of the peaks do appear to be related throughA
their annealing behavior. Peaks 2 and U4 disappear while peak 5
undergoes partial annealing near 190 K which corresponds to a very

small,‘ impurity dependent resistivity change seen by Garr and Sosin."’

However, the change could not be identified with a particular impurity.

In this _same region, peak 3 grew while peak 1 remained unchanged, but

the possible reasons for this are wnclear. In short, while a model for
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the defect causing peak 6 has been developed, the sources of peaks 1-5
remain more doubtful.

We note here that another calculation of trapping configurat;ons
1§ Al based 6n the pseudopotential method has been presented by Lam, et
gl.°° for several impurities, including Mg. However, they find no
~traps strong enough tp account for complgxes surviving to 100 K an@

above as we see in our own results.

To summarize the Al-Mg discussion:

1) The model by Dederichs, et al.’ fails to predict the appearance
of peak 6 in the Cyy mode and it also fails to account for the growth
of peaks 1-5 at 127 K. .Again, as in Cu-Ag, no evidence was found for
the predicted <110>-orthorhombic defect.

2) We are forced to modify model A by eliminating site Y. The new
version of model A uses the canted dumbbell to account for peak 6.
Points i—S in our summary of peak 6 characteristics were well aecountgd
for by model A. Howevér, the same difficulty exists as in Cu-Ag that
the binding enérgy of the .21 sitc must be changed relative to the
energy of the .09 site.

3) Model B uses the octahedral defect to provide an explanation
for points 1-5 of our summary of results, but ;b does so by keeping the
ratios between the calculated binding energies unchanged. However,
~ there appears to be no experimental evidence in support of the
prediction that at about 72 K, the intersatitials leave their own

impurity atoms and change to a deeper trap on another track at a
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different impurity atom.

| 4) An experiment is proposed to help select between model A and
-médel .B. It is the same as the one proposed for for Cu-Ag, with'the
difference that Fe is already known to be a good cahdidate for the
"probe" atom in aluminum. This is because it exhibits a strong stable,
low temperature peak in Cyy when present in irradiated samples of
aluminum. It can therefore provide a test for movement of

interstitials from one impurity to another.

G. Future ekperiments

It is possible in Cu-Ag that the deep trap into which the canted
dumbbell disappears produces a relaxation peak which we missed because
of our use of MHz frequencies. In fact, the <110>-orthorhombic defect
may also ha&e been missed for this reason. Therefore, a low frequency
experiment could be performed in single crystals of Cu-Ag to determine

“whether or not this is the case. Symmetry information from such a
study might also help to select one of the possible deep trapé
.mentioned in the Cu-Ag diacussion.

.A verification of our belief that no such deep tfap exists 1in
Al-Mg might be made by introducing Fe as an impurity, but at
concentrations perhaps 20 times lower.than the Mg concentration so as
not to swaﬁp out entirely the Mg effects. Fe in aluminum produces a
very strong relaxation peak in Cyy at 20 K (stable to stage III)%, 1Its
growth could act as an indicator for interstitial movement away from

their impurities. If this growth took place as peak 6 disappeared,
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jthen'this would verify that no deeper trap existed at the same impurity
. atom. The effect of the Fe impurity upon the heights of the oﬁher
peakg would also be yer; informative.

Fe could also be used in the experiment mentioned earlier in thé
Al-Mg. disctission to help select between model A and model B. The test
would be of the annealing temperature at which the interstitial first
left their impufity Atoms. In model'A, this happens at 1274K. In
model B, this migration takes place between 60 and 80 K. Ultrasonic
experiments should be performed in various alloys of copper to find a
guitab}e probe impurity equivalent to Fe in aluminum so that the same
expériment may be performed. |

Future ihvestigations of Cu~Ag shoﬁld includeva study of the peak
heights aé a function of Ag concentration. The question of whether
peak 2 is connected to Ag doublets might then be resolved by the
dependence of its mékimum height on decreasing Ag concentration. A
similar study on Al-Mg would help in deciding upon the origins of peaks
1-5.

The calculations of Dedcrichs, et al. need to be extended in the
directions suggested in our discussion. The possibility of the canted
'dumbbell should be checked, as well a3 its modes of migration to
_ possible deeper traps. Site Y should be established as either a
binding or an unbindihg position for the dumbbell. The deepest trap
(.21) sﬁould be examined more closely to seé why it does not appear to
trap above about 127 K in either Cu or Al.

