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The pos i t ive muon and the positron are each being used
nowadays to invest igate defects i n condensed matter.
A b r i e f summary of the experimental methods employed wi th
each pa r t i c l e is given in th is paper. S im i la r i t i es and
dif ferences between the behavior of the two leptons when
implanted in condensed matter ar'e pointed out , and by means
of a comparison between muon and positron data in Al i t i s
shown that the combination of muon and posi tron experiments
can serve as a useful new probe of defects in so l ids .

INTRODUCTION

In th is paper an up-to-date comparison of the pos i t ive muon'and the posi t ron as
probes in the study of defects in metals w i l l be made. Even though both of these
par t ic les are pos i t i ve l y charged t h s i r properties in metals are s i g n i f i c a n t l y
d i f fe ren t owing mainly to mass and decay rate d i f ferences. I t is hoped th is
para l le l examination w i l l provide some ins ight in to new experiments which could
resolve some of the questions remaining in both f i e l d s .

Both the positron and the posi t ive muon are members of the lepton fami ly wi th
spin 1/2. The muon has a mass 206.769 times that of the posi t ron; a condit ion
which creates d i s t i n c t differences i n the fundamental dynamics of the motion of
these two par t ic les in condensed matter. The pos i t ron, being stable in vacuum,
annihi lates in most meta l l ic systems in times on the order of 0.2 nsec, whereas
the posi t ive muon decays in approximately 2.2 ysec. These factors of ^lO1* in the
mean l i f e t ime and MO 2 i n the mass resu l t in d i ss im i l a r i t i e s between the defect
sensit ivi t ies of the particles. :

The parity violating decay of a polarized muon1 into a positron and two neutrinos
allows one to determine the diffusive nature of the muon motion, i .e . to
differentiate trapped muons from those diffusing in the perfect l a t t i ce . Since
the positron is emitted preferentially in the direction of the muon's spin, one
can measure the average polarization of an ensemble of implanted muons as a
function of time. The observed spin depolarization is the result of inhomo-
geneous local magnetic fields which the muons sample as a result of di f fusion.2

The positron, usually obtained from radioactive sources, is implanted into the
sample and is studied by using the decay products, principally two photons
occurring from the annihilation of an electron and positron whose masses are
converted into electromagnetic energy. By measuring the decay rate of the posi-
t ron, the two-photon angular d ist r ibut ion, or the Doppler sh i f t of the
annihilation photons one can determine whether or not the positron is localized
at a defect.3 A muon or positron which readies a s i te where the mean escape time
is large compared to i t s respective l i fet ime w i l l be called trapped. Both of the
particles are implanted into a metal and reach thermal energies2'3 in times much . t-
shorter than their mean l i fet imes. uiiiaisi-T-Gi; Of vm i^Kuiii S u;iyi<i!TE3 -'{}•'



Due to differences in the measurement techniques, mass and lifetimes, these two
probes complement each other rather than duplicating the information supplied by
their decay products. The present activity in both fields is mainly aimed at
attempting to understand low temperature data where intrinsic and extrinsic
defects play an important role in localizing these particles. The particle-
impurity, or particle-defect potential and the trapping rates are not well known.
At high sample temperatures the positron has provided considerable new information
on the vacancy formation enthalpies of different metallic systems3 in contrast to
the muon which has thus far provided little information concerning equilibrium
defects in this temperature region.4

Owing to space limitations I will specifically discuss both low and high tempera-
ture data for only one metal, Al. Aluminum was chosen for this comparison because
a significant amount of experimental work has been performed with positrons and
muons. Well-annealed high-purity Al provides a good host to study defects in as
the muon has a long depolarization time extending from 30 mK5 to 9QQK1* indicating
that self trapping does not occur. Since Al is a simple "sp"-electron metal, it
is also amenable to rather precise theoretical treatment. Aluminum should also
provide a baseline for other more complicated metals.

