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layer potential on the low-potential side becomes
gentle with an increase in R, i.e. , with an in-
crease in the Debye length of the trapped ions.

In summary, the dynamics of a bounded beam-
plasma system is understood systematically.
An electron-beam injection into a plasma in-
duces the Buneman instability and the subsequent
nonoscillatory Pierce instability. The sudden
potential drop due to the latter instability evolves
to result in the laminar double layer, because it
is accompanied by collisionless ion trapping.
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Positron lifetime and angular correlation measurements have been made on the plas-
tic crystal succinonitrile. They confirm the phase transition at 234+ 1 K. In the plas-
tic phase the average orthopositronium lifetime increases with temperature and satu-
rates at the highest temperatures. This is interpreted as orthopositronium trapping in

thermally created defects, probably vacancies. A defect formation energy of 0.36+ 0.1
eV is deduced. This is lower than predicted values of the vacancy formation energy.

Much use has been made of the positron annihi-
lation technique (PAT) for the examination of

point defects, in particular in metals, ' but also
in ionic solids' and ice. Although the technique
has been applied to a number of organic molecu-
lar crystals'' it has only recently been attempt-
ed to obtain intrinsic defect properties from the
results. ' In many molecular crystals a fraction
of the injected positrons will form positronium
(Ps). It is possible that this species may become
localized in regions of lower than average elec-
tron density. Thus Ps may act as a probe for
vacancies and vacancy clusters in these solids
as do positrons in metals. If so, this would open
the way for detailed studies of the formation and
migration energies of such defects to supplement

the rather sparse existing information' and to aid
in the elucidation of self-diffusion mechanisms.
In this Letter we report on positron lifetime and
angular correlation measurements in the plastic
crystal' succinonitrile, CNCH, CH, CN (SN). This
material has a low-temperature brittle mono-
clinic phase (II) which at' 233 K transforms into
the plastic body-centered-cubic phase' (I) with a
simultaneous decrease in density. A close simi-
larity is found between the temperature depen-
dence of ortho-Ps lifetimes in the high-tempera-
ture plastic phase of this material and that for
positrons which are being trapped in thermally
created vacancies in metals.

For the lifetime measurements, high-purity
(& I-ppm total impurity) melt grown SN monocrys-
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FIG. 1. Lifetimes and relative intensities derived
from a three-term analysis with v&' fixed at 0.12 nsec.
The filled symbols are for decreasing temperature and
the open ones for increasing temperature. Triangles
and the other symbols are from two different spectrom
eters. The sequence of measurements was filled cir-
cle, open circle, filled square, open square, open
tri~~~le, filled triangle, and open inverted triangle.
The dashed curve for I~' is 3 of the full curve forI3'.
The typical error bars shown are statisticai estimates.

tais were mounted on each side of a 20-p Ci
"Nacl source encapsulated in Kapton foil (1 mg
cm '). The time resolution of the two lifetime
spectrometers used was 0.35-0.4 ns full width at
half maximum (FWHM). Angular correlation
measurements were made with a conventional
long-slit spectrometer' with 1-mrad slits and an
external 15-mCi "Na source. In both systems
the sample was mounted in a liquid-nitrogen cryo-
stat (T control+ 0.5 K).

The lifetime spectra were analyzed using the
computer program POSITHONFIT. ' Unconstrained
analyses indicated the presence of a short-lived
component (lifetimes, 0.05-0.2 ns with large un-
certainties) which probably arises from para-Ps.

Hence, an analysis for three lifetime components
was made, the shortest lifetime 7,' being fixed at
0.12 ns, the intrinsic para-Ps lifetime. The re-
sults are shown in Fig. 1. We associate the 7,',
I,' component with ortho- Ps and the T,', I,' com-
ponent with positrons not forming Ps.

The phase transformation is clearly defined at
234+ 1 K (Ref. 8, 233 K) with some hysteresis.
Despite a large scatter in I, ', the values for phase
II are higher than those for phase I. Allowing for
errors in assessing such low-intensity compo-
nents, Iy 3I3' which supports the assignment of
T3 and I,' to ortho-Ps.

The angular correlation curves seem to contain
no or only very-low-intensity narrow components.
They are essentially Gaussians (-9.2 mrad
FWHM), at low temperatures slightly flattened
and at high temperatures slightly peaked. They
give no clear indication of the phase transforma-
tion. Since the lifetime data give evidence that
Ps is formed in both phases in SN, the lack of
narrow components characteristic of delocalized'
para-Ps suggests that Ps annihilates from a lo-
calized state at all temperatures.

In the present context, the most interesting
feature of Fig. 1 is the sigmoid change of 7., with
temperature. This is very similar to the varia-
tion of positron lifetimes observed for metals. '
By analogy, we propose that the variation results
from the trapping of ortho-Ps in thermally acti-
vated defects which provide more empty space
for Ps than it experiences in the bulk and there-
fore give rise to a longer ortho-Ps lifetime (i.e.,
the saturation value 7, ' =2.45 ns).

From the simplest version of the defect-trap-
ping model as usually applied to metals, ' we have,
for ortho-Ps,

I, = I, p, z j(A., —A. , +~),

(2)

where I, P, is the ortho-Ps yield, I4 is the meas-
ured intensity of the trapped component, and A.,
and A. , and the annihilation rates in the untrapped
and trapped state, respectively. ~ is the trapping
rate and 73 is the lifetime in the untrapped state.

