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Positron lifetime measurements have been performed in plastically deformed alumi-
num single crystals. Evidence of a second nonspurious lifetime component has been ob-
served. The results are interpreted as the trapping of positrons by dislocations. The
lifetimes are found to be 172 psec in the perfect crystal and 228 psec in a dislocation.
The escape probability of trapped positrons is estimated to be zero.

Recently, attention has been paid to positron
annihilation in deformed metals. The experimen-
tal results, which indicate the narrowing of the
2y angular correlation' and the increase of the
positron mean lifetime, "can be understood by
assuming an attractive interaction between posi-
trons and defects. This Letter describes posi-
tron lifetime measurements in plastically de-
formed aluminum. The results are discussed in
terms of a trapping model, which has previously
been applied successfully to vacancies in alkali
halides and metals. '

It is assumed in the trapping model that posi-
trons, after having slowed down, annihilate in
the perfect crystal with a rate A. . They are
trapped by defects at a rate & which is assumed
to be proportional to the defect density. Denoting
the annihilation rate of trapped positrons in de-
fects by Xd and the escape probability from a de-
fect by 6, then, with the condition that no posi-
trons are initially trapped, the number of posi-
trons left at time t is given by '

&(f) ~ -A. A, ~ A -~c-
The decay constants A, and A, are obtained as

the roots of the equation

A' —(A, +ad+ v+5)A+ (A. , +w)(A. d+5) —v5=0. (2)

The special case with no escape (5 =0) gives

In a perfect crystal there is only the first com-
ponent. When the defect density increases, the
intensity and lifetime of the first component de-
crease until the second component dominates.

The aluminum samples were spark-cut from
one large single crystal of 99.999% purity. They
were electrolytically polished, annealed for 10 h
at 600'C in an argon atmosphere, deformed, and
polished again just before the lifetime measure-
ments. The crystals were deformed by compres-
sion until the desired thickness reduction was
achieved. The "Na source was prepared by seal-
ing 3 p, Ci of evaporated NaHCO3 solution i.n a
gold-covered Al foil of 1.5 mg/cm2 thickness.
The source was sandwiched between two identi-
cally deformed crystals. The lifetime measure-
ments were performed with a fast-slow coinci-
dence system with 1-in. x 1-in. Naton 136 scintil-
lators and XP 1021 photomultipliers. The time
resolution in positron measurements was 290
psec (full width at half-maximum). Each sample
was counted for 2 &20 h and about 7 &&10' coinci-
dences were accumulated during this time.

The experimental lifetime spectra were first
analyzed conventionally by using a two-exponen-
tial fit with a constant chance-coincidence back-
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ground. The results are shown on the left in Ta-
ble I, in which the deformation is expressed as
the percentage thickness reduction of the sample.
The effect of deformation saturates, as is expect-
ed from the trapping model, and positrons anni-
hilate mainly with one exponential decay both in
the undeformed sample (0%) and in the two strong-
ly deformed samples (30%, 58%). The weak sec-
ond lifetime component in these three samples
has been interpreted as an artifact caused by the
common positron source. The results in the mid-
dle region of deformation are not valid, because
the two nonspurious components assumed in Eq.
(1) are mixed into the source component.

The one-exponential fit shown in the middle of
Table I was performed after the source compo-
nent of 1.8'%%uo and 500 psec had been subtracted.
The variance of the fitted values [= y j(No. of de-
grees of freedom)] is consistent with the assump-
tion of one lifetime component in only the unde-
formed and strongly deformed samples.

The two lifetimes in Eq. (1) are expected to ap-
pear in the middle region of deformation. Be-
cause they are short and near to each other, it
was not possible to resolve them reliably with a
fitting procedure having two lifetimes and their
intensity ratio as variable parameters. But if the
trapping model is correct, the only sample-de-
pendent parameter is the trapping rate v. There-
fore the number of adjustable parameters was re-
duced by using Eqs. (1) and (2) to determine the
lifetimes and intensities from fixed values of the
annihilation rates A. , and A. d; X was set equal to
the annihilation rate in the perfect crystal, and

4& was set equal to the annihilation rate in the
most strongly deformed samples, in which prac-
tically all positrons annihilate while trapped in
defects.

The differentiation of Eq. (1) with respect to
time gives the annihilation rate. It was folded

with the Gaussian instrumental resolution func-
tion and then fitted to the exponential part of the
experimental lifetime spectra in order to get es-
timates for the trapping rate &. The results in
the case 5=0 (no escape) are presented on the
right in Table I. If 5»A. d, only a short-lived
compound state would be possible and positrons
would annihilate with a single exponential decay.
By comparing the X' values of the one-exponen-
tial fit with those of the trapping model with no
escape it can be seen that the latter gives much
better agreement with the data.

Trapping-model fits with various values of 6

gave no better fit than the one with 5 =0 and with
95% confidence level we can say that fi(0. 1A.d.
No differences were found when the sample tern-
perature was lowered from 300 to 77'K. This
means that escape due to the thermal motion is
negligible at 300'K and thus the binding between
positrons and defects is greater than 0.025 eV.