POSITRON MEASUREMENTS

Positron measurements can in principle be made in all metallic systems although,
in Group I metals, for example, thermally induced vacancies do not show signs of
positron trapping.3 There are three standard positron measurements: 1) lifetime,
a measurement of the time a positron resides in a metal before annihilation;
2) angular correlation, the angular distribution of the annihilation photons;
3) Doppler broadening, the Doppler shift in the energy of the emitted photons.
The latter two measurements yield information on the electron momenta distribution
at the site of the positron durinq annihilation. The lifetime is a measure of the
expectation value of the electron density for all momenta over the extent of the
positron wavefunction in the metal. Like the muon, the Coulomb interactions repel
the positron from the ion cores; therefore, annihilation mainly occurs with
conduction electrons. Angular correlation measurements are becoming widely used
in extracting Fermi surface information.3

If a defect produces a local decrease in the ion core density, the probability of
finding the positron is increased in this region. Owing to change in the lattice
potential around an open volume defect both the electron density and momentum
are modified relative to the perfect lattice. These defects therefore produce a
unique signature both in the decay rate and the angular distribution of the
annihilation photons. The most useful information has been obtained from
thermally-induced monovacancies from which a formation enthalpy can be
extracted;3 however, non-equilibrium defects can also be studied by this tech-
nique. Owing to its increased sensitivity to these open volume defects6 the
positron has also been found to be yfery useful in the study of small vacancy
clusters and voids produced by neutron and electron irradiation. The positron
sensitivity ranges from atomic defect concentrations of 0.1 to 100 ppm.3 The
latter concentration is where "saturation trapping" occurs, i.e. where >99% of
the positrons annihilate in the trapped state.

It should be mentioned that positron trapping by monovacancies in metals indicates
that the capture rate, and not the diffusion to the traps, controls the trapping
rate,7 K, in contrast to muon trapping. Experimentally this has an inherent
advantage in that K becomes temperature independent. This has been shown
theoretically using an analogy of positron trapping to low-energy neutron
capture by nuclei8 and by the application of the Fermi golden rule.7 For larger
defects this temperature independence should and does appear to break down at
low temperatures.9



While the positron is localized at a defect i t should fundamentally be possible
to extract the electron momentum profile associated with this defect. Although
a significant theoretical attempt has been made in this area,10 the diff iculties
of a fully self-consistent calculation of both the positron and electron wave-
functions in a defect has not been attempted. Very few quantitative comparisons
between theory and experiment have been made either for angular correlation or
for Doppler-broadening measurements even for the relatively simple case cf a
monovacancy. In measuring positron lifetimes associated with different defects
i t is di f f icult to experimentally resolve the individual components owing to
parasitic f i t t ing problems in deducing different exponentially decaying functions
of unknown intensities. I t is therefore impractical to resolve more than two
traps or make an unambiguous assessment of the relative concentrations of each
type of trap. Even with the above dif f icult ies, a significant amount of research
has been performed on more complicated types of defects such as voids, disloca-
tions, stacking faults and grain boundaries.3

The low temperature properties of the positron are beginning to be examined more
carefully and there appears to be some sensitivity to impurities or possibly
those impurities associated with defects.11 Recently, positron-lifetime experi-
ments have measured the interaction of monovacancies and interstit ial carbon
impurities in electron irradiated a-iron.12 The results show that asymmetric
carbon-vacancy pairs form at annealing temperatures of 220K. Debate persists on
the effect of these types of shallow traps as the capture rate may not be suffi-
ciently high to allow localization of the positron in these regions at low
temperatures.13 This area of positron research is presently \iery active.

Owing to the development of high flux monoenergetic positron beams in ultra-high
vacuum,ll* experiments designed to study well-characterized surfaces and those
defects associated with the surface region are now in progress. The interaction
of the positron with surfaces or surface defects is at present the least under-
stood area in positron studies.

MUON MEASUREMENTS

For completeness the d i f f e r e n t measurement techniques f o r muons w i l l be b r i e f l y
mentioned, although f o r a more i n depth appraisal the reader i s re fe r red to the
review papers i n the present conference proceedings o r those prev iously
pub l i shed , 3 * 1 6 The muon, which i s character ized as a rad ia t i ve magnetic probe,
can be obtained i n h igh ly spin po la r i zed beams. Owing to the emission o f the
pos i t ron p r e f e r e n t i a l l y i n the d i r e c t i o n of the muon's spin one can observe the
time evolut ion o f i t s sp in under s t a t i c and dynamic l oca l magnetic f i e l d s . Three
basic measurements can be made: 1) Muon Spin Rotat ion where the muon precesses
about an appl ied transverse magnetic f i e l d thus a l lowing the measurement o f the
transverse re laxa t ion func t ion (depo la r iza t ion r a t e ) ; 2) Muon Spin Relaxat ion
which y ie lds the long i tud ina l r e l axa t i on funct ion by measurement o f the forward/
backward decay asymmetry; 3) Muon Spin Resonance which i s detected by apply ing
an r . f . f i e l d when measuring the forward/backward decay asymmetry thereby
y i e l d i n g the Larmor frequency and both of the above re laxa t i on f u n c t i o n s . 1 6 In
a l l these measurements the time i s determined between the muon's a r r i v a l a t the
sample and the appearance of i t s decay pos i t ron . The transverse re laxa t i on
func t ion has been most widely used t o date i n defect s tudies al though, as w i l l be
discussed, l ong i tud ina l re laxat ion funct ions w i l l be he lp fu l i n unravel ing present
dilemmas which e x i s t i n the f i e l d o f impur i ty or de fec t t rapp ing .

