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The evolution of the positron-lifetime parameters with the measuring temperature has been
studied in deformed Zn in the temperature range 12-210 K. For two samples with different de-
grees of deformation the presence of a component with a lifetime close to that in a monovacancy
is observed. Both the average lifetime and the intensity of the long component decrease with in-
creasing temperature. The experimental results are very well described in terms of a generalized
trapping model where it is assumed that positrons become trapped in deep traps (jogs) via shallow
traps (dislocation lines). The temperature dependence of the positron-lifetime spectra below 120 K
is attributed to the temperature dependence of the trapping rate to the dislocation line. The ex-
perimental results have demonstrated that detrapping processes from the dislocation line take
place above 120 K. The positron binding energy to the dislocation line has been shown to be

40120 meV.

I. INTRODUCTION

Positron-annihilation spectroscopy (PAS) has proved
to be a useful technique in the investigation of defects in
many materials,? e.g., metals, semiconductors, ionic
crystals, and molecular crystals. The problem of
positron-dislocation interaction has been undertaken by
many investigators since it was first realized that posi-
trons are sensitive to defects introduced by deformation.
However, as a consequence of the seeming complexity of
the positron-trapping mechanism at dislocations, this
problem is still under active discussion.

Positron-lifetime experiments reported for crystals
containing dislocations have yielded lifetime values for
the trapped positrons close to those of positrons local-
ized at vacancies. One interpretation has been to assume
that the lifetime associated with dislocations originates
from positrons that annihilate in the dislocation line. By
means of this view Arponen et al.® have obtained a
positron-dislocation binding energy of about 3 eV. For
such a binding energy, Bergersen and McMullen* have
calculated the temperature dependence of the trapping
rate at dislocations, concluding that the trapping rate is
temperature independent when the trapping is transition
limited, while a temperature dependence results if the
trapping is diffusion limited. Martin and Paetsch’ treat-
ed the positron-dislocation interaction based on pairwise
interaction between the positron and metal ions. They
concluded that the positron-dislocation binding energy
in Al is very small (less than 0.1 eV).

An alternative model to describe the positron-
dislocation interaction has been proposed by Doyama
and Cotterill,® who have pointed out that the dislocation
line itself might be too ‘“narrow” to localize the positron,
while a jog or a vacancy attached to the dislocation core
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could provide space enough. Smedskjaer et al.” have
developed this idea in more detail, studying a mecha-
nism  which includes a competition between
temperature-dependent detrapping from the dislocation
line and trapping to associated point defects with a
stronger positron binding energy. Recent experiments
dealing with the positron-dislocation interaction have
been interpreted by means of this model.®~!! In general,
the investigation of one kind of defect requires a suitable
system which preferably would be a solid containing
only the defect under study. This is, of course, advisable
for the study of any kind of defect, but probably essen-
tial when the problem of the positron-dislocation in-
teraction is considered. The proposed models to de-
scribe the interaction are rather complicated, which
makes it difficult to obtain unambiguous conclusions
when the system is too complex.

Positron-annihilation experiments performed on Zn ir-
radiated with electrons at low temperatures!'? did not
show formation of three-dimensional vacancy ag-
glomerates when the vacancies migrate in recovery stage
III. These results suggest that three-dimensional vacan-
cy agglomerates are not stable in Zn, and as a conse-
quence the deformation of Zn, at temperatures at which
vacancies are mobile, should basically produce
dislocation-type defects. This fact makes Zn a suitable
system with which to delve deeper into the problem of
the positron-dislocation interaction, and with this pur-
pose in mind we have studied deformed Zn by means of
positron-lifetime measurements.

The plan of the present paper is as follows: In Sec. IT
the experimental details are given; in Sec. III we describe
the analysis of the experimental results; in Sec. IV the
experimental results are shown; in Sec. V they are dis-
cussed; finally, a brief summary and conclusions are in-
cluded in Sec. VI.
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II. EXPERIMENT

Zinc (99.9999% pure) samples were deformed by cold
work at 77 K, resulting in a thickness reduction of about
10%. After the deformations the samples labeled Zn-I
and Zn-II were annealed at room temperature in order
to introduce different defect density. Positron-lifetime
spectra were obtained by a conventional fast-slow timing
spectrometer with a resolution of 246 ps [full width at
half maximum (FWHM)]. The specimens were mea-
sured at temperatures in the range 12-210 K with a
temperature stability better than 1 K.

