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Abstract
Di-interstitial defects appear to play a key role in the microscopic understanding of
radiation-induced damage in graphite. Their formation has been invoked as both one of the
main causes of dimensional change and as an energy releasing step in annealing cryogenic
radiation-induced damage. In the present work, first principles calculations are employed to
examine several models for these defects. Two of the structures possess nearly equal energy, yet
take very different forms. The results suggest that di-interstitial defects cannot play the
principal role in radiation damage that has been assigned to them. The possibility that one of the
structures may exhibit ferromagnetism is also investigated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Graphite, by virtue of its low cross-section for neutron capture
and a reasonable scattering cross-section, is widely used as a
reflector and moderator in nuclear reactors. Moderation is the
process whereby fast neutrons evolved by nuclear fission are
slowed down in order to improve their capture cross-section
in the nuclear chain reaction. This is achieved by collisions
between neutrons and carbon nuclei. Neutrons can transfer
a large proportion of their energy to the carbon atoms when
colliding with graphite [1]. This displaces atoms from their
normal lattice sites, creating pairs of vacancies and interstitials
(Frenkel pairs). In the process, modifications to the properties
of the graphite occur, such as dimensional changes, storage
of energy (Wigner energy) and variations in its electrical and
thermal conductivity [2]. This must be understood in order that
the structural and thermal stability of graphite components can
be guaranteed.

In this work the role which the di-interstitial system
I2 plays in these phenomena is examined. First principles
calculations are employed to model different configurations
for the defect, investigate how these might cause dimensional
changes, and how they contribute to the Wigner energy.

Graphite possesses a layered structure that can be stacked
in three different high-symmetry ways. These are labelled

AA, AB, and ABC graphite according to the different relative
translations of the layers. The AB form is by far the most
abundant [3] and AA is unstable. X-ray crystallography of AB
graphite finds hexagonal lattice parameters of a = 2.4612 ±
0.0001 Å, and c = 6.7079 ± 0.0007 Å [4]. Hence, the
interlayer distance, d002, is 3.3540 Å, and in-plane bond length
is 1.4210 Å, which corresponds to bond order between single
(≈1.54 Å) and double (≈1.34 Å) character.

1.1. Radiation-induced damage in graphite

Dimensional changes were the earliest and most obvious
observations of irradiated graphite [5]. When it is irradiated
with a neutron flux (and generally with any energetic particle),
graphite suffers a slight contraction of the basal dimensions
and a substantial expansion along the c-direction, both of the
changes being dependent on temperature.

A carbon atom needs an energy of �30 eV to be displaced
irreversibly from the lattice [2, 6]. In the 235U fission process,
neutrons are produced and released with an average energy
of 2 MeV [7]. When an incoming neutron strikes deep
in a graphite crystal, it imparts typically 50 keV energy
to the primary knock-on atom (PKA), which then initiates
a dense cascade of secondary collisions. The energy is
dispersed during the ensuing chaos, leaving in its wake all
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manner of metastable defects; for example, see [8]. These
include intimate Frenkel pairs, i.e. vacancy-interstitial pairs
which do not have sufficient energy to separate, and Stone–
Wales defects, where two atoms rotate about their mutual
bond centre and snap into a metastable state. Theoretical
evidence for the former and their role in Wigner energy was
provided by the same methods as used in this work [9], and
experimental evidence was subsequently provided by electron
microscopy [10].

Macroscopic dimensional changes occurring upon irradi-
ation are most clearly seen in good quality graphite (highly
oriented pyrolytic graphite). In the c-direction the expansion
comprises two parts: an increase in the interlayer spacing, d002,
as measured by x-ray, neutron, or electron diffraction and an
increase in the number of layers. From early on, irradiation-
induced changes observed by small angle cold neutron scatter-
ing experiments were linked to increases in d002, and were in-
terpreted in terms of a homogeneous distribution of small clus-
ters of interstitials (In , n = 4 ± 2) [11].

The received wisdom for the cause of changes in the
effective number of graphene layers is interstitial aggregation
giving rise to prismatic dislocation loops (the ‘plating
out’ process). After high-temperature irradiation or high-
temperature annealing, such loops can be large and clearly
visible in weak beam transmission electron microscopy
(TEM) [12].

In apparent conflict with this wisdom, it has long been
recognized that if small In clusters were to exist, then they
could not be nuclei for prismatic dislocation loops, because this
would contradict the known kinetics of loop formation [13].

