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Simulation of interstitial diffusion in graphite
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First-principles method based on the density-functional theory is used to study the diffusion of the single
carbon interstitial in graphite. Possible diffusion processes in directions both parallel and perpendicular to the
basal plane are analyzed. A different path for the interstitial to penetrate the graphitic layer is proposed. Along
this path, the migration is carried out through atom exchange between the interstitial and the lattice atom, with
a barrier lower than 0.5 eV. Introducing shear into the graphite may reduce the interstitial migration energy.
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I. INTRODUCTION

Irradiation method has become an effective way to
modify the properties of materials. Electron irradiation of
graphite could produce carbon onions and induce nucleation
and growth of diamond inside the carbon onions.!?> Electron
irradiation of multiwalled carbon nanotubes can cause large
pressure within the nanotube cores that can plastically de-
stroy solid materials encapsulated inside the core.® Irradia-
tion effects in graphite are also important for dimensional
changes and defect rearrangements in the nuclear reactor.
The behavior of defects is of great relevance to the study of
the irradiation effects. Determination of the mechanism for
the atomic motion in the graphite is also important for the
understanding of the growth process of carbon nanotubes.

A large number of experiments have been performed to
study the behavior of defects in graphite and carbon
nanotubes.'#-19 The single interstitial is expected to be
highly mobile along the a axis of graphite, with the migra-
tion energy less than 0.3 eV.!"”8 Theoretical calculations pre-
dicted the migration energy to be less than 0.03 eV (Ref. 11)
in graphite and to be 0.4 eV on a graphene sheet'? along the
a axis. However, the knowledge of diffusion along the ¢ axis
is still rare. No direct experimental data have been obtained
yet. The general idea is that the interstitial diffusion along the
¢ axis is inhibited due to the very high activation energy
(>5€eV) of mobility required. By the tight-binding tech-
nique, Xu et al. estimated that the migration energy along the
c axis was larger than 2.3 eV.!! Thrower and Mayer!? gave
an argument two decades ago that the interstitial diffusion in
the graphite was isotropic, which seems unbelievable consid-
ering the anisotropic lattice structure of the graphite. Follow-
ing experiments and theoretical calculations'' disproved this
argument. The most controversial point is the possible diffu-
sion path along the ¢ axis.! In this paper, an interstitial dif-
fusion path along the ¢ axis is proposed. Along this path, the
energy required to penetrate the basal plane is less than
0.5 eV. This value is close to the single-interstitial migration
energy (0.3 eV) along the a axis obtained from the recent
experiments.”® Recent density-functional theory (DFT)
calculations'# proposed a much higher interstitial migration
energy (>1.5¢V) along the a axis. We also performed a
thorough study on the interstitial diffusion along the a axis,
trying to solve the contradiction between this theoretical cal-
culation and the experiments.
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DFT is a good selection to perform a large number of
calculations with high accuracy and high efficiency. How-
ever, the main deficiency of DFT in graphite is that it fails to
describe the long-range van der Waals (vdW) interactions
within both the local density approximation (LDA) and the
generalized-gradient approximation (GGA). LDA could cal-
culate very well the c-axis lattice constant of graphite, but
usually overestimates the binding energy.'> This overestima-
tion of the binding energy can be reduced by using GGA.
However, GGA leads to a strong reduction of the interlayer
bond and an expansion of the axial ratio to c¢/a=1.8.® To
date, two methods have been proposed to overcome this de-
ficiency. One is to derive suitable exchange-correlation func-
tionals for DFT which could describe the vdW interaction
correctly.!” This method is quite CPU time consuming. The
other method is to combine the empirical method based on
the Lennard-Jones potential and the ab initio DFT-GGA cal-
culation. This kind of combination has been successfully
used to study graphite,’ biological molecules,'®2° and car-
bon nanotubes.?! To test our results from DFT-GGA, some
calculations have been repeated by the second method, i.e.,
by a vdW-corrected DFT-GGA (vdW + DFT-GGA) approach
which is own-developed based on the VASP code.?>?

