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Calculation of positron states in C60
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Positron energy levels and distributions in the C60 crystal have been calculated based on the self-consistent
electronic structure obtained with anab initio plane-wave pseudopotential calculation. For the correlation
energy between electrons and a positron, we used both the local-density approximation~LDA ! and generalized
gradient approximation~GGA!. Although the results obtained with these two approximations are similar to
each other, there are some quantitative differences. In the LDA positron band structure, the width of the lowest
band is narrower and the energy gap between the lowest and second lowest bands is larger than those for the
GGA result. We have examined lattice expansion effects also. The present result is expected to throw light on
the positron behavior in the C60 crystal.
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In the solid form, the C60 molecules are arranged at lattic
points of the face-centered-cubic~fcc! structure.1 There are
three kinds of open spaces in the crystal, the octahedral
tetrahedral interstices, which always exist in the fcc str
ture, and the inner space of the C60 molecule.

The positron has a positive charge and tends to esc
from nuclei. As a result, positrons are distributed in op
spaces in condensed matter. At which site are positrons
tributed in the C60 crystal? Many studies have been pe
formed in recent years. From the theoretical side, the p
tron distribution has been calculated with the superpos
neutral-atom model,2–4 or with the positron potentia
constructed from more precise electron-charge-den
data.5,6 Most results predict that positrons are predominan
distributed at the octahedral site. One exception is the re
obtained with the generalized gradient approximation~GGA!
and the electron charge constructed as a superposition o
molecular orbitals.6 In this result, the positron density max
mum is located at the tetrahedral site. From the experime
side, the temperature variations of the positron lifetime w
measured by several groups.7–10 The positron lifetime in-
creases with temperature increasing. The lattice dimensio
the C60 crystal increases with temperature while the size
the C60 molecule itself is almost invariant. From these fac
it was concluded that positrons exist in the interstitial regi
Sunderet al.10 measured the positron lifetime up to 400 °
and interpreted its temperature variation by applying
two-state trapping model. They proposed that a therm
activated positron tunnels into the C60 cage with an activa-
tion energy of 0.45 eV.

In this work, we report the positron states~the ground
state as well as a few excited states! calculated with the
self-consistent electron density obtained by anab initio cal-
culation. Positron band structures and density distributi
are shown. To describe the electron-positron correlation,
tested both the local-density approximation~LDA ! and GGA
expressions. We examined the lattice expansion effect on
positron states also.
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The present calculation of the electronic structure of C60

is based on the norm-conserving pseudopotential meth11

within the LDA framework. We adopted the Ceperly-Alde
correlation12 parametrized by Perdew and Zunger.13 As re-
gards pseudopotentials, we used those proposed by Trou
and Martins14 with the separable approximation15 and the
partial core correction.16 To obtain the final converged wav
function, the preconditioned conjugate gradient metho17

modified by Bylanderet al.18 with the charge mixing schem
by Kerker,19 which has been shown to be suitable for lar
systems,20 was used together with the Gaussian smear
technique.21 The calculation was made on an assumed
structure that has theFm3 symmetry instead of the exper
mentally confirmedPa3structure for computational simplic
ity. The direction of C60 molecules in the crystal does no
affect the positron distribution much as shown in our pre
ous paper.22 C60 molecules with the C-C bond lengths of 1.4
Å and 1.39 Å are located at the fcc lattice points so that th
of the twofold axes correspond to three crystallographic
thogonal axes. We used the room-temperature lattice c
stanta514.17 Å or 1.02a. The size of the C60 molecule was
kept constant. The energy cutoff of plane waves was cho
to be 55 Ry. Two specialk points were used when calculatin
the self-consistent charge density. With the obtained cha
density, we calculated energy eigenvalues on additionak
points in order to compare the present result with others.
present electronic band structure is in excellent agreem
with that reported by Troullier and Martins.23

The potential for positrons was constructed from the o
tained self-consistent charge density. The Hartree part
constructed from all electron data~frozen core and pseudo
valence charge!. The electron-positron correlation part wa
described within the LDA~Ref. 24! or GGA ~Refs. 25 and
26! framework. For the latter case, we described
electron-positron correlationEGGA

corr (r ) as

EGGA
corr ~r !5ELDA

corr ~r !exp~2ae!1c2@12exp~2ae!#, ~1!
©2003 The American Physical Society03-1
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where definitions of symbols are the same as in Ref. 26
c250.11 Ry. Although thec2 term is usually neglected, w
have included this since its contribution seems significant
the present low-electron-density case. The positron w
functions were obtained with the same plane-wave basis
convergence method as was used in the electron-w
function calculations.

