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e We highlight the importance of self-interstitial contribution to boron
self-diffusion in boron carbide

e We provide prediction of diffusion coefficients as a function of temper-
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Abstract

Boron carbide is an important high-temperature material with interesting
structural and functional properties. However, self-diffusion is very poorly
known on this material, and also the few impurity diffusion studies, devoted
in particular to helium and lithium, overlook the possible diffusion coupling
with intrinsic defects. In this paper we present a study of boron self-diffusion
in boron carbide based on first principles calculations and kinetic cluster
expansion. Our results show that boron self-diffusion may occur with a
migration activation energy on the order of 1.5-1.6 eV and with a global
activation energy between 4 and 5.5 eV, depending on the doping conditions,
which is significantly lower than the self-diffusion activation energies in other
semiconducting carbides, like silicon carbide.

We believe that our results are of interest for many applications of boron
carbide and for tuning the best conditions for controlling the synthesis routes
at specific stoichiometries for boron carbide.

Keywords: boron carbide, diffusion, first principles, DF'T, point defects

1. Introduction

Boron carbide is a material which is both lightweight and very hard,
which makes it suitable for applications in armors and ballistic protection in
general [1] and for abrasives. It is a semiconductor envisaged as a thermo-
electric material [2], as well as a cathode for Li-S batteries [3]. Moreover,
due to the large neutron absorption cross section, and its smooth variation
with energy, it is an absorber of choice in nuclear power plants of various
types [4]. For improving its synthesis conditions, but also for many of the
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mentioned applications, knowledge of self-diffusion properties in the material
is very important.

For example, in nuclear applications, neutron irradiation produces, as
in all materials, a supersaturation of point defects which can contribute to
diffusion and other kinetic processes. In spite of various works devoted to
characterisation of the irradiated material, including some discussing the role
of electronic excitations [5], self-healing mechanisms before the amorphisa-
tion threshold [6, 7], and nanocluster formation [8], not much has been said
concerning the diffusion of irradiation defects.

Concerning the synthesis of boron carbide, adding metal or metal oxide
impurities helps the sintering process of boron carbide. Such beneficial effect
was suggested to be related to enhanced diffusion, through a vacancy mecha-
nism triggered by the formation of substoichiometric boron carbide [9, 10, 11].
However, this mechanisms was recently questioned due to the relative sin-
tering aid efficiency of some metals and their oxides, highlighing instead the
role of liquid phases induced by the presence of metals during sintering [12].
Moreover, two recent advances in the understanding of defect properties of
boron carbide further exclude the role of vacancies: first, we now know that
the contribution of vacancies to boron mobility cannot be significant, given
the very large activation energy for vacancy diffusion (almost 4 eV) in this
material [13]; second, substoichiometric (B-rich) boron carbide is not realized
by introducing carbon vacancies, but boron icosahedral antisites and boron
interstitials [14, 15].

Most studies related to diffusion in boron carbide have been conducted
in the framework of nuclear applications, with a special interest in impurity
diffusion: the kinetics of helium, which is produced in large quantities by
neutron absorption reactions, was studied experimentally, mostly on mate-
rials irradiated in reactors, and with empirical models [16, 17, 18, 19, 20|
already long ago. More recent works based on first principles calculations
partly clarified the atomic mechanisms responsibles for helium diffusion and
clustering[21, 13, 22].

Lithium impurities, which are also created by nuclear reactions, and their
kinetics have been studied experimentally [23, 24] and, more recently, in a
theoretical work which was limited to charge neutral interstitials [22].

For helium first principles calculations suggest a 2D diffusion regime,
in (111) planes, activated at lower temperature than the 3D one,[21, 13] in
agreement with the experimental observation of flat bubbles.[25, 26, 18, 27] A
similar behaviour was found for lithium neutral [22] and charged [28] intersti-
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tials. However, the picture of impurity diffusion is not complete without as-
sessing possible coupling with the migration mechanisms of intrinsic defects.
As far as vacancies are concerned, as we mentioned, at least for helium, we
can exclude a diffusion enhancement through vacancy mechanisms. Intersti-
tial mechanisms have not been scrutinized, except for neutral self-interstitials
for which high migration barriers (> 3 eV) were reported [22]. However,
boron interstitials, according to calculations, are most probably present in
positively charged states (+1 to +3) [29]. Considering that lithium can be
expected to be present in charge state +1 [28], a diffusion mechanism based
on the exchange between boron and lithium interstitials, both of charge +1
to preserve the charge state, is fairly possible.

