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Anomalous temperature dependence of positron-lifetime spectra in KCl and NaF
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Positron-lifetime spectra in KCl and NaF have been measured in the temperature range 9-353 K and
8-400 K, respectively. A large change in the spectra has been observed in the temperature range in which
the angular-correlation data showed a transition from free to localized positronium. These experiments
strongly support the hypothesis that at low-temperature Ps is in a free Bloch-like state while at high tem-
perature it is localized, perhaps in a dilated interstitial region of the crystal.

Many crystals with sufficient space between the atoms
show clear evidence that positronium can exist in an ex-
tended Bloch-like state. Other crystals show positronium
atoms localized in some way. Some crystals, e.g., ice and al-
kali halides, show evidence of both free and localized posi-
tronium atoms.!

Recently Hyodo and Takakusa®? discovered that in alkali
halide crystals positronium existed in a free Bloch state at
low temperatures. Further studies on NaF (Refs. 4 and 5)
and KCl (Ref. 6) revealed that positronium became local-
ized at high temperatures. This Rapid Communication re-
ports lifetime experiments on the same alkali halides which
show that the positronium atoms are in quite different
states at high and low temperatues thus confirming the
two-state picture, and the novel idea that as the temperature
is increased, the Ps atoms change from the Bloch-like state
to a localized state.

Specimens were optical-grade single crystal from Harshaw.
The positron source was about 15 uCi of ?NaCl sandwiched
between a folded 1-mgem ™2 Ti foil. The radioactive area
was about 15 mm? CsF scintillation crystals 2.5 cm
diam X 2.5 cm long coupled to RCA 8850 photomultipliers
were used as y-ray detectors of a fast-fast time spectrome-
ter. The high efficiency of the scintillator permitted us to
collect half a million events in less than 2 h. The full width
at half maximum of the time resolution was about 340 psec.

A helium flow cryostat of 2-cm o.d. was used for the tem-
perature control. The measurements on each alkali halide
were performed within four days. The whole temperature
range was scanned every day; during the nights the sample
was kept above room temperature while the data were accu-
mulated. No appreciable time dependence, i.e., accumulat-
ed dose dependence of the spectrum was observed, although
the samples were found very slightly tinged with color after
the whole measurement.

The lifetime spectra were analyzed using a nonlinear
least-squares program INTERACTIVE POSITRONFIT.” A two-
component fit with only the background and the resolution
function fixed was tried. The reduced X2 for the most of
the set of data was close to unity. Analysis with more than
two components was found to result in large uncertainties
due to the correlation of the parameters. It was thus decid-
ed to examine the results of the two component analysis
and interpret them allowing for the possibility of a number
of contributions in each of the components. No correction
for the source component was made although the spectrum
for annealed Zn with the same positron source indicated a
source component of 520 ps with intensity 2.7%

The results are shown in Figs. 1 and 2. In KCIl, the in-
tensity of the longer lifetime component, /,, starts to in-
crease at around 50 K and saturates at around 100 K, while
in NaF it starts to increase at around 100 K and saturates at
around 300 K. In the same temperature region the short
lifetime, 7, decreases slightly in both the alkali halides.
The long lifetime, 7,, on the other hand, increases in KCl
and decreases in NaF. It is quite interesting that the
angular-correlation data have shown the transition from the
free positronium to localized positronium in almost the
same tempeature ranges.*6 This correspondence suggests
that the phenomena are closely related.

To understand these data we postulate a model which in-
cludes free and trapped states for both positrons and for po-
sitronium. The model is simplified by assuming that at the
lowest temperature the positronium atoms are all Bloch-like
while at high temperature all positronium atoms are local-
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FIG. 1. The short lifetime (7,), the long lifetime (r,), and the
intensity of the 7, component (/,) in KCl. The statistical standard
deviations are shown when they exceed the size of the points.
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FIG. 2. The short lifetime (r{), the long lifetime (7,), and the
intensity of the 7, component (I,) in NaF. The statistical standard
deviations are shown when they exceed the size of the points.