The putative role of I2 has been modelled by Niwase [14],
yielding apparent agreement with experiment by dint of
deducing properties and concentrations for I2 from the fit to
experiment.

In the early experiments of irradiation on graphite it was
observed that graphite stores energy in its structure and that
this energy can later be released by annealing, i.e. thermal
activation [15]. Significant energy storage is found for all
radiation temperatures from 0 K to approximately 500 K. As a
rule of thumb, graphite irradiated at one temperature will begin
releasing substantial energy from 50 K above this temperature
at normal annealing temperature ramp rates.

In a simple model, this release could be associated
with interstitial aggregation or by annihilation with vacancies,
provided the interstitial had a low energy of migration. Until
recently the easy migration of the interstitial was the prevailing
belief, and energy release at low temperature, e.g. 100 K,
was associated with processes such as dimerization, and
consequent c-axis expansion [16]. At higher annealing
temperatures there is a pronounced energy release peak
near 475 K, whose origin was suggested by Iwata [17]
to be due to the annihilation of I2 with two vacancies.
Thus, according to this picture, I2 predominates at room
temperature [14]. However, some weaknesses in this model
have been exposed—notably that the isolated interstitial I has
a migration barrier of 1.4 eV [18]—and other authors suggest
alternative explanations. For example, Ewels et al attribute the
475 K peak to the recombination of intimate Frenkel pairs [9].

1.2. Method

The total energies Etotal of supercells are calculated using
a method based on self-consistent local-density-functional
theory, AIMPRO. Only a summary of the main points is provided
here. For a more detailed description see [19–21].

The exchange–correlation energy contribution is evaluated
according the formula described by Perdew and Wang [22]. A
basis set of Cartesian Gaussian orbitals is used to describe the
Kohn–Sham wavefunctions of the valence electrons. Suitable
multiplicative factors provide s-, p-, and optionally for each
exponent, d-orbital symmetries. Basis sets are generated
and optimized for hexagonal AB graphite by the procedure
in [20]. Carbon atoms are described using four exponents
each, where d functions are applied to only the second smallest
exponent (pdpp). They retain full variational freedom within
the AIMPRO formalism and are not contracted (an option which
is available). Core electrons are replaced by norm-conserving
pseudopotentials based on the Hartwigsen–Goedecker–Hutter
(HGH) scheme [23]. The charge density is represented by a
plane-wave basis in reciprocal space. An automatic procedure
ensures that the number of shells of vectors RL used to evaluate
the Madelung energy is sufficient. The kinetic energy cutoff
Ecut for the charge-density plane-wave basis that is necessary
to achieve convergence for Etotal better than a required level
ε depends on the pseudopotentials employed. In the present
work Ecut � 248 hartrees or about 6.8 keV provides ε �
0.1 meV/atom.

The forces acting on each atom are given by an analytical
formula derived from the total energy expression. Structural
optimization to minimize the total energy is performed by a
conjugate-gradient algorithm. This halts when the change in
total energy on successive iterations is �Etotal � 0.3 meV.
Model defects are constructed in supercells of various sizes
with either hexagonal or orthorhombic crystal symmetry. The
lattice parameters describing these supercells that minimize
Etotal for pure graphite are found to be a = 2.446 and c =
6.519 Å, which are close to the observed values.

The Monkhorst–Pack (MP) scheme is used to sample the
band structure [24]. Both the largest reciprocal lattice vector
of the charge-density Fourier expansion, and the mesh of k-
points are chosen so that the total energy Etotal is converged
with respect to these parameters (ε � 0.1 meV/atom). The
Brillouin zone sampling points are folded into the irreducible
set, according to the symmetry of the system. Furthermore,
graphite must be treated as a metal; hence, the occupancies of
each Kohn–Sham level are filled according to the first-order
Methfessel–Paxton scheme [25]. The value of the parameter
kBT used for this scheme has very little effect on the outcome
over a range of several orders of magnitude. For the present
work it is 0.01 eV.

