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Positron annihilation in C60 and C70 fullerenes and other carbon phases

Yutaka Ito*
High Energy Accelerator Research Organization (KEK), 3-2-1 Midori, Tanasi, Tokyo 188-8501, Japan

Takenori Suzuki
High Energy Accelerator Research Organization (KEK), 1-1, Oho, Tskuba, Ibaraki, 305-0032, Japan

~Received 6 August 1999!

A positron-annihilation study was applied to C60 and C70 fullerenes and other carbon phases such as
nanotubes and graphite. Positrons in C60 and C70 fullerenes and nanotubes display a single-component time-
annihilation spectrum. The results of the lifetimes were 38962 psec for the C60 fullerene, 38462 psec for the
C70 fullerene, and 38761 psec for the nanotube. In addition to the lifetime spectra, we measured the Doppler-
broadened line shape of the 511-keV annihilationg ray, which reflects the density distribution in momentum
space of the annihilation electrons sampled by the positron. The annihilationg-ray line shapes show a remark-
able difference between the C60 and C70 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 2.3631023m0c for C60, 2.3831023m0c for C70, and 2.5131023m0c for
nanotube and graphite phases.@S0163-1829~99!14447-3#
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As is well known, both C60 and C70 fullerenes have a
closed net structure, comprising pentagonal and hexag
carbon faces.1 After discovery of the fullerene, many studie
on the physical properties and on applications have b
performed using various methods. In addition, measurem
of the positron lifetime and/or the Doppler broadening of t
annihilationg ray have traditionally been used for mater
analysis. In this paper, we apply this technique to C60 and
C70 fullerenes and other carbon phases.

The positron-annihilation characteristics depend on
positron and electron density distribution in the mater
and/or the amount of overlap between the positron and e
tron wave functions. The effect of the electron-positron c
relation leads to an enhancement of the annihilation du
the pileup of electrons around the positron. The positron
fully thermalized at the time of annihilation; in order to co
serve momentum, the longitudinal-momentum componen
the electron (pL) along the direction of the annihilatedg-ray
emission is related to the Doppler broadening (DE) of the
annihilationg-ray energy by

pL52DE/c, ~1!

where c is the speed of light. Therefore, the annihilatio
g-ray spectrum corresponds to the density in momen
space of the electrons sampled by the positron.

According to a calculation of the positron density dist
bution in C60, a positron cannot be localized inside the cav
of the C60 molecule.2–4 The origin of the annihilation char
acteristics is the result of positron annihilation at the inter
tial sites between the C60 molecules, which thus yields
unique information about these sites. At room temperat
where the directions of the C60 molecules are disordered, th
positron lifetime between 327 and 408 psec has been ca
lated to be dependent on the theoretical treatment.3–5 On the
other hand, experimental values between 360 and 430
were reported,2,6,7 and all authors reported a single lifetim
PRB 600163-1829/99/60~23!/15636~3!/$15.00
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component for the positron in the C60 fullerene. The ob-
served lifetime is consistent with the theoretical lifetime, b
it is difficult to compare the calculation and to estimate t
positron density distribution in the C60 fullerene from the
lifetime. This is because, in spite of a large difference in
positron density distribution due to the theoretical treatm
of electron-positron correlation, this does not significan
affect the lifetime. As for the C70 fullerene, up to now, the
positron lifetime in a mixture of C60 and C70 fullerenes8–10

and in C70 fullerene11 has been reported.
In this paper, in addition to the positron lifetime, we com

pared the Doppler-broadened spectra of the positr
annihilation g ray in the C60 and C70 fullerenes and other
carbon phases, such as nanotubes,12 graphite, and diamond
We suggest here that the Doppler-broadened spectra can
vide useful information about annihilation characteristics
the carbon phases. On the other hand, Ishibashi4 has reported
that a difference in the positron density distribution due
the theoretical treatment of the electron-positron correlat
potential will appear in the annihilationg-ray spectrum.

In this experiment, a high-quality C60 and C70 specimen
made by a sublimation technique was used; according
report by Becˇvař et al.,7 there is no difference in the lifetime
spectra between using a sublimation specimen and a c
mercial C60 specimen without any treatment before the me
surement. The sublimation crystals were made from a p
der sample with a purity of better than 99.9% for C60 and
99% for C70 using the sublimation technique already r
ported by Menget al.13 The nanotube specimen was bak
in a vacuum before the measurement in order to remove
residual solvents and various absorbed gases.

The positron source,22NaCl, was directly dropped onto
specimens packed in a glass tube. All measurements
sented here were performed at room temperature and un
vacuum of better than 531026 torr. A conventional fast-fast
coincidence system with a time resolution of 270 psec~full
15 636 ©1999 The American Physical Society
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width at half maximum, FWHM! was used for the lifetime
measurements. The spectra were decomposed by thePATFIT

package by a two-component analysis. In the C60, C70, and
nanotube specimens, the positron lifetimes were represe
well by one component~;390 psec!, which means that all of
the positrons in these specimens have a rather similar his
between annihilation. The values of the observed posit
lifetime are listed in Table I. The lifetimes in C60 and C70
obtained in this experiment are consistent with those in
previous experiments reported in Refs. 6–11. We also re
here that a similar positron lifetime exists for nanotubes a
both the C60 and C70 fullerenes. It is interesting that positron
in nanotubes have a single lifetime component, in spite
our nanotube specimen consisting of multilayer coaxial g
phitic tubes. In Fig. 1, we show the lifetime spectrum in
nanotube and a graphite specimen. In graphite, as show
Fig. 1, one can easily identify two lifetime components
220610 psec, due to positron annihilation in the bulk, a
430610 psec, due to positron annihilation on the surfaces
the open spaces of graphite.14 In nanotubes, our result show
that the positron does not annihilate between the coa
layer of graphitic tubes, but annihilates on the surface of
tube.