To test the applicability of the model, the life-
time spectra from phase I were analyzed for four
lifetime components, keeping 7, =2.45 ns and ~,
=0.12 ns. The results are shown in Fig. 2. The
sum, I, +I4 (I, p, ) shown by the upper dashed
curve is essentially constant (11.3+ 0.7)%. With
the data from Fig. 2 for I, and I, +I, (dashed
curve), z and 7, were calculated from Eels. (1)
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FIG. 3. The trapping rate, K, for ortho-ps, as de-
duced from the trapping model, Zq. (1), against the
inverse absolute temperature.
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FIG. 2. Lifetimes and relative intensities derived
from a four-term analysis with ~, = 0.12 nsec and v4
= 2.45 nsec. The full curves for I 3 and I4 are drawn
to visually best fit the points. The sum of these two
curves is the upper dashed curve. The full curve for
73 is calculated from the trapping model. The dashed
I& curve for is 1/3 of the (I3+ 14) curve.

and (2) (A., '=1.80 ns, A. , '=2.45 ns). Using the
smoothed curve for I, we obtain the full curve
drawn for ~, in Fig. 2. It agrees well with the
experimental points. Thus, the trapping model
can consistently describe the ortho-Ps data.

The trapping rates, ~, calculated from the ex-
perimental I, values, are plotted in Fig. 3 against
the inverse temperature. The slope of the best
straight line is equivalent to an activation energy
of 0.36 eV.

The most likely candidate for the defect which
gives rise to the trapping is the lattice vacancy.
Expansivity data indicate vacancy concentrations
-10"' at the melting point in Sn.' Also, a life-
time of 2.45 ns is approximately that which would
be expected for ortho-Ps in an unrelaxed SN va-
cancy of volume & =I.31 A' [ cf. saturation life-
time in dl-camphene =3.2 nsec (A =251 A'), ortho-

Ps lifetime in an ice vacancy' = l.2 ns (0 =33 A')].
The dislocation density is expected to depend

strongly on the prehistory of the sample (e.g. ,
whether it has been taken through the phase tran-
sition or not). Therefore, trapping in disloca-
tions cannot explain the observed reproducible
temperature dependent ortho-Ps trapping.

If we assume=- as it is us~ally done' —that the
trapping rate, x, is proportional to the vacancy
concentration, C„, and allow for uncertainties a
arising from, e.g. , possible effects of divacancies
and temperature-dependent bulk and vacancy or-
tho-Ps lifetimes we obtain a vacancy formation
energy E„f=0.36+ 0.1 eV.

Estimates of E„ for molecular solids yield val-
ues in the range E„~-0.5L, -1L„where L,, is the
lattice energy of the solid. Thus for SN, E„~
-0.36-0.73 eV. Values at the upper end of this
range are believed to be more dependable' and
are consistent with the results of recent self-dif-
fusion studies" which yield activation energies
for self-diffusion E~ =E„~+E„-1.10-1.46 eV,
where m refers to migration. Accepting this last
comment on dependability, there are some obvi-
ous discrepancies. Maybe the reason for this
shall be found in the relationship between ~ and
C„. The fact that the data are consistent with the
trapping model suggests that there is a transition
of Ps from one state (a localized "bulk" state) to
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another state (the vacancy state) at a rate which
is roughly time independent. This trapping rate
may depend on temperature and vacancy concen-
tration. For trapping of positrons (which are de-
localized) into metal vacancies (which have a rath-
er low concentration) it is generally believed' that
~ = pC„, where the specific trapping rate p does
not depend on temperature and C„. This may not
be true for trapping of localized Ps into vacancies
of higher concentration in molecular crystals. If
the propagation of Ps to the vacancies is a, ther-
mally activated diffusionlike motion one would ex-
pect p to depend on temperature. If, on the other
hand, some Ps get trapped by a tunneling mecha-
nism, one would expect p to depend on C„, i.e. ,
v and C„would not be proportional. Thus, al-
though lattice vacancies may be the fundamental
cause of the increase in T, ', more knowledge is
required of both the mechanism of the trapping
process and, consequently, the nature of the lo-
calized bulk state of Ps.

Various possibilities for this localized state
seem to exist, at least in the plastic phase. May-
be even the "best" crystals available today con-
tain imperfections or impurities which will act as
shallow traps for Ps. Especially the influence of
dislocations may be important. These form and

multiply with great ease in plastic crystals. ' One
might also speculate that Ps could become self-
trapped in these crystals. In the plastic phase
SN exists as a dynamic equilibrium of three con-
formers (two gauche 82%, one trans l8/o). Chang-
es between these forms (activation energy" 0.1
eV) could create regions in which Ps could be-
come localized. Maybe Ps could stabilize such
an open region.

Work is proceeding on other plastic crystals.
Preliminary results for camphene and adaman-
tane also show changes in the ortho-Ps lifetime

which can be associated with trapping in vacan-
cies and are consistent with a trapping-model

description.
The analogies between results on defects in

plastic crystals and in metals should make the
plastic-crystal studies interesting also to workers
in the field of metal defects.
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