Formation energies of defects are calculated by the
conventional method as described by previous authors [26–30].
For a system containing only one type of atom (i.e. carbon),
and where there are no charged defects, this is

Ef = Ed − nCμC, (1)

where Ef is the formation energy of a defect and Ed is the
total energy of a supercell containing a defect that is composed
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Figure 1. The spiro-interstitial defect is the lowest energy structure for an isolated self-interstitial atom in graphite. Its calculated formation
energy is Ef = 5.85 eV. The symmetry of this defect is C2.

from nC carbon atoms, each having chemical potential μC.
The chemical potential of carbon atoms is defined to be the
Gibbs free energy per particle. For condensed matter at
ordinary temperatures and pressures, the entropy and pressure
contributions to the Gibbs free energy can be neglected. Hence,
μC is the total energy per carbon atom in pure, ideal graphite.

2. Results

2.1. Structures

The hexagonal structure of graphite appears simple until
defects are introduced. Even knowing that Nature tends to
favour higher rather than low-symmetry structures, there are
many ways in which interstitial-type defects could conceivably
be constructed. Furthermore, the ability of carbon atoms to
adopt different hybridization states leads to complex energy
surfaces with deep local minima. Consequently, it took many
years to establish the structure of the single self-interstitial in
graphite [31].

It is also known that the presence of bridging defects
can induce basal shear in small models of interstitial-type
defects [32]. Preliminary investigations by us, using models
based on a 4 × 4 × 1 hexagonal unit cell containing 32 atoms
in the ideal structure confirm this picture. This also established
that it is necessary to use much larger models, and perform
many trials in order to conduct a thorough investigation. Thus,
the results reported here are based on models in 4 × 2 × 2 and
6 × 3 × 2 orthorhombic unit cells, which contain 128 and 288
atoms, respectively, in the ideal structure.

Note that only graphitic structures are considered; no
amorphous forms are included, meaning that the models do
not transform into a disordered configuration. Consideration is
also given to optimization of the model structures with constant
and variable lattice parameters. With only one exception,
basal slip is always inhibited by constraining one atom in each
graphene sheet so it may move only along the c-direction.
These four atoms also have the same coordinates in the basal
directions; hence, they lie in a line along the c-direction. The
model defects are constructed such that they are located as far
as possible from the four constrained atoms.

2.2. Spiro-interstitial

In order to estimate the energy needed to dissociate di-
interstitial defects into two isolated self-interstitial atoms, it is
first necessary to find the total energy of a supercell containing
a single self-interstitial atom I . Its structure is taken to be that
known from previous work, i.e. the spiro-interstitial (figure 1),
so called because its five-atom core resembles the carbon
skeleton of a spiropentane molecule [32, 33]. This defect has
C2 symmetry. The present work also provides validation of the
earlier calculations, since here the supercells used are larger
and the convergence criteria are stricter.

The formation energy of I , when basal slip is inhibited,
and the lattice parameters held fixed at their calculated values
for ideal graphite, is Ef = 5.85 eV. This structure is taken to
be the reference state for isolated I .

When basal slip is allowed, on this occasion only, then the
energy of the system—strictly a superlattice of I repeated in
4 × 2 × 2 orthorhombic unit cells—falls by 0.36 eV.

Optimization of the lattice parameters together with the
atom coordinates, within the constraint of no basal slip, yields
a total energy that is lower by less than 5 meV. There is barely
any effect on the lattice parameters, leading to an effective
volume per defect of only 0.097 Å

3
, nearly all of which

is accounted for by expansion in the basal directions. The
calculated volume per atom in ideal graphite is 8.443 Å

3
;

hence, the volume per defect is less than 1.2 % of the atomic
volume, which is very much smaller than the figure of 3.3
atomic volumes per interstitial deduced by Maeta et al [16].
This strongly undermines the assumptions in [14].

2.3. Di-interstitials

Following a process of thorough examination, eight initial
model structures, constructed by placing pairs of C atoms
separated by ≈1.2–1.6 Å in the central interlayer region of
4×2×2 supercells, have yielded six distinct metastable bound
states for I2. Four can be classified as bridging structures
which join adjacent graphene layers together. In two of
these the interstitial C–C pair is oriented at an angle to the
basal plane (figures 2 and 3), while for the other two cases
the interstitial atoms are both located midway between two
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Figure 2. The twin-triangle interlayer bridge defect is the second lowest energy structure for a pair of self-interstitial atoms in graphite. Its
calculated binding energy relative to two isolated spiro-interstitial atoms is Eb ≈ 3 eV. The symmetry of this defect is Ci (or S2).