Figure 1 represents the positron band structures foa
514.17 Å calculated with LDA@Fig. 1~a!# and GGA@Fig.
1~b!#. For both the cases, the maximum of the positron d
sity distribution for the ground state~the lowest-band bottom
at theG point! is located at the octahedral site as shown
Figs. 2~a! and 2~b!, though there is a quantitative differenc
The present GGA result is quite different from our previo
one obtained with the superposed-molecular-orbital cha
density.6 Such a large difference with the GGA was report

FIG. 1. Positron band structures obtained with~a! LDA and ~b!
GGA.
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for carbon nanotube bundles also.27 It would be due to the
GGA sensitivity to details of the electronic structure, as me
tioned in Refs. 25 and 26. As shown in Fig. 2, the relat
amplitude at the tetrahedral site is higher for the GGA res
than that for LDA. In other words, the positron ground sta
is less localized for the GGA result. This is reflected in t
difference of the bandwidths. The bandwidths for the GGA
much wider than that for LDA. The positron density for th
first excited state~the second band! at the G point has a
maximum at the tetrahedral site. There is a direct band ga
theX point. The gap for the GGA is smaller than that for th
LDA. The widths of the lowest-band and the band-gap v
ues are listed in Table I. We calculated the positron distri
tion for some higher states. For example, the second exc
state~the third band! at G is distributed at both the octahedr
and the tetrahedral sites. The third to fifth excited states~the
fourth to sixth bands! at G show p-like character located a

FIG. 2. Positron density distribution obtained with~a! LDA and
~b! GGA. Bright parts represent higher values.

TABLE I. Positron band parameters in C60 for LDA, GGA
(a50.22), and GGA2 (a50.12).

LDA GGA GGA2
a 1.02a a 1.02a a 1.02a

WG2W ~meV! 247 258 444 508 372 422
DEX ~meV! 713 632 255 101 399 257
3-2
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TABLE II. Fraction f in of positron density distribution inside the C60 cage for LDA. Values were evaluated at special pointsG, X, W, L,
andK. n represents the band index andEn is the corresponding energy eigenvalue in eV. Higher fraction values are underlined.

G X W L K
n En f in En f in En f in En f in En f in

1 0.00 0.007 0.25 0.002 0.25 0.002 0.17 0.003 0.24 0.002
2 1.70 0.004 0.96 0.007 1.11 0.007 1.04 0.014 1.03 0.007
3 1.78 0.035 1.39 0.005 1.11 0.007 1.51 0.005 1.22 0.008
4 2.13 0.004 1.88 0.007 1.86 0.045 2.00 0.005 1.92 0.006
5 2.13 0.004 1.88 0.007 2.41 0.948 2.00 0.005 2.12 0.096
6 2.13 0.004 2.38 0.973 2.44 0.005 2.40 0.954 2.42 0.892
7 2.44 0.959 3.21 0.004 2.44 0.005 2.85 0.034 2.76 0.004
8 2.77 0.007 3.48 0.004 3.49 0.003 3.02 0.009 3.31 0.005
9 2.77 0.007 3.49 0.003 3.53 0.019 3.02 0.009 3.55 0.019
10 2.77 0.007 3.54 0.027 4.01 0.006 3.86 0.012 3.93 0.004
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the octahedral site. In order to investigate states which h
a maximum density inside the C60 molecule, we evaluated
fractions of the positron density distribution inside the C60
cage~regarded as a sphere with a radius of 3.54 Å! at special
pointsG, X, W, L, andK. The obtained values are listed
Tables II and III for LDA and GGA, respectively. Such
state is located at;2.4 eV for LDA or ;3.0 eV for GGA
above the ground state. These values are much higher
the activation energy of 0.45 eV proposed by Sundaret al.10

The present calculation takes no structural relaxation du
positrons into account. There is a possibility that such a
laxation reduces the energy difference between the
states. Further work is needed.