As the positron emitter a 22Na source was used, made
by evaporating an aqueous >NaCl solution onto a nickel
foil (0.45 mgcm—2). The fraction of positrons annihilat-
ing in the nickel foil was estimated!® to be about 4%.
The component due to annihilations in the salt was ob-
tained from positron-lifetime spectra acquired at room
temperature on well-annealed Zn in which only one
component, due to free annihilation in the bulk, is ex-
pected. After the foil correction the spectra could be
decomposed into two lifetime components: the shorter
due to the free annihilations in the bulk (7, ~ 148 ps) and
the longer (1,~400 ps) of faint intensity (~3%) associat-
ed with annihilations in the salt. The lifetime spectra
were analyzed using the RESOLUTION and POSITRONFIT
programs.'*

III. METHOD OF ANALYSIS

Figure 1 is a representation of the positron-trapping
model studied in this section. Assume a lattice contain-
ing two different kinds of positron traps with concentra-
tion ¢; and ¢, and corresponding positron lifetimes 7,
and 7,, respectively. The positron-annihilation rates in
the perfect lattice and in defects are A, (=1/7f), A4
(=1/74), and A, (=1/7,). Consider a detrapping rate €
for positrons localized at traps labeled d and a transition
rate 17 between traps d and v. Denoting the specific trap-

ping rate as v;, the trapping rate K; can be written as
K,=v;¢c; (i=d,v).

Under these circumstances the trapping model shows
that the positron-lifetime distribution is a superposition
of three exponential components, '’

n(t)=3 Lexp(—A;t) (i=LILII) .

£ |Kg

n Ky
Y

FIG. 1. The trapping model in the presence of two types of
defects with possible detrapping from one trap (d) to the per-
fect lattice or transition to a second trap (v).
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However, due to the statistical uncertainties one can
only properly decompose the spectra into two lifetime
components with the following fitting parameters: I,,
7,, and 7. When it is assumed that the longer-lifetime
component, Ty, is easily separated from the others, the
experimentally deduced longer component, 7,, can be
identified with 7; consequently, I, is identified with Iy
and 7, is the mean lifetime for positrons annihilating
with lifetimes 7y and ;.

From the steady-state condition
lifetime can be obtained:

7 the mean positron

?:T]II +T212
(Ag+n+e)14+7,K,))+K ;(14+7,7m)

= . 1
(A, +Kg+K, g +1+€)—Kge W

Making use of expression (1), we define an effective trap-
ping rate K* that includes all the physical processes in-
volved in the positron-dislocation interaction:

K*=K R Ty
= T
e |7—r, 4"
1—7A
-—". @)
T—T,

In the framework of the general trapping model pro-

posed to describe the positron-dislocation interaction,®’
Tf=T4. If we are far from saturation, i.e., I, ~80%,

?—'T'd

=1

>

T—7,
is verified. Let us consider the particular case when
nrg>1. (3)

Then, positrons initially trapped at the dislocation line
escape through two channels: either by diffusing to
point defects associated with the dislocation line (i.e.,
jogs) or by detrapping from the dislocation line back into
into the perfect crystal. Under these circumstances ex-
pression (2) can by approximated by

1—7A
K*~K,+K;—1—=—"L @
n+e€ T—T,

It should be noticed that with assumption (3) K* be-
comes the total trapping rate to dislocations in the two-
trap model (see Fig. 1).

We wish to stress that by utilizing expression (4) it is
possible to relate the temperature dependence of the ex-
perimentally deduced parameters (7,,1,,7) to the tem-
perature behavior of the parameters (K;,K,,n,€) in-
volved in the trapping model.

IV. RESULTS

A two-component analysis gave satisfactory fits for
the two samples studied, Zn-1 and Zn-II, over the entire
temperature range studied. The longer positron lifetime
was, within the statistical errors, independent of the
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sample temperature, with a value of about 230 ps. Fig-
ure 2 shows the results of the free analysis of Zn-I. A
final analysis was performed constraining 7, to 230 ps in
order to reduce the statistical scatter. Figure 3 shows
the results for Zn-II with 7, constrained. The reversibil-
ity of the curves was always verified.

For the samples Zn-I (Fig. 2) and Zn-II (Fig. 3) three
different regions are observed:

Region A: Temperature range 12—-80 K; the intensity
of the longer component, I,, and the mean lifetime, 7,
are observed to decrease with increasing temperature.