In the past few years i t has become p a i n f u l l y obvious t h a t sample charac te r i za t ion
i s extremely important i n muon s tud ies . For example, on ly 42 ppm Mn5 was found
to s i g n i f i c a n t l y e f f e c t the depo lar iza t ion rates i n Al measured a t low sample
temperatures (<40K). This charac ter iza t ion is necessary i f one wants t o determine



th.i intrinsic diffusive properties of the muon in the host sample under various
experimental conditions. The reader is referred to other papers on the tempera-
ture dependence of the diffusion coefficient to fully appreciate the various
diffusion mechanisms that have been proposed.

Equilibrium defects such as thermally induced vacancies are known to exist where
sample temperatures approach the melting point; however it has not been shown
that the muon is localized at a unique substitutional site.1* The lack of a
measurable depolarization rate at high temperatures eliminates a large class of
experiments that could be performed by this technique. If methods do become
available to measure depolarization times of many usecs, the muon should become
useful in the study of these equilibrium defects.

Non-equilibrium defects on the ppm level have been shown to be effective traps
for the muon. For example, monovacancies have been shown to localize the muon
at low temperatures in high-purity Al. 1 7" 1 9 Other shallow traps such as
dislocations,19 impurity clusters11 and loops will also be important in these
low temperature investigations; therefore defect characterization will be of the
utmost importance.

TRAPPING MODELS

In applying the trapping model to either probe one must at least have a primitive
knowledge of the diffusion mechanism and its temperature dependence, in order to
estimate defect concentrations. The mechanics of muon and positron diffusion
will Be specifically discussed in their relation to the trapping model. A number
of diffusion models have been proposed for the muon which are not only applicable
to different temperature regimes but their initiation can be dependent on the
defect concentration and type existing in the metal.20 The extraction of infor-
mation concerning defect concentrations in a diffusion limited case (.i.e. where
the trapping rate into a defect is determined by the diffusion time) is difficult
to accomplish.. The trapping rate per unit trap concentration (K) is usually
written as 2 1* 2 2 K = 4irD ro/Va where D is the diffusion constant, rQ the effective
capture radius of the traps and Va the atomic volume. One can easily surmise
that if the temperature dependence of D 2 0 is not known an unambiguous derivation
of K is close to impossible, without the defect concentration and distribution
being known.

The product K C , where C is the atomic concentration of trapping sites, determines
the fraction of trapped muons or positrons at defects. Therefore, if KCT » 1,
"saturation trapping" occurs. If KCT « 1 then most of the particles will decay
while diffusing in the perfect lattice. One can easily see that the difference
in the mean lifetime (TJ of the positron as compared to the muon in metals should
be easily offset by the difference in the respective diffusion constants.23>21*

Figure 1 shows the theoretical prediction of the positron diffusion constant as a
function of sample temperature for pure Al 2 3 and Al -0.01 at.^ Si. The diffusion
constant at high temperatures is mainly limited by the positron-phonon inter-
action which has been treated by the deformation potential model.23 From
Figure 1 it can be seen that at low temperatures dilute impurities assume an
important role in determining the positron diffusion constant. In this case of
Si in Al, a difference in the potential of 0.01 Ry was assumed between the Al
host and the Si impurity.

