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By combining positron-annihilation experiments and first-principles calculations, abundant planarV6

rings are identified in heavily neutron-irradiated graphite. The calculations show that theV6 ring is
particularly stable. Annealing experiments exhibit that theV6 ring survives up to1500 ±C. These
results suggest vacancies aggregating with the magic number in graphite. [S0031-9007(99)08756-

PACS numbers: 61.72.Ji, 61.80.–x, 78.70.Bj
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Vacancy-type defects (vacancy andn-vacancy aggre-
gation Vn) have crucial effects on various properties o
the host materials and thus have been intensively studi
However, the nature of theVn clusters, for instance, those
in semiconductors generated during crystal growth a
during device fabrication by dry ething or by radiation
based techniques, is still unclear to a large extent [1–
Corbett and Bourgoin [1] suggested puckeredV6 ring in
the diamond-structure lattice, since the six-membered ri
is the closed building block in this lattice. Chadi an
Chang [2] predicted that theV6 ring and theV10 cage
closed by fourV6 rings in silicon (sp3 hybrid) are par-
ticularly stable (namely, they are magic vacancy clu
tersVn with the magic numbersn ­ 6 and 10), which is
supported by a successive first-principles calculation [4
However, the magicVn clusters, expected as the particu
larly stable forms of defects, are not yet well eviden
experimentallydue to the difficulties in identification of
vacancy clusters.

In this Letter, we discuss an interesting example
graphite, a technologically (as nuclear material) an
scientifically (as a prototypicalsp2 hybrid) important
material [5,6]. The planar six-membered ring is th
closed structural unit of various (sp2 covalent) carbon
materials, such as graphite, nanotubes, fullerenes, etc.
It is thus expected that the planarV6 rings have high
stability in these systems. We here investigate the natu
of irradiation-induced defects in graphite. Abundan
planar V6 rings, which are the smallest magic vacanc
clusters as shown by our first-principles calculations, a
indeed found in a heavily neutron-irradiated graphite. Th
present study provides evidence for the magic vacan
aggregations for the first time.

The experimental method used in this work is th
positron annihilation technique (PAT). Its unique capabi
ity for defect study is originated from the fact that positron
are sensitively trapped at the defects and are annihila
0031-9007y99y82(12)y2532(4)$15.00
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there with the surrounding electrons [7]. Recent stud
have shown that experiment complemented by calcu
tion can reveal microscopic structural features of defe
[3,8–11]. We here focus on the positron one-dimensio
(1D) angular correlation of annihilation radiation (ACAR
distribution and the positron lifetime for defect-free (bulk
electron-irradiated, and neutron-irradiated highly orient
pyrolytic graphite (HOPG). The experiments are compar
with first-principles calculations based on the newly d
veloped two-component density-functional (TCDF) theo
[8,9]. The irradiation-induced defects are then identifi
based on these comparisons.

In the experiments, the HOPG samples (ZYA grad
Union Carbide Co.) were irradiated with 3 MeV elec
trons to1.0 3 1018 eycm2 [2.5 3 1025 displacements per
atom (dpa)] below50 ±C (labeled by “E”), and with fast
neutrons (E . 1 MeV) to 1.4 3 1020 nycm22 (0.20 dpa)
at 60 ±C (labeled by “N”), respectively. The positron
1D-ACAR and lifetime measurements were performed
room temperature (general descriptions for the expe
ments can be found in our previous paper [12]). T
ACAR measurements yield a 1D-ACAR distribution pro
portional to the projection of the three-dimensional m
mentum density (3D-MD) [rspd] of the positron-electron
pair on a selected axispz . The results of thepz along
the crystallographic direction [0001] (i.e., thepkc direc-
tion perpendicular to the basal plane) are presented
this Letter.

The 1D-ACAR for the bulk [unirradiated (U )] shows
a marked bimodality with two peaks aroundpkc ­
63.1 mrad (Fig. 1a) [13,14]. The peak ratio defined
the peak height relative to the momentum density
pkc ­ 0 is evaluated to be 1.20. After the electron i
radiation (E), the bimodality is found to be much sup
pressed (Fig. 1a). It is noteworthy that this 1D-ACA
includes a small contribution of the positron annihilatio
in the bulk as indicated by the lifetime result (Table I
© 1999 The American Physical Society
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FIG. 1. (a) Experimental 1D-ACAR distributions for the
unirradiated (U ), electron-irradiated (E ), and neutron-irradiated
(N ) graphites; the full defect component in E is shown by th
dashed line. (b) Calculated distributions (after convoluted wi
a correction function for a finite detector length) for the bul
and various planarVn clusters.