The values of w presented in Table I increase
monotonically with the sample deformation, as
is expected from the proportionality assumed be-
tween the trapping rate and defect density. The
individual g values of the trapping model are
systematically slightly higher than the corre-
sponding values of the two-exponential fit. This
may be due to uncertainties in the zero-time de-
termination and in the form of the instrumental
resolution function, as the variance of the fit with
two exponentials is independent of these parame-
ters.

The deformation was plastic and thus the prin-
cipal defects are various types of dislocations.
The vacancies are believed to be in thermal equi-
librium and their contribution to the positron
lifetime at 300 K is negligible. Electron micro-
graphs showed that the dislocation density was
about 10' cm ' in the undeformed sample. It in-
creased with the thickness reduction in the de-

Table I. Results from different analyses of positron lifetime spectra in deformed aluminium. The indicated er-
rors are statistical standard deviations. The accuracy in the time calibration is 1 /0.

Deformation
(%%uo)

Ti

(psec)

2-exponential fit
T2 I2

(psec) (Vo)

x'ldf
(df =43)

Ti

(psec)

1-exp fit
x'i&f

(df =45)

Trapping model
X'idf

(1o' sec ') (df =46)

0
2.4
4.8
8.2

12.4
30
58

172 +1
176 +3
179 +5
192+7
207 +7
226 +3
227 k3

500 +30
340 +20
320 +20
320 +20
330 +30
520 +90
460 +80

1.8 +0.3
10+3
16+5
20+9
18 +11

2.0 +1
2.9+ 2

1.30
1.19
1.24
1.41
1.35
1.24
1.19

172 +1
193 +1
204+ 1
214 +1
226 +1
228 +1
230 +1

1.27
2.94
3.50
2.62
1.93
1.25
1.18

0.00
1.11+ 0.04
2.02+ 0.07
3.98 + 0.16
9.60 + 1.3
18.6 +2.3
20.2 +2.6

1.27
1.67
1.54
1.74
1.58
1.37
1.59
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formed samples, in which the dislocation density
unfortunately could not be determined owing to a
cell structure and the proportionality between the
trapping rate v and the defect density could not
be verified.

If we assume that positrons see a dislocation as
a row of vacancies on adjacent atomic sites, we
can take advantage of the behavior of the positron
mean lifetime at elevated temperatures. ' By fol-
lowing Connors and West' we have estimated that
the cross section for the trapping of positrons by
a vacancy is 34 && 10 "cm' in aluminum. Thus a
trapping rate of 10' sec ' would be produced by
a dislocation density of t ~ 10' cm ' and the dis-
location densities of the deformed samples would
vary from 8 &10' cm ' to 2 ~10' cm '. These
values are consistent with the electron micro-
graphs.

In view of these measurements, the trapping of
positrons by dislocations in addition to vacancies"
is possible in metals. When studying defects this
circumstance can be utilized, but only in a limit-
ed defect density region. In experiments con-
cerning positron annihilation in perfect crystals
great care should be paid to avoid this phenome-
non. Also the observed decrease of the core con-

tribution of 2y angular correlation curves in sev-
eral deformed metals' can be understood by the
aid of trapped positrons in defects, where the
overlapping of core electrons with the localized
positron wave function is expected to be smaller
than the overlapping with a freely moving posi-
tron.

The authors are grateful to Professor W. Brandt
for helpful suggestions on the trapping model.
Dr. J. Forsten was kind enough to perform the
electron microscope studies.
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Anomalously high thermal conductivity of superconducting Nb between 0.3 and 0.6'K is
interpreted as evidence for a small second energy gap. The temperature dependence of
the excess thermal conductivity is consistent with a BCS-lilac gap about 1/25 of the domi-
nant gap in both magnitude and transition temperature. The magnitude of the excess
conductivity appears to justify identifying the small gap with the hole sheet of the Fermi
surface centered about symmetry point I'. Less readily explained on the basis of a two-
gap model are the high phonon conductivity observed in this and other experiments and
the very high Q~ observed for Nb microwave cavities at low temperatures.

It has been predicted that superconductors in
which there are overlapping bands of electrons
at the Fermi surface would exhibit two distinct
energy gaps if the matrix elements for interband
processes were very small relative to those for
intraband processes. ' Anomalies in the specific
heat of superconducting Nb' ' and V' at very low
reduced temperatures have been analyzed in
terms of a second energy gap, an order of mag-
nitude smaller than the predominant gap. Howev-
er, until very recently no direct evidence had
been found for such a gap. ' We present results
of thermal-conductivity measurements on super-

conducting Nb which are generally in agreement
with a two-gap model.

The specimen used in this experiment was a
single crystal 0.475 cm in diam and 10-cm long.
It was prepared by electron-beam zone melting
in a vacuum of 10 "Torr from starting materi-
al obtained from the Wah Chang Corp. The ma-
jor impurities were metallic Ta and W. Its tran-
sition temperature was 9.25'K.

The measurements in the temperature range of
interest are shown in Fig. 1. The maximum in
the superconducting-state data at about 2'K has
been observed by other authors'' and has been