One can make a rough estimate of the average diffusion length (L) for both the
positron and the muon by the following relation, L = /2DT. Using values of
D?+ ^ 0.2 cm

2/sec25 and 0^+ ^ 3.0x 10~5 cm2/sec for 298K one can estimate a
diffusion length of -v-1000 A for both the positron and the muon. Since the muon
diffusion constant is not known for Al one can only guess that this would be a
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Figure 1. The log of the
positron diffusion

constant versus temperature for
pure Al and Al-0.01 at.% Si
derived from the theoretical
equation of Ref. 23.

reasonable value of L. Since one experimentally measures the product KC, and K
is unknown, except for Fe,26 one cannot determine C. Even in Fe the fundamental
diffusion mechanism may depend on the number and type of defects. Another
consideration is that the presence of impurity concentrations of a few ppm or
more induces temperature dependent depolarization rates. High purity samples
are therefore necessary to ensure that muon-impurity trapping is not occurring
in the low temperature regions where data could be misinterpreted as evidence for
an intrinsic defect property.

The apparent success of the two-state trapping3 model in positron annihilation
studies suggests that a similar model may also be applicable to muon studies.
The final trapping rate equation for both the positron and muon will be shown
only for the simple two-state situation (free and trapped). For cases involving
multiple traps the reader is referred to the original works. In both cases it
will be assumed that no epithermal trapping occurs, i.e. pre-thermalized trapping.
In these equations nf and n^ are the number of free and trapped positrons,
respectively, and KC is the trapping rate. The associated decay of the positron
in the lattice is represented by Xf, and X-t is the decay in the trap, whereas the
muon has a fixed decay rate (X u). The positron rate equations are as follows:

dnt(t)
(1)

= 'Vt KCn

The first rate equation represents the change in the fraction of positrons in the
lattice per unit time which is determined by the fraction lost through decay and
the fraction lost through trapping. The second equation represents the change in
the fraction of positrons trapped in a defect per unit time which is given by the
fraction lost through decay plus the fraction gained by trapping. Solving for
the number of positrons remaining at some time [N(t)];

N(t) « ^

one finds
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This expression is the sum of two exponential components whose decay rates and
intensities depend on Xf, Xt and icC and is directly measurable with positron
lifetime measurements. A similar equation can be derived for results obtained
from angular-correlation and Doppler-broadening experiments, as both the perfect
lattice and the defect have unique momentum profiles. One characterizes this
profile by some lineshape parameter which indicates that either all the positrons
annihilate in the free lattice or in defects. With these two limits one can
therefore apply the same two-state model. Although it should be noted that when
comparing positron lifetime to either Doppler-broadening or angular-correlation
measurements two different physical measurements are involved. The lifetime is
determined by the electron density at the site of the positron, whereas the
latter two measurements, when analyzed in terms of some lineshape parameter or
peak counting rate, are biased toward annihilations with electrons having
narrowly restricted momenta; this can produce differences between the measurements.

A brief discussion of the Petzinger et al.27 trapping model for muons will be made
and compared to the available Al data. This model assumes that the muon hopping
rate in the pure host is monotonically increasing as a function of temperature,
which decreases the depolarization rate as T increases. This assumption is
incorrect if the muon motion is described by a band like propagation.20 If we
represent the quantity of interest, the time-dependence of the muon spin polari-
zation [P(t)] as equalling exp[-y(t)] then the muon spin decay rate is defined as
dy(t)/dt and is weighted according to the radioactive decay law. Using a dimension-
less depolarization parameter, a, as suggested by Fiory,28

t (3)

where a is evaluated by fitting the experimental time histogram with a Gaussian
depolarization function,

A motional-narrowing theory for y(t)2 7 '2 9 is employed to describe muon diffusion
and trapping by the use of the correlation function

? ft ft'
T(t) = I of dt'| dt" F ,(t")G.(f-t"). (4)

1 1 Jo JO 1J 1

Here F.. is the probability that a transition from site i to site j has occurred
in timeJt", G-,- is the auto-correlation function for site i and a-,2 is the second
moment of the frequency distribution attributable to site i in the lattice where
the sum extends over all the interstitial sites. The above equation can be
rewritten as a rate equation to determine Fjj which represent equivalent unper-
turbed sites in the host and a trapping site. The rate equations used in muon
studies are similar to those used in positron studies but must be modified
slightly. The quantity fp is defined as the probability that any host site is
occupied, f-j- is the probability that a trap of concentration c-t is occupied, and
the autocorrelation function of the trap is represented by gt = exp(-p^-t).29
The rate equations can be expressed as19

^ - P o
c f

o
 + P t

ft [f0W = ^ (5a)