After decomposing the 1D-ACAR to the bulk (U ) and the
defect components using a positron trapping model [15
we find that the peak ratio of thefull defect 1D-ACAR
(Fig. 1a) reduces to 1.06 while the peak positions shift t
ward the center (at61.7 mrad). More dramatically, after
the heavy neutron irradiation (N) the bimodality disap-
pearscompletelyand only a central peak (atpkc ­ 0) is
observed (Fig. 1a). On the other hand, the positron lif
times at the defects are found to increase from 233 ps (E)
to 350 ps (N ) (Table I).

To understand the experiments, we calculate the 3D-M
and the lifetime (t) based on the TCDF theory within the
local density approximation (LDA) [8,9]. The recent LDA
scheme given by Puskaet al. [9] is adopted. The plane
waves with the maximum kinetic energy of 600 eV ar
employed as the basis set. The 96-site supercell is used
simulating the defects in the crystal and the Brillouin-zon
integration is performed using three specialk points for the

TABLE I. Experimental positron lifetimes for the samples.

Sample Irradiation t1 (ps) t2 (ps) I2 (%)

U unirrad. 210 6 0.2 · · · · · ·
E e2 121 6 10.4 233 6 1.5 91 6 1.5
N n · · · 350 6 0.3 99 6 1.6
e
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electrons [16] and theG point for the positron. Details of
the method were previously described [11].

Figure 1b shows the calculated 1D-ACAR distributions
for the bulk and various planarVn clusters. The cal-
culations are found to well reproduce the experiment
The peak ratio and the peak positions of the calculate
bimodality for the bulk (Fig. 1b) are 1.17 and62.9 mrad,
respectively, in good agreement with the experiment
values (1.20 and63.1 mrad). Moreover, the shape of the
defect 1D-ACAR is found to vary from a suppressed bi
modality for the monovacancy to a narrow central pea
for the largeVn clusters (Fig. 1b): In theV1 case, the
peak ratio (positions) reduces (shift) to1.05 s62.1 mradd;
in the cases ofV2 and V3, the 1D-ACAR distributions
in the low-momentum region become almost flat; in
the cases of largeVn clusters having high symmetries
[namely,V4 (C3y), V6 (C6y), andV9 (C3y) in Fig. 2], the
calculations show only a central peak and the peak b
comes narrower when the cluster size becomes larger.
the other hand, the calculated positron lifetime is found t
increase from 209 ps for the bulk to 378 ps for theV9
(C3y) [17] (Fig. 2).

The calculations indicate that these notably characte
istic 1D-ACAR distributions and lifetimes are originated
from the positron density distribution (PDD). To under-
stand this origin, we plot the calculated bulk 3D-MD
distribution on the [21̄1̄0] plane through theG point in
Fig. 3a (those in whole momentum space can be appro
mated by a rotation of this distribution around thepz

([0001]) axis by omitting a small hexagonal anisotropy)
The dominant reason for the bimodality is the doubl
peaks of the 3D-MD centered atpz , 64 mrad on the
pz axis, which are further decomposed band-by-band
Fig. 4. It is clear that the peak is mainly contributed from
an enhancedpz atomic momentum wave function
(AMWF) of the p bands, while the contribution from

FIG. 2. Calculated positron lifetimes for the bulk and plana
Vn clusters in graphite. Structures of someVn are shown on
the right together withplane symmetries of vacant sites. The
experimental positron lifetimes are indicated by thin horizonta
dashed lines.
2533
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FIG. 3. Calculated 3D-MD distributions at the [21̄1̄0] plane
through theG point for (a) the graphite bulk and (b) the
V6 (C6y). The contour spacing is1

16 of the maximum. The
intersections of the Brillouin zones with this plane are indicate
by thin lines in (a).

an s AMWF of the s bands (sp2 hybrid bonds) is
suppressed because of the quasi-two-dimensional (QT
PDD in the bulk (which has maxima between the bas
planes and significantly samples thepz orbitals).

In the cases of positron trapped at theplanar defects,
with the increase of the defect size the PDD progressive
loses this QTD characteristic (Fig. 5), and its maximu
transfers from the interplanes to the defect center in t
plane. As a result, thepz AMWF contribution to the
3D-MD progressively reduces to be negligible (Fig. 3b
and a rathers-like characteristic, namely, the narrow cen
tral peak in both the 3D-MD and 1D-ACAR for theV4
(C3y), V6 (C6y), and V9 (C3y) is thus expected. More-
over, we find that a further increase of the number of t
vacancies in a zigzag chain more than three (V3) does not
lead to an obviously deeper positron trapping since t