In this paper we investigate boron self-diffusion in B4C boron carbide
using first principles calculations. In Section 2 we describe the numerical
tools used for this work, in Section 3.1 we describe the main jump mechanisms
necessary to provide long-range diffusion of boron interstitials in perfectly
ordered structures. In Section 3.2 we provide the values of boron self-diffusion
coefficients resulting from these jump mechanisms, and in Section 3.3 we
discuss the role of disorder in the distribution of polar icosahedral carbon
atoms.

2. Approach, numerical tools, and material models

The results presented in this paper are based on density functional the-
ory (DFT) calculations of migration barriers in B4C boron carbide. The
calculated energy barriers are further exploited through the kinetic cluster
expansion approach implemented in the open-source KineCIluE code [30, 31]
in order to estimate self-diffusion coefficients, diffusion anisotropy and corre-
lation coefficients.

2.1. First principles calculations

DFT calculations were carried out using the QUANTUM-ESPRESSO soft-
ware package [32, 33], based on plane waves and pseudopotentials. We used
norm conserving pseudopotentials with an 80 Ry energy cutoff for describing
electronic wavefunctions and the local density approximation (LDA) for the
exchange correlation functional, which proved to give reliable results, very
close to more sophisticated gradient corrected results, for this material [29)].

Our material model is carbon-rich boron carbide with stoichiometry B,C,
whose unit cell contains 15 atoms arranged in a By;C icosahedron and a C-B-



C chain, the so-called (B1;CP)CBC, where the p superscript indicates that the
icosahedral carbon is in polar position. Although there are both experimen-
tal and theoretical hints that this structure might not be themodynamically
reachable at finite temperature and ambient pressure [34, 35, 15], it is a
good representation of most atomic scale features of boron carbide even at
slightly less C-rich stoichiometries, and allows us to use a manageable su-
percell containing 120 atoms for the study of migration mechanisms. Within
this supercell we described electronic screening by a rather well converged
3x3x3 I'-centred k-point sampling grid. The equilibrium rhombohedric lat-
tice parameter in our model is 5.059 A with a slight monoclinic distortion
(one angle of the monoclinic cell is 65.19 degrees and the other two are 66.13
degrees.

Structural relaxations were considered converged below a force threshold
of 107® Ryd/Bohr. Calculations for supercells containing interstitial atoms
were performed at constant volume. Migration barriers were obtained thanks
to the Nudged-Elastic-Band (NEB) method [36], with a path error not ex-
ceeding 0.1 eV. For each NEB calculation we generally used 7 images with
a climbing image. The interpolated NEB energy profiles shown in section 3
are obtained by the path_interpolation.x tool of QUANTUM-ESPRESSO,
which takes into account the forces tangent to the NEB path, which can give
intermediate local minima. In our experience, when such minima are close
in energy and position to the adjacent NEB images, they are fairly reliable.

Given the complexity of the energy landscape for some of the studied
charge states, we also explored the energy landscape with the help of con-
strained relaxations using the generalized Bennett constraint [37]. For paths
found in this way, we subsequently checked several portions of the path
through NEB calculations between adjacent local minima. We did not use
any automatic algorithm for path searching, but only educated guesses and
trial and error.

We consider in this paper only positive charge states for boron intersti-
tials, with charges +1, +2 and +3, which are the expected charge states
within a wide range of Fermi level positions in boron carbide, and in particu-
lar in the p-type self-doping conditions, in which boron carbide is expected to
be in thermodynamic equilibrium [29]. Charged defects are treated with the
standard approach where a compensating uniform background is added in
order to cope with a neutral system. When we mention formation energies,
we add the monopole Madelung correction for the Coulomb interaction be-
tween periodic images. Otherwise, we focus on migration barriers, where all

4



configurations along a migration path would have, to first order in multipole
expansion, the same correction.