Iff " Po c t fo - Ptft tftC0) - ct3 C5b)



where the muon decay is taken into account by a and in this single trap case
c = C f These equations assume one trap although they are simply generalized by
letting t sum through the number of different t"»ps. These equations are easily
solved by Laplace transforms and the expression for a is the Laplace transform
of the convolution in Eq. (4) and is the simple product of the transforms of
F-jj(t) and G-j. In this case pt is a detrapping rate given as p^ = poexp(-Ht/kT)
with Ht reprt 'anting the binding enthalpy to the trapping site, t. p 0 is defined
as the renormalized jump rate between host sites. Now the expression for a
can be represented by a single trap as

a =

where fiU u) is the transform of f^(t) and described as

1" i-yvpoc+fVJ *
Different functional forms can represent p7.19.27,30 although they are not based
on a sound theoretical approach.

In order to extract trap information, both the positron measurements and the muon
depolarization rate data have to be compared to rather complicated nonlinear
expressions. The fitting of these models makes it difficult to obtain unambiguous
results, especially if two traps or detrapping phenomena are present. These
necessary fitting procedures limit both techniques in resolving the complicated
defect structures which exist in many metals. The complex structure observed in
the depolarization rate data has evoked many different interpretations,19'30'31
e.g. different diffusion mechanisms, Anderson localization, as well as impurity
and defect trapping. To he!;: resolve this situation Petzinger32 has extended
thf- theory of Kubo and Toyabe.33 He suggests that by measuring the longitudinal
depolarization in zera magnetic fieTd one can determine whether the structure
observed in the depolarization rates, as deduced from transverse field experi-
ments, is associated with defect trapping or with the initiation of a new
diffusion mechanism. In other words zero field measurements can fundamentally
distinguish between diffusion away from a trap (detrapping) or diffusion toward
one. Zero field measurements will be critical in resolving much of the structure
found by transverse field measurements. Owing to limited space this model will
not be discussed further. Both transverse and longitudinal field measurements
should be made on all samples where confusion over the interpretation of the data
exists.

If the muon is localized in the lattice or at a defect the spin of the muon
depolarizes with a characteristic time (a0) which is related to the second moment
of the dipolar local-field distribution. Assuming one is in the high field
limit31* and the muon is localized, one can determine the position of the implanted
muon in the lattice by the resulting depolarization rate. The values shown in
Table 1 are the calculated dipolar linewidths for an undistorted Al lattice in the
high field limit assuming no spread on the muon wavefunction.18'35 As can be seen
in Table 1 the values of 0 are different enough to determine if the muon is, for
example, positioned at an interstitial site or at a vacancy by the transverse
measurement. This method is not as useful for determining larger vacancy
clusters as the sensitivity is reduced in contrast to positron annihilation
experiments. For example, the value of a is about 4% less for a divacancy com-
pared to a monovacancy. This insensitivity to larger clusters is attributable
to the static dipolar field which depends inversely on the third power of the
distance between the nuclei and the muon.



Table 1
Gaussian depolarization rate parameters, u, calculated for muon localized at.sites

in an undistorted lattice.

Field Direction
Al(lOO)
Al(llO)
Ainn)

Octahedral
0,322

0.172

0.070

Tetrahedral
0.081

0.292

0.334

Vacancy
0.096

0.115

0.120

COMPARISON OF POSITRON AND HUON DATA ON Al

By way of an example, muon and positron data for Al will be compared emphasizing
the differences that exist between the sensitivity of the probes to defects. As
has been previously mentioned both the positron and the muon show signs of
trapping at monovacancies at low sample temperatures. In Fig. 2 one can observe
the differences in the two sets of measurements over a wide temperature region.
The positron-annihilation Doppler-broadening data on quenched Al of (Tq = 853K)
5N purity is that of Alam et al, 3 e

Figure 2. The temperature
dependence is shown

both for the muon depolarization
rate (0} and the positron Doppler-
broadening lineshape parameter
(S) for high purity Al. The
circles represent depolarization
rate data from Brown et al.17 on
quenched Al and the dots are
depolarization data on well-
annealed Al from Ref. 4. The
solid line represents a fit to
the trapping model.27 The x's

,„,..- are the lineshape parameters
extracted from Ooppier-broadening
data on quenched 5N Al of Mara
et al,36 and the squares repre-
sent the lineshape data of Lynn
et al.38 In a temperature
equilibrium measurement.

