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Direct evidence for positron annihilation from shallow traps
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For deformed Ag the temperature dependence of the positron lifetime parameters is followed
between 12 and 300 K. Clear direct evidence for positron trapping and annihilation at shallow

traps, with a positron binding energy of 9 ~ 2 meV and annihilation characteristics very similar to
those in the perfect lattice, are revealed. The shallow traps are annealed out below 600 K.

Positron trapping at open-structured defects, such as
vacancies and their agglomerates, is known to take place
in most metals. ' Positron annihilation in a vacancy-type
defect is recognized by an increased positron lifetime com-
pared to that in the perfect lattice, ' as a result of the
lower electron density sensed by the positron in the trap.
The ability of the positron to respond specifically to the
presence of diAerent kinds of defects has made the posi-
tron annihilation technique a very useful tool in the stud-
ies of e.g. , defect production and annealing in many ma-
terials. Positron trapping and annihilation in shallow
traps with annihilation characteristics similar to those in
the perfect bulk state have been suggested. We present
in this report clear, direct evidence for such shallow traps,
as revealed in deformed Ag.

Positron lifetime measurements were made on Ag de-
formed at room temperature. The Ag samples (99.99%
purity) were spark cut from a rod of polycrystalline Ag.
The specimens were polished, rolled, and annealed in vac-
uum at 1000 K for several hours. The samples were there-
after rolled to a thickness reduced by about 8%. Positron
lifetime measurements were carried out as a function of
temperature from 12 to 300 K after annealing the Ag
specimens in vacuum at 565 K (Ag I), 600 K (Ag II), and
630 K (Ag III), respectively. For a second deformed sam-
ple set isochronal annealings were made from 320 to 630
K with measurements taken at room temperature.

The time measurements were performed with a stan-
dard fast-slow time spectrometer with a time resolution
of 246 ps [full width at half maximum (FWHM)] as
found by the RESOLUTION program. The NaCl source
of about 100 pCi, dried on a 0.45-mg/cm Ni foil, was
found to contribute 7.2% of the positron annihilations,
with 4% 163-ps annihilations from the Ni foil' and 3.2%
400-ps annihilations from the salt. This source contribu-
tion was subtracted in the analyses of the time measure-
ments on the deformed Ag. The analyses were made by
POSITRONFIT. The spectra were well described by two
exponential decay components, the longer positron life-
time having a value of about 200 ps that remained the
same within statistical uncertainties for all measurements.
The results of the free analysis of the isochronal annealing
measurements are presented in Fig. 1. In order to reduce
the statistical scatter, the longer positron lifetime was con-
strained to 200 ps for Ag I, Ag II, and Ag III. These re-
sults are shown in Figs. 2-4. The reversibility of the
temperature-dependent measurements was verified.

~ 210—
b,

w 200—
190—

A ~ +

25—

0—
140—

DEFORIVI

CL
~ 100 —~

~ 60-

200

175
CL

150

125—
I I l l I I

350 400 450 500 550 600
ANNEALING TEMPERATURE (K)

FIG. 1. Positron lifetime parameters vs annealing tempera-
ture in Ag deformed at room temperature. Isochronal annealing
rate: 30 K/h.

The positron lifetime of about 200 ps is close to the life-
time found for annihilation in vacancies in Ag. "' The
existence of three-dimensional vacancy clusters formed by
the deformation can therefore be ruled out. ' For many
metals it has been found that the positron lifetime associ-
ated with dislocations is very close to that related to mono-
vacancies; hence we conclude that the positron-trapping
component originates from trapping at dislocations. The
recovery stage at around 550 K (cf. Fig. 1) is assigned to
the annealing of dislocations produced by the deforma-
tion.

The main features of the temperature dependence of
the positron lifetime parameters are a strong increase of
the intensity I2 with increasing temperature for the speci-
men when annealed at 565 K (Ag I), while annealing at
600 K (Ag II) makes this temperature dependence almost
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FIG. 4. Positron lifetime parameters vs temperature for de-
formed Ag annealed at 630 K.
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FIG. 2. Positron lifetime parameters as a function of temper-
ature in deformed Ag annealed at 565 K.

vanish. This is also clearly reflected in the mean positron
lifetime deduced from z = z~I ~+ z2I2. For Ag I the shor-
test lifetime zI remains at a value of about 136 ps below
100 K, although I2 changes significantly from 18% to
about 50% at the lowest temperatures. The value of 136
ps is close to the bulk lifetime (rb =133+ 2 ps) observed
at room temperature in completely recovered Ag. This is
taken as clear evidence for shallow positron traps in Ag
with annihilation characteristics very similar to those in
the perfect lattice. At the lowest temperatures, the trap-
ping probability becomes sufficiently high that most posi-
trons are in a trap, shallow or deep, upon annihilation. At

elevated temperatures the shallow traps are depleted and
the deeper trap becomes the dominant annihilation site.
Annealing at a temperature only 35 K higher removes
most of the shallow traps (cf. Fig. 3) and, after annealing
at 630 K (cf. Fig. 4), only the deeper trap is observed to
be present. The trapping model' incorporating only a
single trap state is now satisfied. It is important to note
that, after removing the shallow traps, the trapping to the
deep trap is basically temperature independent in the
studied temperature range, which means that the temper-
ature dependence of I2 found for Ag I is entirely due to
the presence of shallow traps.