ized. (Some Ps atoms may also be trapped by vacancies.
However, the fraction trapped should not change much over
this temperature range and so need not be noted explicitly
in the simple model discussed here.) All other trapping and
annihilation rates are assumed temperature independent.
Further we assume that the ‘‘pick-off’’ annihilation rate for
the Bloch-state is very fast as for example for Ps in quartz.?
In summary for the lifetimes, 7, and intensities, /, we pos-
tulate

Il=1f++1pPs+1f0Ps B
Iy=1Ii++1Iops ,
71=(1f+7f++1pPsTpPs+IfoPsTfoPs)/Il B

72= (L 474+ +LiopsTiops) /12

where the subscript t4+ means trapped positron, f+ means
free positron, fpPs means free parapositronium, etc. Note
that we have assigned both free and trapped pPs to /;, thus
7pps Will appear temperature dependent.
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Using the data of Table I, we can deduce the various life-
times and intensities shown in Table II.

The fraction of the 8+ which self-annihilates from a pPs
state can be calculated to be 4% and 5% at low and high
temperature in KCl. These figures compare well, within the
1-2% accuracy, with the observed narrow component in an-
gular correlation data, viz., 3% and 6.5%, respectively.® For
NaF the estimates from lifetime are 6% (Lo7) and 7%
(HiT') while the narrow component is about 2.5% and
3.5%.° These data are of course not precise enough to mea-
sure the distortion of the positronium atom in either state
within the solid, although it seems that the atom is more
“‘compressed’’ in the extended state than in the localized
state.

The nature of the localization is not understood but some
speculation about the site may be made. It is not likely a
vacancy for several reasons: The lifetime of trapped Ps is
usually longer,'®!® the number of vacancies is usually not
so much a function of temperature in this temperature
range as of composition,'* and the positron irradiation did
not seem to influence the results. :

A more likely site may be the tetrahedral interstice of the
crystal. Kasai and Fujiwara suggested that the wave func-
tion of the Bloch positronium may have a large amplitude in
this region.’* Positronium could be self-trapped there if the
volume were expanded by moving ions in the soft [110]
directions. It may be worth pointing out that the tetrahedral
interstice is fairly large even before any deformation; if the
usually accepted ion radii'® are assumed, the inscribed
sphere to the interstice in most alkali halide crystals have a
diameter larger than the Bohr radius of the free positronium
in vacuum, 1.06 A. The free volume in the interstice in the
perfect cyrstal is larger in KCI than in NaF. Considering
that the bulk modulus of KCI is less than half of that of
NaF,!” the difference may be increased after the deforma-
tion. This is consistent with the observation that the de-
duced pick-off lifetime of the localized positronium is much
longer in KCIl than in NaF. The self-trapped positronium
atom suggested here is an identity resembling the self-
trapped exciton, although the trapping site and the accom-
panying lattice deformation are different.

In summary, the long lifetime component in positron life-
time spectra in KCl and NaF is observed to increase re-
markably in about the same temperature range for which
the positronium peak in the momentum distribution shows
anomalous broadening. The results are consistently inter-
preted if it is presumed that positronium, which is in the
Bloch state at very low temperatures, is localized in a hole
of its-own digging at higher temperatures. The pick-off life-
time of the ortho positronium in the localized state has been
deduced.

TABLE 1. High- and low-temperature (Hi7, LoT) characteristics of positrons annihilating in KCl and NaF

(from Figs. 1 and 2).

KC1
LoT HiT
71 (ps) 2205 2005
75 (ps) 440 £10 5405
I, 0.29+0.3 0.47 £0.02

NaF
LoT HiT
213+3 190 +3
5005 405 5
0.195 £0.02 0.47 £0.01
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TABLE II. Deduced lifetimes and intensities of positrons and positronium in KCl and Naf.
I 7¢ (ps) 7 (ps)
pPs 0.06 +0.01 877 106 £3
KCl oPs 0.18 £0.04 286 +70 701 £150
eit 047 +0.03 212 +£17 ce
et 0.29 +0.03 coee 440 £ 10
pPs 0.09 £0.01 8314 915
NaF oPs 0.275 +£0.02 260 £ 35 338 £60
ef 0.44 +0.02 210£20 ce
et 0.195 £0.02 N 5005
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