The changes, which occur in the positron lineshape data vs. temperature (Fig. 2 ) ,
are characterized by a lineshape parameter, S. This S parameter is defined as the
ratio of the total counts In the central region to the total counts in the full
energy peak. S'ince the positrons localize at low ion density regions, the
probability of annihilation with core electrons (high momentum electrons)
decreases. This produces a narrowing of the annihilation photopeak and therefore
an increasing value of S. For example, a defect such as a cluster of vacancies
will produce an even narrower photopeak than that of a monovacancy. The increase
in the S parameter at 220K is associated with Stage III (vacancy migration}36

and is described in terms of vacancy agglomeration. After the vacancy cluster
reaches between 5 to 10A in radius the peak is no longer expected to narrow with
increasing cluster size,37 The decrease in S above 250K is associated with a
decrease in the concentration of traps and the formation of dislocation loops
from the previously formed vacancy clusters. Above 440K the dislocation loops
and remaining vacancy clusters become unstable and disappear corresponding to S
values obtained for the well-annealed samples. Larger voids (>250& radius)



duced by neutron irradiation have found been found to be stable to tempera-
es greater than BOOK before they anneal out of the crystal .3 6 Figure 2 shows
onset of positron trapping at thermally generated monovacancfes which

urs when the sample temperature above 500K.38 The two-state trapping model
i be f i t to the higher temperature data which allows extraction of the vacancy
•nation enthalpy.3 Analysis of the equilibrium data from both positron 1ife-
te and momentum measurements generally produces a monovacancy formation
;halpy (JE]y) of approximately 0.64±0.02 eV for Al.3

contrast to the above picture for positrons, rations at high sample temperatures
tw no signs of trapping at thermally induced monovacancies.1* The absence of
s depolarization associated with muon trapping of vacar :ies has three possible
ilanations: (1) a small binding energy of the muon to tea vacancy C«1.0 eV)
mlting in significant thermal detrapping; (2) the muon-vacancy complex
irates appreciably and does not show signs of motional narrowing, 3 9» ! t 0

I even at high sample temperatures the rauons diffuse too slowly to trap at
:ancies during a muon lifetime.1* The lat ter possibility seems unlikely as i t
iid require the muon to have a diffusion constant much smaller than that of
irogen. As previously mentioned the muon has already been shown in Al to be
isitive to less than 100 ppm of Mn impurities at low temperatures.5 This
writy concentration is significantly less than the vacancy concentration
jected near the melting temperature. For the raonovacancy complex to migrate
s muon must f i r s t be rejected during the vacancy migration therefore raising
i migration energy barrier by almost the full binding energy of the muon to the
;ancy. Ooyama et al.*10 have suggested that this complex could s t i l l make 600
tips within the muon lifetime. This mechanism seems more unlikely than simple
srmal detrapping of the rouon from the vacancy in a t i r e short compared to the
on lifetime.

a quenched Al data (Tq * 873K} of Brown et a l , 1 7 shown in Fig, 2 as the open
rcles were interpreted in terms of the Petzinger e t a l . 2 7 trapping model and
5 quantitatively consistent with muon trapping. The solid line through the
ta represents the f i t of the 3 trap model to the data. The traps are asso-
ited with the maxima occurring at "\-2GiC and -vlOOK and the plateau beginning
>und 140K. Assuming a random hopping rate increasing monotonically with
nperature the authors associated the 1.100K peak and the «V.140K plateau with muon
ipping at monovacancies and divacancies, respectively. Above 200K the vacancies
* mobile and form vacancy clusters thereby decreasing the total concentration of
ips. The muon most likely is in a diffusion limited regime or is not as
isitive to these large vacancy clusters. One should mention that the large
ssber of adjustable parameters and the lack of uniqueness of the f i t are inherent
)blems with this approach. I t is recommended that in future studies more data
taken so that a quantitative comparison can be made to the trapping model. I t

«ld also be useful where possible to reduce the number of traps present in the
iple.

rent quenching results1*2 (Jq ~ 873K) on 6N oriented Al single crystals are
isistent with those results on polycrystals.17 Small differences do exist in
it the lower peak which was observed a t -v20K moved up on the single crystal
ults to around 40K, and the minimum (t-13GK) found in the polycrystaliine data
reduced in magnitude. Brown et a l . 1 7 associated this lower peak (S2GK) with

:ended traps arising from strains developed in the polycrysfcal during
nching. The fact that this peak was also observed in the single crystal
onstrated that i t is not associated with the polycrystalline nature of the
pie. I t is s t i l l associated with a quenched-in defect and most likely an
ended type defect. The measured depolarization rate a t 100K in both the
gle and polycrystalline samples i s consistent with the muon si t t ing in the
ter of the vacancy, in contrast to channeling results on protons in A!.1*3

nneling results are interpreted such that the protons occupy tetrahedral sites
t to monovacancies.