II. THEORY AND METHODS

The DFT calculations have been performed using the pe-
riodic plane wave basis VASP code,”??* implementing the
GGA of Perdew and Wang.?* The projected augmented wave
potential®?¢ is used to describe the core (152) electrons. A
kinetic energy of 400 eV was found to converge the total
energies of the systems to within meV. For vdw+DFT-GGA,
a vdW term E,,y is introduced to obtain the total energy of
the system E, ,;=Eppr+E, . Where

ij
EudW=_2f(Rij)C_g- (1)
i<j R,“

R;; is the distance between atoms i and j, and ng and f(R;)
are the interaction coefficient and the related damping
function.'8-20

For a graphene sheet, DFT-GGA gives the lattice constant
a, of 2.47 A. For bulk graphite, GGA gives the lattice con-
stant ¢, around 9.0 A and the interlayer binding energy less
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TABLE 1. Results of calculations in various approximations for the equilibrium lattice constants (ag, ¢g),
total cohesive energy (E,), interlayer binding energy (AE,.), and c-axis elastic constant (c33) of graphite with
ABAB stacking and their comparisons with experiments.

ao CO EL. AEC C33
(A) (A) (eV/atom) (eV/atom) (GPa)
LDA® 2.44 6.64 8.90 27 30.4
GGAP 2.47 ~9.0 8.02 ~2 ~0.7
vdw+GGAP 2.47 6.6 8.08 63 62
Expt. 2.46° 6.70° 7.37¢ 43¢ 35111 36.5¢
52450

4Reference 15.

"This work.

‘Reference 27.

dL. Brewer (unpublished) (as cited in Ref. 28).
®Reference 15.

fReference 29.

gReference 31.

hReference 30.

than 2 meV/atom, both of which deviate from the experi-
mental values (see Table I). Since the vdW interaction is
much weaker than the in-plane interatomic bond energy, the
influence of the vdW interaction on the in-plane lattice con-
stant could be neglected. By fixing the in-plane lattice con-
stant a, at the value obtained from the graphene sheet
(2.47 A), the lattice constant co, interlayer binding energy,
and c-axis elastic constant (cs3) are calculated to be 6.6 A,
63 meV/atom, and 62 GPa by vdW+DFT-GGA, respec-
tively, which are in reasonable agreement with the
experiments'>?%30 (see Table I and Fig. 1).

We construct 5 X 5 supercells in the in-plane direction of
graphite. The cell containing a graphene sheet has enough
gap in the c-axis direction so that the interaction between
adjacent images is negligible. For the study of the interstitial
in graphite, two kinds of supercell models are used such as
model I and model II shown in Figs. 2(a) and 2(b), respec-
tively. These two models have the AB-stacking order. In both
models, the position of some corner atoms in the supercells
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FIG. 1. Interlayer separation dependence of the interlayer bind-
ing energy obtained by the ab initio DFT-GGA calculation (dotted
line) and by the vdW-corrected DFT-GGA calculation (solid line).
The dashed line is the vdW contribution given by Eq. (1). The
in-plane lattice constant is fixed at 2.47 A.

are fixed during the relaxation so that the planes could not
move with respect to each other in both the a-axis and c-axis
directions. For a better comparison between DFT-GGA and
vdW +DFT-GGA calculations and a better comparison with
the experimental results, the distance between graphite layers
in the supercell is set to the experimental value of 3.4 A. In
model I, there is a large gap in the supercell along the ¢ axis
to prevent interaction between adjacent images. In model II,
the length of the supercell along the ¢ axis is set to 6.8 A,
i.e., to simulate ABAB... bulk graphite. These two models
represent two extreme cases, the one where the adjacent su-
percells have no influence (model I) and the one where the
adjacent supercells have the strongest influence (model II).
In reality, interstitials in graphite will sit in the environment
between these two extrema. To test the convergence of the
formation energy with respect to the size of the supercell, a
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FIG. 2. (a) and (b) show the two kinds of supercells, model I
and model II, respectively, used in the calculations. The solid lines
denoted by A and B are in a supercell, while the dotted lines de-
noted by B belong to the adjacent supercell. In (c), A;, B;, and C;
(i=1, 2, and 3) are possible interstitial sites. Solid and dashed lines
represent upper and lower basal planes, respectively.
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FIG. 3. Migration process of a carbon adatom (A) penetrating a
graphene sheet by atom exchange with the lattice carbon atom B.
(a) and (c) are the ground state and the metastable state, respec-
tively. (b) is the highest-energy state along the migration path.

