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Positron annihilation in Cgy and C fullerenes and other carbon phases
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A positron-annihilation study was applied tosdCand G fullerenes and other carbon phases such as
nanotubes and graphite. Positrons ig, @nd G, fullerenes and nanotubes display a single-component time-
annihilation spectrum. The results of the lifetimes were=82%sec for the g, fullerene, 384: 2 psec for the
C,o fullerene, and 38F 1 psec for the nanotube. In addition to the lifetime spectra, we measured the Doppler-
broadened line shape of the 511-keV annihilatioray, which reflects the density distribution in momentum
space of the annihilation electrons sampled by the positron. The annihitatieyline shapes show a remark-
able difference between thggand G fullerenes and graphite on one hand and nanotube phases on the other
hand. The full width at half maximum of the distribution of the annihilation electron momentum decomposed
from the obtained spectra are 2:860 3myc for Cgp 2.38<10 3mgc for Cy, and 2.5 10 3mgc for
nanotube and graphite phasg80163-18209)14447-3

As is well known, both G and G fullerenes have a component for the positron in thegCfullerene. The ob-
closed net structure, comprising pentagonal and hexagongkrved lifetime is consistent with the theoretical lifetime, but
carbon faces After discovery of the fullerene, many studies it is difficult to compare the calculation and to estimate the
on the physical properties and on applications have beefositron density distribution in the ¢ fullerene from the
performed using various methods. In addition, measuremenigetime. This is because, in spite of a large difference in the
of the positron lifetime and/or the Doppler broadening of thepygjiron density distribution due to the theoretical treatment
annlhllgtlony ray have traditionally t?een usgd for material ¢ electron-positron correlation, this does not significantly
analysis. In this paper, we apply this technique i &nd affect the lifetime. As for the &, fullerene, up to now, the

Crg fullerenes and other carbon phases. Qpositron lifetime in a mixture of & and G fullerene§1°
The positron-annihilation characteristics depend on th . 1
and in G, fullerené! has been reported.

positron and electron density distribution in the material . . o ; e

and/or the amount of overlap between the positron and elec- In this paper, in addition to the positron lifetime, we com-
tron wave functions. The effect of the electron-positron cor-Paréd the Doppler-broadened spectra of the positron-
relation leads to an enhancement of the annihilation due tgnnihilationy ray in the Go and Gy fullerenes and other

the pileup of electrons around the positron. The positron i§arbon phases, such as nanotuBiezraphite, and diamond.
fully thermalized at the time of annihilation; in order to con- We suggest here that the Doppler-broadened spectra can pro-
serve momentum, the |ongitudina|-momentum component o‘fide useful information about annihilation characteristics in
the electron ) along the direction of the annihilatedray ~ the carbon phases. On the other hand, IshiBdeis reported
emission is related to the Doppler broadeninge) of the  that a difference in the positron density distribution due to

annihilationy-ray energy by the theoretical treatment of the electron-positron correlation
potential will appear in the annihilatiop-ray spectrum.
p.=2AE/c, (1) In this experiment, a high-quality g and G, specimen

made by a sublimation technique was used; according to a
where c is the speed of light. Therefore, the annihilation report by Béwar et al.,’ there is no difference in the lifetime
y-ray spectrum corresponds to the density in momentunspectra between using a sublimation specimen and a com-
space of the electrons sampled by the positron. mercial G specimen without any treatment before the mea-

According to a calculation of the positron density distri- surement. The sublimation crystals were made from a pow-
bution in G, a positron cannot be localized inside the cavityder sample with a purity of better than 99.9% fog,@nd
of the G, molecule?™* The origin of the annihilation char- 99% for G, using the sublimation technique already re-
acteristics is the result of positron annihilation at the interstiported by Menget al'® The nanotube specimen was baked
tial sites between the g molecules, which thus yields in a vacuum before the measurement in order to remove any
unique information about these sites. At room temperaturesesidual solvents and various absorbed gases.
where the directions of theggmolecules are disordered, the  The positron source??NaCl, was directly dropped onto
positron lifetime between 327 and 408 psec has been calcspecimens packed in a glass tube. All measurements pre-
lated to be dependent on the theoretical treatieh@n the  sented here were performed at room temperature and under a
other hand, experimental values between 360 and 430 pseacuum of better than 10 ®torr. A conventional fast-fast
were reported;®’ and all authors reported a single lifetime coincidence system with a time resolution of 270 péed
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TABLE |. Results of positron lifetimes in £, C;, and o F L
nanotubes, and FWHM'’s of the momentum distribution of elec- g oglraa?ﬁnlt‘g
tron annihilation with positron decomposed from the Doppler- g + Nanotube
broadenedy-ray spectrum and Eq1). 8 :ggg

Lifetime (pse¢ FWHM of electron momentum

Cso 389+ 2 2.36<10 3myc
Cro 384+2 2.38< 10 3myc
Nanotube 3871 2.51+10 3myc

width at half maximum, FWHN was used for the lifetime
measurements. The spectra were decomposed byatiraT
package by a two-component analysis. In thg, ©,,, and
nanotube specimens, the positron lifetimes were represented - ;
well by one component-390 pseg, which means that all of 05 1 15 2 25 3
the positrons in these specimens have a rather similar history

between annihilation. The values of the observed positron AE (keV)
lifetime are listed in Table I. The lifetimes ingg-and Go FIG. 2. Positron-annihilation-ray spectra in g (O), Co (A),
obtained in this experiment are consistent with those in theanotubegx), graphite(), and diamond ¢). The spectra were
previous experiments reported in Refs. 6-11. We also repoformalized by the peak height, and the enerd¥y is the differ-

here that a similar positron lifetime exists for nanotubes as ince from the 511-keV ray. Differences of the electron momen-
both the Gg and G fullerenes. It is interesting that positrons tum distribution between these specimens are clearly observed.