Figure 3. The bent interlayer bridge defect is the third lowest energy structure for a pair of self-interstitial atoms in graphite. Its calculated
binding energy relative to two isolated spiro-interstitial atoms is Eb = 2.4 eV. The symmetry of this defect is C2h.

Figure 4. The C–C pair and its four neighbouring atoms in the bi-pentagon interlayer bridge defect shown here lie on a (101̄0) plane. Its
calculated binding energy relative to two isolated spiro-interstitial atoms is Eb = 2.3 eV. The symmetry of this defect is C2h.

sheets (figures 4 and 5). It can be seen that one of these
defects has Ci symmetry, while the other three have C2h

symmetry. A fifth structure, with Cs symmetry, takes the
form of a grafted or intralayer bridge where the local bonding
arrangement comprises two pentagonal and two heptagonal
rings, reminiscent of a Stone–Wales defect (figure 6). The
C–C unit is oriented approximately in a [112̄0] direction,
and located over the centre of a hexagonal ring from the
original lattice. Finally, the last of the six structures can be
described as a split-interstitial pair. It possesses four atoms
in a nearly square configuration, giving it C2v symmetry with

two equivalent C–C bonds (αβ = α′β ′ = 1.511 Å), and two
inequivalent C–C bonds (αα′ = 1.611 Å, ββ ′ = 1.597 Å),
where α and β take their usual meanings in the graphite
structure (figure 7). In all the figures, the interstitial atoms
are highlighted to identify them. This is more apparent in the
electronic version of this document where contrasting colours
are used.

All six configurations possess relatively large binding
energies Eb relative to two isolated spiro-interstitials, ranging
from 1.34 eV for the split-interstitial pair, to about 3 eV for the
grafted, intralayer bridge. One of the two interlayer bridging
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Figure 5. The calculated binding energy for the skew bi-pentagon interlayer bridge defect shown here, relative to two isolated
spiro-interstitial atoms, is Eb = 1.5 eV. The symmetry of this defect is C2h.

Figure 6. The grafted intralayer bridge defect is the lowest energy structure for a pair of self-interstitial atoms in graphite. Its calculated
binding energy relative to two isolated spiro-interstitial atoms is Eb ≈ 3 eV. The symmetry of this defect is Cs.

Figure 7. The double split-interstitial defect adopts a nearly square configuration on a (112̄0) plane. Note that although there are only two
additional atoms, the core of the defect possesses two equivalent αβ C–C pairs. Its calculated binding energy relative to two isolated
spiro-interstitial atoms is Eb = 1.3 eV. The symmetry of this defect is C2v.

defects, where the C–C pair is oriented at an angle to the basal
plane, also has a binding energy that is slightly more than 3 eV
relative to two I s; the other has Eb = 2.40 eV. In the first
case, each interstitial atom is bonded to two host atoms from
the neighbouring graphene sheet, while in the second case each
interstitial atom is bonded to only one host atom. Thus, the first
has a twin-triangle structure, and the other forms a bent bridge.

The twin-triangle interlayer bridge is also the end point
for three of the eight initial trial configurations following
optimization of the total energy. In one of these three trials
the two host C–C bonds nearest to the interstitial atoms are

deliberately opened to about 2.3 Å in the initial structure to test
whether the final, closed form is a local minimum in energy
relative to the open form. It is not: the two host atoms at
the base of each triangle are separated by about 1.55 Å in the
optimized structure, similar to the C–C distance in diamond.
The inner C–C bond is about 1.29 Å long, suggesting that it has
double bond character, while the two inequivalent interstitial-
host bond lengths are about 1.44 and 1.46 Å long, which
is slightly larger than the in-plane C–C distance of graphite
(calculated to be 1.41 Å).
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Table 1. Properties of interstitial defects in graphite calculated using 4 × 2 × 2 supercells. Ef is the formation energy as defined by
equation (1). Eb is the binding energy of di-interstitial defects with respect to two isolated spiro-interstitial atoms using fixed lattice
parameters. C–C is the distance between the pair of interstitial C atoms. V is the effective volume per defect when the lattice parameters and
atom positions are both optimized; �a and �c are the fractional expansion in the a and c lattice parameters that the defects induce. �E is the
energy associated with the expansion.