2.2. From jump mechanisms to diffusion coefficients

Jump frequencies alone are not sufficient to compute diffusion coefficients
because the exact manner in which these jump frequencies are linked to
one another actually matters, as it gives rise to kinetic correlation effects.
Therefore, for the calculation of diffusion coefficients, we use the open-source
KineCluE code [30, 31] which automates the self-consistent mean field the-
ory [38] to compute transport coefficients from the knowledge of the crystal
structure, the available jump mechanisms and information about the ener-
getic landscape of the system.

The KineCluE code operates on clusters which are defined as a small
group of atoms or point defects located within some interaction radius from
one another (here this interaction radius is set to 15 A). The code fully takes
into account the symmetry of the crystal. In this paper, we will consider the
following clusters : isolated vacancy (V'), vacancy-boron tracer pair (V —B*),
interstitial boron atom (I, with various charge states) and interstitial-boron
tracer pair (I — B*). The boron tracer atoms are identical to any other
boron atom in the structure but marking them allows us to compute how
fast a given atom diffuses in the structure, which defines the self-diffusion
coefficients. We remind that the tracer diffusion coefficient is defined as the
diffusion coefficient of a tagged atom at infinite dilution.

The code computes the kinetic correlations within each cluster and clus-
ter transport coefficients are obtained from the configuration and migration
energies associated with each jump mechanism. Then, from these transport
coefficients and the cluster concentrations, we have access to the diffusion
coefficients in any chosen direction. To calculate the cluster concentrations
and then obtain self-diffusion coefficients from total transport coefficients,
we will assume that point defects (V and I) are at equilibrium and use the
formation energies provided in Table 1 for self-interstitial in various charge
states and Ref. [13] for neutral vacancies. We have not computed the at-
tempt frequencies for each migration step, so we chose to set the same value
(20 THz) to each barrier, a value which is close to the frequency of chain
pseudorotation modes [39, 40].

Dealing with a semiconductor, with a fairly large band gap, implies the
presence of defects in various charge states. The kinetic cluster expansion
approach has been slightly adapted to cope with charged defects [41]. In this



formalism the tracer diffusion coefficient reads :

Kv,s Dy, + K1,8Dp + K Di,p + K, Dl,p

Dy =
B 1+ Kyp+ K+ Kps + Ki,p

: (1)

where Dj g represents the boron tracer diffusion coefficient mediated by de-
fect d with charge ¢, as shown in Fig. 6 and Ky g is defined as:

Ey(dy) + que)

T (2)

Ka, = Za,B exp <—
with p. being the electronic chemical potential with respect to the top of the
valence band, E((d,) being the formation energy of a defect at the top of
the valence band (as introduced earlier), and Zg g is the interaction parti-
tion function between the defect and the tracer atom, which accounts for the
configurational entropy and the energy of the various configurations. Note
that there is no specific interaction between the defect and the tracer atom
and therefore variations in energies only stem from the variety of sites acces-

sible to the defect. This interaction partition function is also obtained from
KineCluE.

3. Results

3.1. Boron interstitial configurations and elementary migration mechanisms

A summary of intrinsic point defects structural variants and formation
energies in boron carbide is given in Ref. [29]. Concerning boron interstitials,
which are the focus of this paper, we described them on the basis of the Wyck-
off positions 2¢ and 6¢g of the rhombohedric R3m space group, which were
used as a starting point for the structural relaxations of boron interstitials.

In principle, as the symmetry of the crystal is lower than that of the R3m
space group —due to the presence of icosahedral carbon—, the 2 equivalent
2c¢ positions of the R3m space group give rise to four inequivalent positions,
two of which are twofold degenerate. In reality, in charge state +3 we found
only three such configurations (see Fig.1). It is worthwhile to compare to
the case of helium interstitials impurities, which is simpler: positions issued
from the relaxation of helium inserted in 2¢ and 6g positions correspond to
the interstitial positions dubbed type 2 and 3 in previous papers on helium
diffusion [21, 13]. While for helium, hardly bonding to boron or carbon,
the relaxed interstitial positions were very close (also in energy) to the ideal
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a) b) c) d)

Figure 1: Configurations of a boron interstitial in charge state Q=+3. Boron atoms are
brown, carbons are black. a) position 2cg b) pantograph configuration c) position 2c,
d) position 2¢Z. The naming of configuration reflects the fact that, for 2Cp the closest
icosahedral pole does not contain carbon, while for 2010 and 2020 the closest pole contains
carbon. The arrows indicate the sequence of boron jumps for 2D diffusion, whose energy
profile is given in figure 2.