Region B: Temperature range 80-120 K; the mean
lifetime, 7, and I, are roughly constant.

Region C: Temperature range 120-210 K; the mean
lifetime, 7, and I, decrease with increasing temperature.

The dashed line shown in Fig. 3 has been deduced
from the simple one-trap model. Under this hypothesis
the value for the shorter component 7, is given by

T

STk,

K being the positron-trapping rate to the trap giving rise
to the lifetime 75:
1—-7A
K=——"L.
7_'—7'2

We notice that the one-trap model fits the experimental
results reasonably well. In the same way the agreement
with the simple trapping model in the sample Zn-I was
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FIG. 2. The positron-annihilation parameters as a function
of the measuring temperature for deformed Zn.
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FIG. 3. The positron-annihilation parameters 7, I, and 7
as a function of the temperature for deformed Zn. The dashed
line has been deduced from the one-trap model.

also verified.

The temperature dependence of the effective trapping
rate K* is shown in Fig. 4. It has been deduced from
expression (4) with 7, =7,, taking into account the varia-
tion of 7, with the temperature. In a well-annealed Zn
sample, A7,/7, has been found experimentally to be
2.6 1072 between 77 and 300 K. This temperature
dependence was extrapolated to 12 K. Even though this
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FIG. 4. The effective trapping rate K * as a function of the
temperature for Zn deformed to two different degrees.
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simple extrapolation is a rough approximation, it leads
to an insignificant error in the present work. The three
different regions previously labeled A, B, and C are
clearly observed in the temperature dependence of K*
for the samples Zn-I and Zn-II.

V. DISCUSSION

Considering that the value of the trapping component,
7,230 ps, is very close to the positron lifetime at va-
cancies,'? 7=220 ps, the existence of three-dimensional
vacancy agglomerates can be ruled out in deformed Zn.
This conclusion is in agreement with previous results ob-
tained on electron-irradiated Zn.!? The positron lifetime
associated with dislocations is, in several metals, ob-
served to be very close to that related to vacancies,®
whence we conclude that the positron-trapping com-
ponent observed in the deformed-Zn samples originates
from positron trapping and annihilation at dislocations.

An important question that remains to be answered in
the positron-dislocation studies is which trapping model
should be utilized to describe the positron-dislocation in-
teraction in Zn. A simple interpretation consists of as-
suming that the long-lifetime component, 7,=230 ps,
corresponds to positrons trapped and annihilated along
the dislocation line (i.e., K*=K,). In this case, consid-
ering the value of the trapping component, it follows
that the positron-dislocation-line binding energy should
be very close to the positron binding energy at vacancies
(Ep ~1 eV). For such a binding energy the trapping rate
at dislocations should be essentially temperature in-
dependent when the trapping process is transition limit-
ed, while, if the trapping process is diffusion limited, the
trapping rate decreases as the temperature increases.*

At low temperatures the diffusion constant becomes
sufficiently large that the diffusion picture becomes un-
realistic;* hence the trapping mechanism should be tran-
sition limited and the trapping rate, as previously men-
tioned, essentially temperature independent. However,
Fig. 4 shows no constancy of K* below 120 K, but, on
the contrary, a strong temperature dependence is seen.
It should also be noticed that in the framework of the
diffusion picture the constancy of K * in the temperature
range of region B cannot be understood. Hence, we con-
clude that the positron-dislocation interaction cannot be
described assuming that positrons are trapped and an-
nihilated along the dislocation line with a positron bind-
ing energy of about 1 eV.

An alternative model with which to describe the
positron-dislocation interaction, assuming indirect posi-
tron trapping into deep traps (jogs and/or vacancies)
through shallow traps (dislocation lines) can, on the oth-
er hand, easily explain the observed temperature depen-
dence of the effective trapping rate. From the constancy
of 7, with temperature (see Fig. 2), it follows that the
longer-lifetime component 7y (see Sec. III) is indeed
well separated in the experimental spectra. It should be
noticed that assumption (3) is experimentally justified
since the one-trap model fits the experimental result
well; i.e., a negligible fraction of the positrons annihilate
in the dislocation line. The effective trapping rate can
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then be identified with expression (4).