Description Ef (eV) Eb (eV) C–C (Å) V (Å
3
) �a (%) �c (%) �E (eV)

Single spiro I a 5.85 0.00 ∞ 0.10 +0.07 +0.00 −0.00
Twin-triangle 8.63 3.07 1.291 3.00 +0.14 +4.15 −0.31
Bent bridge 9.31 2.40 1.211 2.95 +0.05 +4.26 −0.87
Bi-pentagon 9.39 2.32 1.348 0.99 +0.10 +1.25 −0.05
Skew bi-pentagon 10.23 1.47 1.345 0.60 +0.01 +0.88 −0.02
Grafted, intralayer 8.92 2.78 1.402 3.33 +0.25 +4.41 −0.44
Split pair 10.36 1.34 1.511 0.95 −0.04 +1.49 −0.05

a N.B. The data for I are for one, isolated self-interstitial atom.

The two interlayer bridge structures, where the interstitial
atoms both lie midway between two neighbouring graphene
sheets, adopt a bi-pentagon arrangement. In one case the
interstitial C–C pair and the four other atoms that they are
bonded to lie in a (101̄0) plane (figure 4); in the other case they
take a skewed configuration (figure 5). The binding energies of
these two bi-pentagon structures are Eb = 2.32 eV and Eb =
1.47 eV for the ‘straight’ and ‘skewed’ forms, respectively.

Estimates for the effective volume per defect are hampered
by problems with achieving self-consistent total energies
during simultaneous optimization of both the lattice parameters
and atom coordinates. Nevertheless, the results for nearly
complete energy minimization can be reported here. These are
shown in table 1, together with other data.

Since the supercells have orthogonal lattice vectors, the
hexagonal crystal symmetry is broken, and hence the relaxation
in the basal directions is anisotropic. Thus, the a lattice
parameter for each optimized supercell is deduced from the
area of its basal plane using the relation a = √

(a′b′/
√

3),
where a′ and b′ represent the two lattice parameters of the
orthorhombic supercell in the basal plane.

Notice that the two lowest energy di-interstitial defects
have effective volumes ≈3 Å

3
, i.e. less than 35% of an

atomic volume. Most of the expansion that they induce
is in the c-direction; however, at under 5%, this is much
smaller than the amount observed in moderately irradiated
graphite (e.g. ∼1026 m−2 neutrons [4]). Furthermore, they
induce a slight expansion in the basal directions, contrary to
the contraction which occurs. This further undermines the
conclusions of Maeta et al [16] and Niwase [14], where it is
assumed that the volume per interstitial decreases slightly upon
formation of I2.

The above results are for model defects in 4 × 2 ×
2 supercells where distortions of the underlying graphite
structure are localized around the interstitial atoms and their
immediate neighbours. However, it is clear upon inspection
that the grafted intralayer bridge requires a larger supercell
to accommodate it properly: its structure is artificially
constrained by the finite size of the model, particularly in
the basal directions. Thus, the twin-triangle interlayer bridge
has a binding energy Eb = 3.07 eV in a 4 × 2 × 2
supercell, which is 0.29 eV larger than the intralayer bridge,
while in the 6 × 3 × 2 supercell Eb is 0.11 eV smaller.

Table 2. Properties of model defects calculated using 6 × 3 × 2
supercells. The quantities Ef, Eb and C–C are as defined previously
for table 1.

Description Ef (eV) Eb (eV) C–C (Å)

Single spiro I 5.88 0.00 ∞
Twin-triangle 8.74 3.02 1.291
Grafted, intralayer 8.63 3.13 1.396
Isolated pentagon 10.99 0.77 1.428

In other words, using a larger supercell makes Ef 0.29 eV
smaller for the intralayer defect, while making it 0.11 eV
larger for the twin-triangle defect. This can be interpreted
as validating the smaller supercell model for the twin-triangle
bridge—since its formation energy is not significantly smaller
in the larger supercell—while confirming the suspicion that
the smaller supercell is inadequate for the grafted intralayer
bridge, owing to the relatively large decrease in energy which
is found. Furthermore, Ef = 8.75 eV for one of the three trial
configurations in the smaller supercell giving a twin-triangle
bridge at the end of the optimization procedure. Thus, it is
reasonable to conclude that for this defect Ef is essentially
the same for both sizes of supercell, within the accuracy of
the method. Inspection of the coordinates of the four atoms
which are constrained to block slip provides an indication of
whether the 6×3×2 supercell (with fixed lattice parameters) is
sufficiently large for the grafted intralayer bridge model. The
largest displacement in the c-direction (taking into account a
small net translation of the centre of mass of the host atoms
≈0.002 Å) for the larger supercell is less than 0.09 Å, while
for the smaller 4 × 2 × 2 one it is about four times greater at
0.37 Å.