Wyckoff positions, for boron the distortions are more pronounced, as can be
seen from Fig. 1.

The interstitial relaxed from a 6g position reaches a pantograph like
structure named C(5)C. Starting from a 2c¢ position, while for helium leads
to an interstitial impurity almost perfectly aligned with the nearby C-B-C
chain [21], for boron leads to a more distorted structure, whose structural
details also depend on the presence or not of carbon on the closest pole of
the nearest icosahedron. This can be seen from the structures of the corre-
sponding interstitials in the 3+ charge state shown in figure 1, which are the
only four inequivalent structures that we could find for boron interstitials
in charge state 3+. We note that charge state 3+ is the expected one in
conditions of strong enough p-type doping.

While investigating the migration mechanisms between these configura-
tions we realised that the 2c}, position is a very shallow local minimum, easily
converted to the 2¢Z configuration. We can then envisage a migration path
starting from a conversion of the 2cg to the pantograph like position; then,
by an interstitialcy mechanisms, the other side of the pantograph can trans-
form into a 2c¢Z configuration. The energy profile of such a mechanisms is
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Figure 2: Energy profile for two sequences of jumps between various configurations of
boron interstitials in charge state 34+. a) The profile, corresponding to a sequence leading
to long range 2D diffusion, was obtained from four NEB calculations, providing trans-
formations between the interstitial configurations shown in figure 1. The yellow curve is
the (symmetric) energy profile for a rotation of the pantograph-like structure. b) This
profile corresponds to two subsequent jumps allowing boron to diffuse in 3D, because here
the three configurations are not in the same (111) slice. Points represent calculated NEB
images, lines are interpolations.

given in figure 2a. This figure is obtained by four NEB calculations, the sec-
ond one illustrates the rotation of the pantograph configuration (C(g;)C —
C(gf)C), a step which is skipped in the interstitialcy mechanism, but might
be necessary for investigating isotopic effects on diffusion.

Such a migration sequence takes place in a (111) slice of the (B1;CP)CBC
structure, meaning that it contributes to 2D diffusion, similarly to the helium
2D diffusion mechanism [21].

For 3D diffusion we investigated direct conversion between 2cg and 2c¢
configurations located in different (111) slices and found a jump mechanisms
with barriers of 1.79 eV (forward) and 1.27 eV (backward) (figure 2b). Al-
though the barrier for 3D diffusion is slightly higher than that for 2D diffu-
sion, we are very far from the clearly distinct regimes found for helium and
diffusion is expected to be close to isotropic. The reader might have remarked
that the energy of the pantograph configuration in figure 2b is slightly higher
(0.08 €V) than in figure 2a: we checked that the two configurations are vir-
tually the same, as the barrier to go from the former to the latter is less than
0.01 eV and the potential energy surface between the two is very flat.

The situation gets even more complex when we switch to charge states



+2 and +1, which are expected for more moderate p-type conditions to in-
trinsic and even mild n-type doping [29]. For these two charge states we
found additional equilibrium configurations, which show up as intermediate
local minima along migration paths. These minima present structural mo-
tifs with a different or slightly different connectivity. For example, the boron
interstitial can bind to form a B(§)B structure involving one of the chain car-
bon atoms, together with the chain’s boron and one of the icosahedral boron
to which the C-B-C chain is bound. This can happen on both sides of the
chain, with the poles of an icosahedron on the side containing a carbon atom
(dubbed B(§)B C-side or (BCBB)¢) or not (B(§)B B-side, or (BCBB)g). For
the former we found two variants, slightly different in energy. Such bonding
to the icosahedron leads to a sort of B;5C cage structure, of which we show
an example in figure 3, panels a) and b). These configurations are unstable
in charge state Q+3 and, once relaxed, end up in one of the four structures
presented inf figure 1. Other configurations include a T-like structure, where
the interstitial boron is sitting on a line roughly perpendicular to the C-B-C
chain and passing through the chain boron atom (figure 3c). Another variant
features the boron interstitial sitting on the line passing through the centre
of a CBBCBB hexagon and perpedicular to it, slightly displaced with respect
to the hexagon’s plane either towards a boron pole (hexg) or a carbon one
(hexp), in figures 3d and 3e.