From a three-state trapping model' that includes trap-
ping to a deep and a shallow-type defect as well as detrap-
ping from the shallow trap back into the bulk, the positron
binding energy (Eb) to the shallow trap can be estimated.
As the longer-lived component, which originates from an-
nihilation from the deep trap is well separated from the
two shorter-lived components, incorporated in one lifetime
component, it follows that

Kd(zd —X, —s)
I2

(kd Xs)(Xf+K +lsd Xd) (kf+Kd kd)E

I ' I ' I ' I ' I ' I ' I
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FIG. 3. Positron lifetime parameters vs temperature in de-
formed Ag annealed at 600 K.

where (X„Ks) and (X~,Ed) are the annihilation and trap-
ping rates to the shallow and deep traps, respectively.
is the annihilation rate in the perfect lattice and
@~exp( —Eb/kgT) is the detrapping rate from the shal-
low trap. Equation (1) may also be written as

A(1/I2) = 1/I2 —1/I2=, (2)
ECd X, —Ed+ e

where I2 is the intensity of the longer-lived component
when detrapping processes are very active, e.g., for
T & 100 K. It then follows that Ind, (1/I2) ~Eb/k~T when
e»X, —Xd, while Ink(1/I2) =ln(Es/Ed) for s«Xs Xd. —
The strong temperature dependence of Ink(I/I2), shown
in Fig. 5 is due to detrapping from the shallow trap. From
the Arrhenius plot the positron binding energy to the trap
can be estimated to be 9 ~ 2 meV. Below 30 K detrapping
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FIG. 5. Arrhenius plot of h(l/I2) for Ag I.

becomes less efficient, and hence Ink(I/Iz) tends toward a
constant value from which K, ~Kd can be obtained. This
result is consistent with the above interpretation, where it
is implicit that the trapping rate to the shallow trap is
suKciently large to trap a considerable fraction of the pos-
itrons at low temperatures.

Shallow traps have often been suggested to be the cause
of difrerent temperature dependences of positron annihila-
tion parameters, although no clear experimental con-
firmation of such traps has been presented. The increased
fraction of positrons annihilating in voids in Mo, when
increasing the temperature, has been attributed to detrap-
ping of positrons from shallow traps, and some indications
for positron annihilation in shallow traps have also been
presented. The intrinsic trapping rate to the voids, how-
ever, is also found to increase with temperature. ' ' Re-
sults on neutron-irradiated Al, studied with variable-
energy positrons, have been interpreted as evidence for an-
nihilation from shallow traps. ' However, positron life-
time spectroscopy on similarly manufactured samples

showed that the annihilation occurred mainly from voids
and vacancylike defects, presumably jogs at dislocation
loops. ' The dislocation line is thought to be a shallow
trap that acts as a precursor state for trapping to the
jog, ' and it is the temperature dependences of the specific
trapping and detrapping rates to and from the line that is
reflected in the increased trapping to jogs when lowering
the temperature. '

The present measurements on deformed Ag reveal an
atypical behavior where the fraction of positrons annihi-
lating in the longest-lived component is lowered with de-
creasing temperature, reflecting the competing trapping
between the deep and the shallow traps. Doppler-
broadening measurements on deformed Cu (Ref. 20) may
be understood in a very similar fashion. The more infor-
mative lifetime measurements settle this and, simultane-
ously, reveal that the positron annihilation rate in the
shallow trap is similar to that in the perfect bulk state.
Grain boundaries may act as shallow traps, but the grain
sizes in our specimens are expected to be too large to pro-
duce significant trapping.

It should be noticed that the shallow traps annea1 out
before the complete annealing of the deep traps, which are
identified as jogged dislocations.

It is possible that dislocation lines with a low density of
jogs may act as the shallow trap. It has also been pointed
out that low-atomic-density regions surround interstitial
clusters, which may serve as shallow trap sites with bulk-
like characteristics. An impurity-defect center (e.g. , a
vacancy-impurity complex) is also a possible candidate as
a shallow trap.

In conclusion, we have presented direct evidence for
positron annihilation from shallow traps with annihilation
characteristics close to those in the perfect lattice. The
positron binding energy to the shallow trap has been de-
duced to be 9~2 meV. Interstitial clusters, impurity-
defect centers, and dislocation lines are candidates as the
shallow trap whereas jogged dislocations serve as the deep
trap.
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