The Doppler-broadening measurements discussed
were performed using a Ge detector with a resolution of 1

TABLE I. Results of positron lifetimes in C60, C70, and
nanotubes, and FWHM’s of the momentum distribution of ele
tron annihilation with positron decomposed from the Doppl
broadenedg-ray spectrum and Eq.~1!.

Lifetime ~psec! FWHM of electron momentum

C60 38962 2.3631023m0c
C70 38462 2.3831023m0c

Nanotube 38761 2.5161023m0c

FIG. 1. Positron lifetime spectra in nanotubes~s! and graphite
~.!. A positron in nanotubes has a single lifetime component,
though it has two lifetime components in graphite.
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keV ~FWHM!, determined by the85Kr 514-keV standardg
ray. Several measurements were performed for each sp
men, and we obtained good reproducibility of the results.
Fig. 2, Doppler-broadenedg-ray spectra for positron annihi
lation in C60 ~s!, C70 ~n!, nanotube~.!, graphite~* !, and
diamond~L! are shown. Because each spectrum was c
lected with sufficient statistics, the statistical errors are
most the same as those for the marker sizes. Each spec
was normalized by the height of the annihilationg-ray peak;
also, the energy (DE) is the difference from the 511-keVg
ray. There is no distinct structure in these spectra, which
represented well by a one-component Gaussian distribut
If we fitted the spectra with one Gaussian function, t
FWHM of each spectrum could characterize the moment
distribution of the annihilation electron. The obtaine
FWHM for C60, C70, and nanotubes are also listed in Table
The spectra in Fig. 2 clearly show differences in the ann
lation g-ray distribution for each specimen.

In Fig. 2, diamond, which is a good insulator, has t
largest FWHM of the annihilationg-ray distribution among
these carbon phases. According to a positron-distributi
probability calculation,3,15 in diamond, a positron is delocal
ized and annihilates in the interstitial space between the b
of the carbon ion. The FWHM of the longitudina
momentum distribution of the electron (pL) along the anni-
hilatedg-ray emission, obtained from Fig. 2 and Eq.~1! and
unfolded by the detector resolution, is 3.2231023m0c.

The graphite spectrum obtained in this experiment sho
good agreement with that obtained by Colombino, Fisce
and Trossi16 and S. Berko, Kelley, and Plaskett.17 In graphite
the relative positron density at the carbon bonds is m
smaller than that at the bonds in the diamond structure.
positron annihilates with bothp and s electrons on the
graphite planes.3 Contributions of thep electrons on positron
annihilation have been estimated at 45.5–48 %.16,17 As men-
tioned concerning the lifetime measurement in nanotub
positrons annihilate predominantly on the surfaces of

-
-

l-

FIG. 2. Positron-annihilationg-ray spectra in C60 ~s!, C70 ~n!,
nanotubes~.!, graphite~* !, and diamond~L!. The spectra were
normalized by the peak height, and the energy (DE) is the differ-
ence from the 511-keVg ray. Differences of the electron momen
tum distribution between these specimens are clearly observed
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tubes. However, no difference in the positron-annihilati
spectrum between nanotubes and graphite was observe
spite of the graphite spectrum being composed of
positron-annihilationg rays on the surfaces and bulk of th
graphite. The result of the FWHM of the momentum dist
bution of electrons sampled by the positrons for the graph
and nanotube phases is 2.5131023m0c.

FIG. 3. Logarithmic plot of the annihilationg-ray spectra in C60

~s! and C70 ~d!. The difference between C60 and C70 in the spectra
can be clearly observed.
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The positron density at the center of a C60 molecule is
negligible, which is concentrated at interstitial sites betwe
the C60 molecules. The differences in the annihilationg-ray
distribution between the fullerene and graphite phases ca
clearly observed in Fig. 2. The value of the obtained FWH
of the momentum distribution of electrons in C60 is 2.36
31023m0c and 2.3831023m0c in C70.

The difference between C60 and C70 in the annihilation
g-ray distribution is observed in the tail of the annihilatio
g-ray spectrum. To clarify this difference, we plot the ann
hilation g-ray spectra with a logarithmic plot in Fig. 3. Th
fast component of the annihilationg-ray spectrum for C70 is
similar to that for C60, though it deviates from the C60 spec-
trum at the positron annihilation with an electron having
higher momentum. Here the spectrum is close to that for
graphite and nanotube phases.

In summary, we have reported on the lifetime a
Doppler-broadenedg-ray spectra of positron annihilation i
C60, C70, and nanotubes. We have observed the single l
time ~;390 psec! of positrons in C60, C70, and nanotubes in
spite of the graphite having two lifetime components. Fro
the Doppler-broadened spectra we observed an interes
difference in the annihilationg-ray distribution among these
specimens, which reflects a difference in the momentum
tribution of the electron annihilated with the positron. In pa
ticular, the difference between the C60 and C70 fullerenes
proves interesting in future studies.

We acknowledge useful discussions with E. Hamada.
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