I the deduced parameters found by Srown et a i . 1 7 in fit t ing the trapping
to their Al data and employing typical values of the monovacancy and

:ancy formation enthalpies (E^y = 0.64 eV and E?V 3 1-09 eV), one can
•ve the values predicted by the trapping model27 in Fig. 3 for two quench
iratures (Tq = 776 and Tq = 873K). This figure i l lustrates the predicted
tivity of the muon to monovacancies and divacancies with the above inter-
ition. Zero field measurements could also be performed in these cases to
mine if detrapping is occurring for the region between 10Q-140K. Both zero
t measurements and data obtained for a different quench temperature would be
il in confirming the interpretation of Brown et a l . 1 7 and for a quantitative
^standing of the muon-vacancy interaction. Low temperature electron irradia-
experiments would be useful, as they remove the effect of divacancies pro-
i in quenching experiments.
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ies performed on neutron irradiated Al18'1*'* have the added difficulty that
! complicated defects are generated as well as transmutation products. For
iple a thermal neutron fluence of 0.9 xlO22 n/cra2 corresponding to a fast
•nee of 4 x 1 0 " n/cm2 (E > 0.1 MeV) produces approximately 0.23 at .2 S i . 3 5

sre 4 shows the extracted depolarization rate found in a well-annealed
crystalline Al sample containing only 0.09 at.% S i . 4 5 Different cooling

Figure 4. Temperature depen-
dence of the muon

spin depolarization rate for
Al-0.09 at.% Si sample. The
data were init ial ly f i t to a
Gaussian depolarization, and
therefore a * 2a2/y 2 .

io too
T (K)

toco



5 Al-0.09 at.S Si sample showed that the same peak structure
that shown 1n Fig. 4, although the sharpness of the peaks did vary
the cooling rate. One can see that this already shows a complicated
ndependent of defects produced by neutron irradiation, presumably
ith muort trapping at SI impurities, these Si impurities produced
tation during neutron irradiation could explain why Herlach et a!.18

of recovery in Al after isochronal anneals above 300K. Impurities
nuclear reactions will complicate any interpretation on what were
nsidered high purity metallic samples, but might be a useful way to
e with a particular impurity.
ron annihilation results1*6 on quenched Al-0,23 at.% Si exhibit be-
ar to that shown in Fig. 2 for the high purity quenched Al sample
all but significant differences were found, i.e., the rise occurring
tinued to w:lues larger than 0.53 and this peak broadened extending
OK. This indicates that the Si impurities appear to stabilize these
ters. It is clear from these results that positrons are not as
muons to these individual impurity clusters.

; importance of the particle interactions with impurities, defects or
rapurity complexes will certainly depend on both the type and concen-
he impurities and defects and the relative particle affinity to each
little research has been performed in this area of positrons or muons.
systematic studies are needed using the two probes in complementing

depolarization of muon trapping at lattice defects produced by irradia-
roils at 77K with 4 MeV protons is not understood.1*7 One possible
is that the recovery of the resistivity observed in similar samples
higher sample temperatures than expected from previous studies.118 This
«te that possibly dislocation loops, and not simple point defects, were
ig irradiation; therefore the concentration of defects was over-
This factor could decrease the probability of trapping to a yalue where
j trapped would be below detection. A second possibility is that the
;rapping could continue to diffuse in the dislocation loop. Assuming
:e between interstitial and vacancy defects and assuming no agglomera-
vacancies which could have been produced by thermal spikes, the
;luded that a muon jump rate of less than 1010 sec"1 at 250K would be
nth their results.!f7 Assuming diffusion occurs over octahedral inter-
>s one finds a maximum diffusion constant of 3xiQ~ 6 cm2/sec.