6 X 6 supercell is constructed. The formation energies calcu-
lated by DFT-GGA are converged to within 0.1 eV. The error
in the migration energy introduced by the small 5 X5 super-
cell is less than 0.1 eV as discussed below. The minima of
the total energy are found using a conjugate gradient algo-
rithm. The migration path between different minimum-
energy configurations is calculated by the nudged elastic
band method?? implemented in VASP. The data presented be-
low are calculated based on the 5 X 5 supercell if not explic-
itly stated otherwise.

III. RESULTS AND DISCUSSION
A. On the graphene sheet

First the properties of a carbon adatom adsorbed on a
graphene sheet are studied by DFT-GGA. The experiment’
and theoretical calculations'? have proven that the C adatom
prefers to form a bridgelike structure on the graphene surface
[Fig. 3(a)]. The migration barrier on the surface is calculated
to be 0.4 eV.'? Apart from this lowest-energy state, a meta-
stable state is found as shown in Fig. 3(c). In this state,
adatom A pushes one lattice atom (B) out of the graphene
plane, forming a symmetric structure. Both atoms A and B
form three bonds with the graphene plane at the length of
1.56 A. The distance between atoms A and B is 1.58 A. The
formation energy of this metastable state is 7.0 eV, 0.5 eV
higher than that of the ground state [Fig. 3(a)]. The migration
barrier from the ground state to the metastable state is
0.9 eV. Figure 3(b) shows the highest-energy state along the
migration path. Through this migration path, the carbon ada-
tom may penetrate the graphene sheet with much lower en-
ergy than expected before.!! Starting from the ground state,
when the system temperature was raised gradually, the above
migration process could occur at around 800 K. In bulk
graphite, the presence of adjacent layers may lower the bar-
rier further, which will be discussed below.

B. In the graphite

There are many possible configurations for the interstitials
in bulk graphite.'* In my calculations, three stable structures
are found, as shown in Fig. 4. In this paper, the structures
shown in Figs. 4(a)-4(c) are denoted as A, B, and C, respec-
tively. In structure A, the interstitial forms two bonds with
each graphite layer. Structures B and C are similar to the
structures of an adatom on a graphene sheet, as shown in
Figs. 3(a) and 3(c), respectively. Structure C could be further
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FIG. 4. Three possible interstitial positions in the AB-stacking
graphite. In this paper, the structures in (a), (b), and (c) are denoted
as A, B, and C, respectively. (a) shows the side view (left) and the
top view (right) of structure A.

classified into two inequivalent structures C1 and C2 [Fig.
2(c)]. In structure C1, the interstitial sits between the hexa-
gon vertex points of two adjacent layers, while in structure
C2, the interstitial sits between the hexagon vertex point in
the lower layer and the hexagon center in the upper layer.
Table II presents the formation energies of these three struc-
tures in model I and model II calculated by DFT-GGA and
vdW + DFT-GGA, respectively.

Both structures B and C induce hillocks in graphite.
Structure C induces much less strain in graphite than struc-
ture B. So in model I by DFT-GGA, the energy difference
between structures B and C decreases to 0.1 eV for C1 and
0.2 eV for C2, respectively, which are much less than those
on a graphene sheet. In model II by DFT-GGA, the graphite
layers in the adjacent supercells exert strong repulsive force
on the hillock and try to compress it. The compression in
structure B is heavier than that in structure C. The energy of
structure C1 becomes lower than that of structure B. Con-
trary to model I by DFT-GGA, the energy of structure C is
lower than that the structure B in model I by
vdW +DFT-GGA. In model II by vdW + DFT-GGA, both the
energy sequence and the energy difference between the four
kinds of structures are the same as those in model II by
DFT-GGA.

In the following discussion, the notation in Fig. 2(c) will
be used for different structures. We first study the migration
from Al to Cl (the migration from Al to C2 has a similar
process), which is not only related to the diffusion along the
a axis, but also related to the diffusion along the ¢ axis. In all
the two models, to reach C1 from Al, the interstitial must
pass B1, i.e., Bl is the necessary transition state. Figures

TABLE II. Formation energies (eV) of interstitials at positions
A, B, C1, and C2 in the supercell model I (M I) and model II (M II)
calculated by DFT-GGA (second and third columns) and vdW
+DFT-GGA (fourth and fifth columns).