Finally, we hope that a better theoretical understanding of the
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diaelastic effect will allow us to determine the validity of the canted
dumbbell. It is conceivable that the diaelastic results élready sSeen
rule out the presence of such a configuration in favor of some other
defect that gives a peak in Cyy but none in C'. At any rate, more

.work,’ both theoretical and experimental, needs to be done.
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CHAPTER 5

SUMMARY

A) Measurements were taken of the ultrasonic attenuation and
resonapt frequency in two oversized systems, Cu-Ag and Al-Mg, which had
undergone electron-irradiation. The principal results were the
following:

Three peaks were seen in Cu-Ag, all in thé Cyy mode; six peaks
were seen in Al—Mé, two in the C' mode and four in the Cy) mode. .
Different annealing behavior waé diéplayed by each peak so that we
concluded that three different defect types were present in Cu-Ag while_
six different defect types were present in Al-Mg. The annealing
behavior of the peaks in these oversized systéms can be compared with
"the behavior f§und in undersized systems?2. A trend toward weaker
interstitial trépping by the oversized impurities was noticed. This
Qas.found to be roughly consistent with the model calculations by

Dederichs, et al.®

B) The principal feﬁtures observed in Cu~Ag that must be accounted
for by a ﬁodel are the following:

1) Three peaks were seen, including the main one (peak 1), all
possessing trigonal symmetry (all in the Cy)j mode).

2) Peak 1 was seen at 16 K, so that the defects require a 1low

activation energy of about .014 eV for relaxation.



153

- 3) Peak '1 annealed away without an accompanying resistivity
substage at 110 K, close to but distinet from the resistivity substage
'1I, seen by Cannon and Sosin" at 127 K.

4) Peak 1 grew at 60 K, corresponding to the resistivity substage
‘11, seen by Cannon and Sosin.

5) The smaller peaks 2 and 3 grew at about 127 K. Their growth

corresponds with the resistivity substage II,.

C) The principal featureé of our main peak in Al-Mg (peak - 6) are
thé following: |

1) It was seen only in the Cyy mode, with no counterpart in the C'
mode.

2) It was a high temperature peak (> 135 K).

3) It annealed away at 127 K in an annealing region that
correlates well with a resistivity substage.

.4) The remainiﬁg peaks (1-5) grew while peak 6 annealed away.

5) There was no evidence of a deeper trap at the same impurity
into which the peak 6 defect disappeared; i.e., the disappearance of‘

peak 6 does seem to correspond to a resistivity substage.

D) The implications of a model by Dederichs, et al., based on the
predominant influence of  size effects in determining
‘impurity-interstitial interactions, were developed. Predigtions~ were
compared with the experimental results. In neithér Cu-Ag (which was

expected to give the closest agreement to the model) nor Al-Mg was
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there found any evidence for the deeply trapped <110>-orthorhombic
.defect predicted by Dederichs, et al. and by Cannon and Sosin. In
both materials peaks of trigonal symﬁetry occurred instead. Also; the
érowth with annealing of the smaller peaks was not consistent with the
presence of a deep trap like the one bredicted by the Dederichs et al.
model. Therefore, two alternative models were developed: model A and

model B.

E) Small extensions to the original mbdel were made initially, in
order to obtain better agreement‘between prediction and;expériment.
Model A pbopose&>a) that the dumbbell in the shallow .09 trap be canted
slightly, and b) that site Y (seé figure 27) is also a trap with a
binding energy slightly higher than the canted dumbbell trap. This
model was able to account for the symmetry and temperature of peak 1 in
Cu-Ag and peak'6 in Al-Mg. It was also able to explain the early
disﬁppearance of peak 1 without an assoc;ated resistivity substage.
However, it did not identify the shallow trap whose detrapping at 60 K
.is presumed to result in peak 1's growth in Cu-Ag. Furthermore, the
binding energy of the deepest trap had to be reduced by a factor of 2
to ‘account for the final detrapping by Ag which was observed at 127
K**. This represented a change in the ratio of the calculated binding

energies, which constitutes a major modification of the original model.

F) Model B proposed a) that the binding energy of the deepest trap

be changed to agree with the final detrapping seen at 127 K, but that
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the ratios of the energiés remain unchanged, and b) that the stable
configuration bé an octahedral defect as shown in figure 29, instead of
the dumbbell trapped at site .21. This dodel was also able to account
for the symmétry and temperature of peak 1 in.Cu—Ag and peak 6 in
Al-Mg. It was able to explain the growth of peak 1 at 60 K as well.
However, it was not able to identify the deeper trap into which the

peak 1 (Cu-Ag) defect disappeared at 110 K.

G) One testable feature that distinguishes model A from model B is
the prédic’ged temper'atvur'e at which the trapped interstitials first
leave their impurities. This leads to a possible experiment in which a
prdbe atom (1ike Fe in aluminum) can be used to determine when

‘interstitial motion between impurities occurs. Such an experiment

" " should be able to provide additional support for one model or the

other.

H) Both Cu-Ag and Ai-Mg represent systems in which the impurity
atoms are oversized by a similar amount withip their host crystals.
‘Dederichs, et al.'s model assumes the predominance of size'effects and
predicts that very sihilar impurity-interstitial interactions should
occur. Our measurements indicate that while similarities exist, there
a}so appear to be significant differences which such a model faiis to

predict.
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