il.19 have also reported muon trapping at both vacancies and disloca-
:ed in a 5fi Al single crystal sample deformed at 77K. The deduced
i depolarization rate is consistent with muon localization at a sub-
site. One might expect that a muon would trap at an edge dislocation,
^fusion along the dislocation would continue until a jog (i.e. point-
I was encountered providing a deeper trap. An unambiguous identifica-
ividual traps is very unlikely in plastically deformed samples where
;nt defects coexist as possible trapping sites. The determination of
tg at dislocations could, however, be done by careful bending of
igle crystals.

tg has also been observed at Z93K by the longitudinal field method in .
metric aluminum alloys1*0 containing excess vacancies. The main trap
id with monovacancies although the authors suggested a possible second
stacking faults, to explain a small minimum occurring in the data at
•ther studies are necessary to confirm this latter possibility.



SURFACE INTERACTIONS

Recently monoenergetic beams of slow positrons'*9 have been developed which can be
used as unique probes in surface physics studies. One can imagine that with the
high intensity surface muon beoms presently available, individual surfaces or
those surfaces associated with a number of thin films could be studied. There is
no doubt that a chemisorbed muon-state-exists on the surface of metals, as has
been found with both positrons50 and hydrogen.51 One could then measure such
properties as surface magnetism, thermal desorption of the muon into muonium and
possibly surface defects and impurities.

With reasonable estimates of the muon diffusion coefficient, reflection coeffi-
cient and foil thickness one can predict by employing the model of Leon and
Heffner,52 that a significant fraction of muons will reach the surface of a trap-
free film before decaying. This model assumes that the muons stop homogeneously
throughout the foil and that no non-thermal muons escape by forming muonium.
As suggested by the above authors these thin foils could be used to measure macro-
scopic diffusion constants (10~7 cm2/sec) and their temperature dependence.
Figure 5 shows the solution to the equations presented in Ref. 52. The log of the
thickness is plotted versus the efficiency of the muon in reaching the surface of
the foil for diffusion constants ranging from 10"8 to 10~2 cm2/sec. A value of
106 for $ was used for the radiation boundary condition.21 These foils would have
to be annealed in situ to remove most of the defects produced in fabrication and
handling. With the high intensities of surface muons expected at SIN one could
use a single bulk sample and simply retard the muon energy so that it would only
interact with the first few monolayers of the sample. Strong consideration
should be given to this area in the future.

Figure 5. The predicted prob-
ability that positive

muons will reach the surface of
foils; of varying thicknesses and
diffusion constants before
decaying. These solutions are
based on the equations presented
in Ref. 52. The radiation boun-
dary condition which determines (3
was chosen to be 10s for these
plots, where values of g of zero
and infinity mean a perfect •
reflector or absorber,
respectively.
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CONCLUSIONS

A b r i e f but hopeful ly general comparison has Leen made between muons and positrons
as probes f o r the study of defects i n metals. Since muon experiments are not only
more demanding i n manpower, cost and a v a i l a b i l i t y than positron experiments, they
should be ca re fu l l y designed i n l i g h t of the knowledge that the muon i s extremely
sensi t ive to both i n t r i n s i c and e x t r i n s i c defects. I n i t i a l experiments should
provide estimates of the muon d i f f us i on coef f ic ients as a function o f sample tem-
perature. High temperature hydrogen d i f fus ion measurements do provide guidel ines,
although so f a r most of the observations of muon trapping have been made at low
sample temperatures where hydrogen d i f fus ion data do not ex is t . Given chat the
d i f fus ion constant is known as a funct ion of temperature, h igh-pur i ty Fe26 i s
therefore a good candidate to study wi th muons a f t e r low temperature e lectron
i r r a d i a t i o n . Since the defect type and concentration can be cont ro l led i n
electron i r rad ia ted samples, such invest igat ions could confirm the stated values
of the d i f fus ion constants in Fe thereby providing a new method f o r evaluating
diffusion coefficients below Stage I I I in different metals.

Al l the samples should be i n i t i a l l y characterized by other less costly techniques
to obtain, where possible, the concentration and type of extrinsic and in t r ins ic
defects. Both transverse and longitudinal measurements should be made to unravel
the question of dif ferent diffusion mechanisms versus defect-, impurity- or
self-trapping.

Provided that the f u l l capabilities of the muon are ut i l ized and coupled with
complementary techniques, i.e., positrons, the muon w i l l constitute a useful new
probe in deepening our understanding of defects in metals.
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