It can be seen that in the 6 × 3 × 2 supercell, the grafted
intralayer defect can be rearranged by a 90◦ Stone–Wales
rotation of one of its heptagon–hexagon bonds to yield a new
structure. This transforms one of the pentagons into a hexagon
and the neighbouring hexagon into a pentagon, leaving
two isolated pentagons, separated by the new hexagon—see
figure 8. The defect has no identifiable symmetry. Although
this isolated pentagon defect bears some similarity to its parent,
the total energy is 2.36 eV higher.

A summary of the main results for the larger supercell
models is provided in table 2.
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Figure 8. The isolated pentagon defect is obtained by a rearrangement of the grafted intralayer bridge. Its calculated binding energy relative
to two isolated spiro-interstitial atoms is Eb = 0.8 eV. No symmetry can be identified for this defect.

Table 3. Spin-polarized relative energies E(N) of a bi-pentagon
interlayer bridge with N unpaired electrons with respect to the
non-spin-polarized defect.

N E(N) (eV)

0 0.000
1 0.015
2 0.034

2.4. Magnetism

Graphite exhibits a large diamagnetic susceptibility which is
affected by the degree of crystalline order, and the presence
of defects [34, 35]. The phenomenon is of sufficiently large
magnitude to be exploited in the form of magnetic levitation
toys using small pieces of highly oriented pyrolytic carbon and
strong permanent magnets.

Under certain circumstances, ferromagnetism appears to
be observed in graphitic materials [36, 37]. It is suggested that
the presence of sp3-hybridized carbon atoms in these materials
may be responsible for their magnetic properties; however,
theoretical studies have directed their attention to vacancy-type
defects [38–40]. Thus, it is natural to ask whether any of the
interstitial defects considered here might possess a nonzero
magnetic moment.

Inspection of the bi-pentagon interlayer bridge reveals that
it is potentially a magnetic defect. Its local structure comprises
two linked fivefold rings with four single bonds from the host
to the I2. Hence, the four host atoms which are bonded to the
I2 are sp3 hybridized. They are also next nearest neighbours
to each other, raising the possibility that the intervening host
atoms may each have an unpaired electron in their pz orbitals.
However, according to spin-polarized calculations, the ground
state is nonmagnetic: the total energy of the system is lowest
when S = 0. See table 3.

The fact that local spin density approximation tends to
overstabilize high spin states increases the likelihood that
this conclusion is correct and not an artefact of the method.
Nevertheless, this result does not exclude the possibility that
other, related structures with sp3-hybridized carbon atoms in
graphitic materials could carry a nonzero magnetic moment. It
shows, in fact, the general form that suitable defects might take.
Extended defects, such as reconstructed dislocations, where

the local structure contains sp3-hybridized carbon atoms, could
also exhibit ferromagnetism.

3. Summary and conclusions

The conventional model for radiation-induced dimensional
change in graphite, involving aggregation of interstitial atoms
into new layers at the expense of existing ones, now appears
to be untenable. Onset of dimensional change occurs at
temperatures well below that where interstitials would become
mobile. Then, as shown by this work, the first stage of
interstitial aggregation leads to di-interstitial states which are
strongly bound, immobile defects, and induce dimensional
changes inconsistent with the measured values. With binding
energies of more than 3 eV, the two lowest energy forms
of di-interstitial defect will not decompose or migrate easily.
Thus, the decomposition of I2, followed by migration of I ,
and subsequent aggregation into larger interstitial clusters,
as required by the conventional model to explain the origin
of Wigner energy in the low-temperature regime, must be
incorrect. The calculations also show that the volume per
defect for I and I2 is much smaller than that assumed for the
conventional model in the high-temperature regime.

Shear of the layers in the basal directions will, in general,
lower further the energies of bridging defects, such as those
considered here. Since basal dislocations are a common
feature in graphite—and these have locally sheared regions—
bridging defects are likely to be associated with them. Basal
dislocations in turn can induce buckling of the layers in
graphite, and this can account for the observed radiation-
induced dimensional change [41, 42]. Moreover, the interstitial
defects themselves all induce local, small-scale buckling of
the layers. The distortion is particularly large for the grafted
intralayer bridge.
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