An estimation of the trapping rate directly from the
bulk to the deep trap, K,, can be made assuming that
the specific trapping rate is similar to that at a vacancy.
In this case one obtains’

szvvﬂda s

where v, is the specific trapping rate at a vacancy
(~10% s~1), Q the atomic volume, a the number of deep
traps per unit dislocation-line length, and d the disloca-
tion density. Several experimental works have moni-
tored the positron-trapping signal as a function of the
dislocation density.!®~!® These works indicate that posi-
tron trapping is not observable for dislocation densities
less than 10°-10° cm~2. The trapping saturation is
found for dislocation densities higher than 10'! cm™2
In the present experiments we are not in saturation;
hence the dislocation density is estimated to be about
10" cm~2. In such circumstances, even for a density of
deep traps as high as 107! A~! it is conceivable that
K, <<K*. Expression (4) can therefore be approximated

by

K*~K;—1— . (5)
n+€

Detrapping processes become less important as the tem-
perature is decreased. Thus let us assume that below
120 K detrapping processes are negligible (i.e., € << 7).
In such circumstances it follows from expression (5) that

K*~K;, T<120K .
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FIG. 5. Fitting of the temperture dependence of the

effective positron-trapping rate above 100 K for three different
values of the positron-dislocation binding energy.
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The decrease of the effective trapping rate with increas-
ing temperature in the range 12—80 K (region A) should
then be assigned to a decrease of the specific trapping
rate, v, to the dislocation line with increasing tempera-
ture. The temperature dependence of K* (see Fig. 4)
found in the range 12-120 K is consistent with the tem-
perature dependence of v calculated by Smedskjaer
et al.” when the positron-dislocation binding energy is
close to 1072 eV.

If the trapping process is solely diffusion limited the
trapping rate is proportional to the positron diffusion
constant,’> D, . Bergersen et al.'® have shown that
D, ~T %% when the positron diffusion process is limit-
ed by positron—acoustic-phonon scattering. Previous
measurements performed on fine-grained Zn alloys®
have been shown to be consistent with these calcula-
tions. More recently,21 measurements carried out on Mo
by means of a variable-energy positron beam have
confirmed the conclusions of Bergersen et al. Above
120 K (region C) the temperature dependence of the
effective trapping rate can be fitted by K T8
(B~1.3) for both samples studied; consequently, we con-
clude that this decrease of K* with increasing temper-
ture cannot be interpreted in terms of the positron-
diffusion-limited trapping to the dislocations.

Instead, the decrease of K* above 120 K (region C)
can be assigned to positron-detrapping processes from
the dislocation line. In this framework the positron-
dislocation binding energy can be estimated by making
use of expression (5). When detrapping processes are ac-
tive the temperature dependence of K; and 7 should be
negligible compared with the temperature dependence of
€, which is governed by the exponential® exp(—E, /
kgT). E, is the positron-dislocation binding energy, kp
the Boltzman constant, and T the temperature. The de-
trapping rate € can be calculated as’

e=(mv/an' "B )E; V' kyT)*?exp( —E, /kpT) ,
(6)
where m is the effective positron mass and v the specific

trapping rate to the dislocation line. Assuming
K, ;(T)~K4(100 K) for T > 100 K, and denoting by T
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the temperature at which K*(7,)=1K*(100 K), the
temperature dependence of the effective trapping rate
K* can be fitted above 100 K by

K*(T)~K,4(100 K)

1
X .
1+(T /T, %exp(E, /kg T, )exp(—E, /kgT)

@)

From Fig. 4, T is estimated to be 200+10 K for the two
samples investigated. Figure 5 shows the fitting of the
experimental results employing expression (7) for three
different values of E,. The deduced positron-dislocation
binding energy is E, =40+20 meV. This value for E, is
in good accord’ with the temperature dependence of K *
at low temperatures (region A).

VI. CONCLUSIONS

The positron-lifetime measurements performed on de-
formed Zn with different dislocation concentration have
led to the following conclusions:

(i) It has been clearly shown that the positron-
dislocation interaction must necessarily be described by
means of a generalized trapping model®’ that includes
positron trapping at dislocation lines (shallow traps)
from which positrons can either be transferred into the
final state (jog and/or vacancy) or be thermally de-
trapped.

(ii) Below 120 K the temperature dependence of the
effective trapping rate is due to the temperature depen-
dence of the trapping rate into the dislocation line.

(iii) It has been shown that thermally activated
positron-detrapping processes from the dislocation line
take place above 120 K.

(iv) The positron-dislocation binding energy has been
estimated to be around 40 meV.
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