M I-DFT M II-DFT M [-vdW M II-vdW
A 6.4 6.4 6.2 6.3
B 6.9 7.5 7.4 7.4
Cl 7.0 7.4 7.0 7.3
Cc2 7.1 7.5 7.1 7.4
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FIG. 5. Energy profiles for the interstitial diffusion from posi-
tions Al to B1 to CI denoted in Fig. 2(c). (a) and (b) are obtained
from calculations by DFT-GGA and vdW + DFT-GGA, respectively,
using the supercell model I. (c) is obtained from calculations by
DFT-GGA using the supercell model II.

5(a)-5(c) show the energy profiles along the migration path
A1—B1—Cl calculated by model I with DFT-GGA, model
I with vdW +DFT-GGA, and model II with DFT-GGA (the
energy profile calculated by model I with vdW +DFT-GGA
is nearly identical to that by model II with DFT-GGA), re-
spectively. The barrier from Al to Bl is in the range of
1.2—1.7 eV, while the barrier from B1 to CI1 is less than
0.5 eV. Due to the presence of adjacent graphite layers, the
barrier from B1 to C1 is less than the barrier (0.9 eV) for the
similar process on a graphene sheet (Fig. 3). This means that
penetrating the graphite layer through atom exchange is
easier in bulk graphite. In model IT with DFT-GGA, the bar-
rier from Al to B1 in the 6 X 6 supercell is 0.07 eV higher
than that in the 5 X 5 supercell, while the barrier from B1 to
C1 in the former is 0.02 eV lower than that in the latter. This
proves that the 5 X5 supercell is large enough to study the
diffusion of the single interstitial in graphite.

We come to the conclusion that the migration of the in-
terstitial along the ¢ axis is along the path B,—A;,—B;
— C;—B,.... Migration along the c¢ axis is composed of two
parts, the interlayer migration (B;,— A;— B;) and the intra-
layer migration (B;— C,— B,). In the AB-stacking graphite,
the total interstitial migration barrier along the ¢ axis is in the
range of 1.2—1.7 eV, which is determined by the interlayer
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migration. This value is much less than the value expected
before (>2.3 eV).L!!

In model I and model II, the distance between the two
graphite layers has been fixed at 3.4 A. Usually, the
irradiated-graphite specimen expands in the ¢ direction,
which is induced by the large interstitial clusters formed
within the interlayer space. The interlayer distance is en-
larged accordingly. With the increase of the interlayer dis-
tance, the migration barrier from B; to C; will increase ac-
cordingly and approach the corresponding barrier through a
graphene sheet.

For the diffusion along the a axis, first, the interstitial
must jump out of position A to position B, which will cost at
least 1.2 eV energy. This is consistent with the calculation of
Li er al.,"* but deviates from the experiments which have
shown that the migration energy should be less than 0.3 eV.
My calculations show that the single interstitial could diffuse
with the barrier less than 0.5 eV among structures B and C,
which is close to the experimental results. So the question is
whether all the single interstitials occupy position A in reality
and remain at this state. A large number of experiments have
observed that single interstitials could form large clusters.”
These large clusters would enlarge the interlayer distance,
which reduces the probability of occurrence of structure A.
Defects may also induce shears in graphite and so may alter
the local stacking order.3* In the environment with other
stacking orders, interstitials may not prefer to form so much
strong bonds with graphite layers as structure A in the
AB-stacking graphite. So the high migration energy from A
to B in the AB-stacking graphite could be avoided. My cal-
culations show that the interstitial migration energy in the
AA-stacking graphite could decrease to 0.7 eV.

The behavior of defects in carbon nanotubes, fullerenes,
and carbon onions has also intrigued much interest. Due to
the curved walls of these materials, the behavior of the inter-
stitial should be asymmetrical with respect to the curved
walls. It will be easier for an interstitial to escape outward
the nanotube, fullerene, or onion than to penetrate inward.

IV. SUMMARY

In conclusion, a different migration path for the single
carbon interstitial to penetrate the graphite layer is found,
along which the migration energy is less than 0.5 eV. The
migration energy along the ¢ axis is comparable to that along
the a axis. This finding is very important for the study of the
irradiation effect in graphite and carbon nanotubes. The shear
induced by the defects could reduce the interstitial migration
energy.
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