FIG. 4. Decomposed theoretical 3D-MD along thepz
([0001]) axis for the graphite bulk. The band structur
along this direction is shown in the inset. Thes (p) bands
are indicated by solid (dashed) lines. The carbon2s (2pz)
atomic momentum wave function is shown by the thin sol
(dashed) line.
2534
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FIG. 5. Electron (solid lines) and positron (dashed lines
densities in the basal and hexagonal prism planes of graph
through the defect center for (a) theV1 and (b)V6 (C6y). The
contour spacing of solid (dashed) lines is3.5 3 1022e2ya3

0

(8.7 3 1024e1ya3
0).

potential well perpendicular to the chain direction is sim
lar. As a result, the positron lifetime is almost the sam
for the Vn (chain) (n $ 3) (Fig. 2) and the 1D-ACAR
distributions for theV4 (chain) andV6 (chain) are found
to be only slightly narrower than that for theV3.

We now identify the irradiation-induced defects by
comparing the experiments with the calculations. Th
calculations indicate the defects in the electron-irradiate
sample (E) to be the monovacancies, since the calculate
bimodal peak ratio (1.05) and positron lifetime (240 ps
for the monovacancies (Figs. 1b and 2) agree well wi
the experiments (1.06 and233 6 2 ps) (Fig. 1a and
Table I). This is consistent with the fact that 3 MeV
electron irradiation around room temperature induce
mostly monovacancies [5].

For the neutron-irradiated sample (N ), only one defect-
lifetime component is well extracted. As indicated by
further annealing experiments (Table II), this lifetime ca
be attributed to a dominant lifetime about365 6 8 ps

TABLE II. Annealing behaviors of the defect lifetime compo-
nents for the neutron-irradiated sample (N ).

T (±C) t2 (ps) t3 (ps) I2 (%) I3 (%)

1100 245 6 15.6 364 6 5.7 26 6 6.4 73 6 6.3
1300 243 6 14.8 364 6 10.7 46 6 8.3 50 6 9.0
1500 222 6 8.2 367 6 8.0 54 6 3.8 42 6 4.5
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(averaged) mixed with other shorter ones with onl
very small intensities [18]. The calculations indicate
the defects to be mainly the planarV6 (C6y) rings,
becauseboth the calculated full width at half maximum
(which can characterize a central peak) of the 1D-ACA
(5.06 mrad) (Fig. 1b) and the calculated lifetime (352 ps
(Fig. 2) agree well with the experiments (4.90 mrad an
365 6 8 ps) (Fig. 1a and Tables I and II).

Finally, we discuss why there exist abundantV6 (C6y)
rings after the heavy neutron irradiation. We calculat
the formation energyEf for various Vn with optimized
geometries. It is found that the averaged formation ener
of a sp2 dangling bond is about 2.3 eV, and the formatio
energy of theVn is approximated byEf ­ 2.3 3 NDB eV
[hereNDB is the number ofsp2 dangling bonds but a rather
weak binding of thep-p bonds is omitted].NDB is equal
to n 1 2 for theVn (chain), while closing a chain to form
a ring reduces the value ofNDB and, consequently, results
in a minimum in the averaged vacancy formation energ
(Efyn). TheV6 (C6y) (NDB ­ 6) is just the smallest clus-
ter of a closed ring, namely, the smallest magic vacan
cluster. [The calculatedEfyn for the V1, V6 (C6y), and
Vn (chain) is 6.91, 2.35, and abouts2.3 1

4.6
n d eV, respec-

tively.] This indicates the formation of theV6 ring to be
energetically favorable and stable. During the irradiatio
vacancy clusters and monovacancies of high densities
produced in collisional cascades. Those monovacanc
will get enough energy to migrate shortly during local lat
tice agitation by subsequent irradiation to grow the vacan
clusters to the stableV6 rings. The annealing experiments
exhibit ratherV6 rings surviving and no further vacancy ag
gregating with them even up to1500 ±C (Table II). In the
electron irradiation, however, rather isolated monovaca
cies are induced in so low density that they will annihilat
at some sinks but have effectively no opportunity to co
alesce to higher multivacancies during the irradiation an
even annealing at high temperature.

In conclusion, the vacancy-type defects in irradiate
graphites are studied experimentally and theoretica
using the PAT. The stable vacancy clusters in the heav
neutron-irradiated graphite are identified to be plan
V6 rings, the smallest magic vacancy clusters with
high stability as shown by the calculations. Since th
closed (planar or puckered) sixfold rings of bonds are th
basic structural units in a variety of covalently bonde
materials, such as carbon nanotubes, fullerenes, eleme
y
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semiconductors, SiC, etc., the present study indica
that theV6 rings will have particular stabilities in these
materials.
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