The results for 1.02a are similar to those fora514.17 Å,
though there are several quantitative changes. As show
Table I, for both the LDA and GGA cases, the bandwid
increases while the gap decreases with the lattice expan
For the electron-band case, there is a general tendency
the bandwidth decreases with the lattice expansion bec
the overlap between atomic/molecular orbitals, which c
tributes to the band formation, decreases. In the present
itron case, the situation is different. The octahedral site is
place at which positrons can stay farthest away from nuc
and this site is favorable for positrons in terms of the el
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trostatic potential. In terms of the electron-positron corre
tion, however, the octahedral site is less favorable, since
electron density is less there than at the tetrahedral
When the lattice expands, the open spaces at the octah
and tetrahedral sites increase their sizes and the electron
sities there decrease. Due to a subtle balance between
electrostatic and correlation potentials, it seems that the p
itron distribution shifts in part to the tetrahedral site. As
result, the positron state at each octahedral site obtains m
continuity through the tetrahedral site. This is the reason
the change of the bandwidth. For the change in the
width, the mechanism would be the same. It is thought t
the lattice expansion results in a decrease of the energy
ference between the octahedral and the tetrahedral state

We have also calculated positron lifetimes. The result
values are 325 ps and 491 ps for the LDA and GGA cas
respectively. We did not distinguish between valence a
core electrons. As reported for many other materials,
LDA value is shorter than the experimental values arou
400 ps.5,7,9,10,28–31One reason is that the core electrons a
tightly bound to nuclei and do not effectively screen po
trons. Since the system is not metallic, even valence e
trons show less screening effect than nearly free electr
for which the LDA enhancement is constructed. Furth
more, rather low electron density at the interstitial sites m
nts
lined.
TABLE III. Fraction f in of positron density distribution inside the C60 cage for GGA. Values were evaluated at special poi
G, X, W, L, andK. n represents the band index andEn is the corresponding energy eigenvalue in eV. Higher fraction values are under

G X W L K
n En f in En f in En f in En f in En f in

1 0.00 0.010 0.44 0.004 0.44 0.004 0.27 0.006 0.42 0.004
2 1.51 0.004 0.70 0.009 0.85 0.008 0.78 0.012 0.77 0.008
3 1.94 0.012 1.13 0.006 0.85 0.008 1.41 0.005 0.98 0.008
4 2.03 0.005 1.67 0.009 1.66 0.019 1.83 0.006 1.71 0.008
5 2.03 0.005 1.67 0.009 2.26 0.006 1.83 0.006 1.93 0.018
6 2.03 0.005 2.90 0.767 2.26 0.006 2.61 0.010 2.65 0.005
7 2.34 0.008 3.16 0.004 3.00 0.949 2.61 0.010 2.94 0.005
8 2.34 0.008 3.16 0.003 3.16 0.004 2.72 0.124 2.98 0.883
9 2.34 0.008 3.33 0.005 3.31 0.019 3.07 0.860 3.35 0.088
10 3.05 0.974 3.41 0.223 3.82 0.007 3.73 0.012 3.73 0.005
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play a role. In contrast, the GGA value is larger than
experimental values. Such overestimates for the GGA w
found for positron binding atoms or ions.32 As already
pointed out in Ref. 32, the GGA parametera50.22 was
determined to reproduce positron lifetimes in rather de
materials. It might be inappropriate for the sparse C60 crystal.
For reference, we made calculations witha50.12 and ob-
tained a lifetime value of 407 ps, which is closer to t
experimental values mentioned above. The band param
for this case are listed in Table I also in the columns labe
GGA2. These values are somewhat closer to the LDA valu

In summary, we have calculated positron states and
times in the C60 crystal based on the self-consistent ele
tronic structure obtained with anab initio LDA calculation.
For the electron-positron correlation, both the LDA and GG
expression were tested. In the ground state, positrons
n
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predominantly distributed at the octahedral interstitial si
for both the LDA and GGA cases, though the positron de
sity amplitude at the tetrahedral site is higher in the GG
result. The difference in the positron distribution is reflect
in the positron band structure. Because of the better con
tion between the octahedral and tetrahedral sites, the G
result shows a larger dispersion for the lowest positron ba
The state in which positrons are distributed inside the C60 is
predicted to be located at;2.4 eV for the LDA or;3.0 eV
for the GGA above the ground state.

All the calculations were performed utilizing computin
resources at the Tsukuba Advanced Computing Ce
~TACC! at the National Institute of Advanced Industrial Sc
ence and Technology~AIST!, under the Ministry of
Economy, Trade, and Industry, Japan~METI!.
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