in nanotubes have a single lifetime component, in spite of

our nanotube specimen consisting of multilayer coaxial grageyv (FWHM), determined by thé®Kr 514-keV standardy

phitic tubes. In Fig. 1, we show the lifetime spectrum in aray. Several measurements were performed for each speci-
nanotube and a graphite specimen. In graphite, as shown fen, and we obtained good reproducibility of the results. In
Fig. 1, one can easily identify two lifetime components of rig. 2 Doppler-broadenegtray spectra for positron annihi-
220+10 psec, due to positron annihilation in the bulk, and|ation in G, (O), C;o (A), nanotube(%), graphite(x), and
430+ 10 psec, due to positron annihilation on the surfaces ogiamond (¢ ) are shown. Because each spectrum was col-
the open spaces of graphiteln nanotubes, our result shows |ected with sufficient statistics, the statistical errors are al-
that the positron does not annihilate between the coaxighost the same as those for the marker sizes. Each spectrum
layer of graphitic tubes, but annihilates on the surface of th§as normalized by the height of the annihilatipmay peak;
tube. , , also, the energyXE) is the difference from the 511-key

The Doppler-broadening measurements discussed hefgy There is no distinct structure in these spectra, which are
were performed using a Ge detector with a resolution of 1.06gpresented well by a one-component Gaussian distribution.
If we fitted the spectra with one Gaussian function, the
FWHM of each spectrum could characterize the momentum
distribution of the annihilation electron. The obtained
FWHM for Cqp, C;q, and nanotubes are also listed in Table I.
The spectra in Fig. 2 clearly show differences in the annihi-
lation y-ray distribution for each specimen.

In Fig. 2, diamond, which is a good insulator, has the
largest FWHM of the annihilation~ray distribution among
these carbon phases. According to a positron-distribution-
probability calculatior?’*®in diamond, a positron is delocal-
ized and annihilates in the interstitial space between the bond
of the carbon ion. The FWHM of the longitudinal-
momentum distribution of the electrop,) along the anni-
hilated y-ray emission, obtained from Fig. 2 and Ed) and
unfolded by the detector resolution, is 32220 3mqc.

The graphite spectrum obtained in this experiment shows
good agreement with that obtained by Colombino, Fiscella,
and Trossi® and S. Berko, Kelley, and Plaskéftin graphite
the relative positron density at the carbon bonds is much
0 05 1 15 2 25 3 35 4 smaller than that at the bonds in the diamond structure. The

nsec positron annihilates with bothr and o electrons on the
graphite planed Contributions of ther electrons on positron

FIG. 1. Positron lifetime spectra in nanotuli€®) and graphite ~ annihilation have been estimated at 45.5—-489%.As men-

(%). A positron in nanotubes has a single lifetime component, altioned concerning the lifetime measurement in nanotubes,
though it has two lifetime components in graphite. positrons annihilate predominantly on the surfaces of the

Count rate
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The positron density at the center of ggGnolecule is
negligible, which is concentrated at interstitial sites between
the G molecules. The differences in the annihilatipitay
distribution between the fullerene and graphite phases can be
clearly observed in Fig. 2. The value of the obtained FWHM
of the momentum distribution of electrons ingQs 2.36
X 10 3myc and 2.38 10 3myc in Cy,

The difference betweengand Gq in the annihilation
v-ray distribution is observed in the tail of the annihilation
v-ray spectrum. To clarify this difference, we plot the anni-
hilation y-ray spectra with a logarithmic plot in Fig. 3. The
fast component of the annihilatiopray spectrum for ¢, is
similar to that for G, though it deviates from theggspec-
trum at the positron annihilation with an electron having a
higher momentum. Here the spectrum is close to that for the
graphite and nanotube phases.

A E (keV) In summary, we have reported on the lifetime and
Doppler-broadened-ray spectra of positron annihilation in

FIG. 3. Logarithmic plot of the annihilatiop-ray spectraing,  Ceso Cro, @nd nanotubes. We have observed the single life-
(O) and G, (®). The difference betweenggand G, in the spectra  time (~390 pset of positrons in @y, C; and nanotubes in
can be clearly observed. spite of the graphite having two lifetime components. From
the Doppler-broadened spectra we observed an interesting

tubes. However, no difference in the positron-annihilationdifférence in the annihilation-ray distribution among these
spectrum between nanotubes and graphite was observed, JRecimens, which reflects a difference in the momentum dis-
spite of the graphite spectrum being composed of thdribution of the electron annihilated with the positron. In par-
positron-annihilationy rays on the surfaces and bulk of the ticular, the difference between thesfCand G fullerenes
graphite. The result of the FWHM of the momentum distri- proves interesting in future studies.

bution of electrons sampled by the positrons for the graphite
and nanotube phases is 22610 3mqc.
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