We summarize the configurations present in the various charge states, and
their relative (formation) energies in Table 1, noting that, according to the
charge state, some configurations can merge or are very similar. For example
the T-like configuration is practically identical to the 2cZ configuration in
charge state 42, while in charge state +1 the T-like configuration is close,
but not identical, to a 2cg configuration. Similarly, the hexc looks like a
more or less distorted version of the 2c}, structure in charge state +2.

With several NEB calculations and constrained relations we devised, in
the case of charge state Q=+2, a 3D diffusion mechanism for which the
limiting step is the conversion from the 2cp configuration to the 2cZ through
the two hexagonal configurations, with a global energy barrier of 1.50 eV.
For this charge state, such a path is favourable over our calculated 2D path,
for which the barrier from 2cg to the pantograph configuration (through a
T-like intermediate structure) needs to overcome a barrier of 1.62 eV. We
show the energy profile of both paths in figure 4.

Also for charge state Q=+1 the investigated paths show intermediate
local minima. We could not find any favourable 2D migration pathway, in
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d)

b) )

Figure 3: Additional stable configurations found in charge states Q=+2 and Q=+1 (boron
atoms are brown, carbons black): a) B(§)B lozenge on the B-side of the icosahedron (the
lozenze is highlighted), b) analogous configuration on the C-side of the icosahedron, c)
T-like configuration at the C-B-C chain, d) hexagonal on the B-side of the icosahedron
(or hexg, the hexagon is highlighted), e) analogous configuration on the C-side of the
icosahedron. a) and b) are found only for charge state +1, while hexagonal configurations
are found only for charge state +2. The T-like occurs in both charge states.
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Type Q=+1 Q=+2 Q=+3

2 0.14 (3.43) 0.00 (3.00) 0.0 (2.52)
C(B)C 1.18 (4.47)  0.63 (3.63-3.64) 0.24 (2. 76)
2, 1.55 (4.84)  1.22 (4.22-4.23) 1.27 (3.79)
2c2 0.0 (3.29) 0.42 (3.42-43)  0.53 (3.05)
T-like 0.15 (3.44)  0.43 (3.43-3.52) —

B(S)B B-side 0.56 (3.85-3.91) 0.56 (3.56-3.63) —
B(§)B C-side 0.69 (3.75-3.98) 0.90 (3.90) —
hexp 0.98 (3.98) —
hexc 1.22 (4.22) —

Table 1: List of the various configurations of boron interstitials found in the three studied
charge states. We give energies relative to the lowest energy configuration of each charge
state, and (in parenthesis) the formation energy in C-rich conditions and Fermi level at
the valence band top (VBT). Some configuration are very close, though not identical, like,
e.g., the 2c{, and the one dubbed hexc or the T-like and the 2c.

1.8 . . r r x 1 —— —
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Figure 4: Energy profiles for a) 2D and b) 3D migration of a boron interstitial in charge
state +2. We contructed the 3D path through successive constrained relaxations. The
corresponding profile (green line) is shown together with NEB profiles of the various jumps,
performed afterwards as a check between fully relaxed points (blue crosses). In this case
the reaction coordinate, in Angstrom, is the one used for the constrained relaxation.

11



N
W

2
>£ 1.5
>
20
2 1
&3
2cg
0.5 } \ <BCBB>¢
— % <BCBB>
22 <BCBB> ] b
c g C
O C A A A A A A C
0 1 2 3 4 5 6 7

reaction coordinate

Figure 5: The long and tormented energy profile obtained for the migration of a boron
interstitial in charge state +1. Each different color in the curve corresponds to a single
NEB calculation. The second and the third of these steps correspond to interstitialcy
mechanisms, where the moving boron atom replaces another boron of the pristine structure
which, in turn, continues to migrate.

any case not more favourable than the pathway that we obtain by concate-
nating jumps along, approximately, one of the crystal axes connecting 2cZ
positions through the following sequence: 2¢Z — (BCBB)c — (BCBB)¢ —
(BCBB)p —2cp —2cp — (BCBB)¢ —2¢Z. The overall activation energy of
this long path is 2.1 eV. The energy profile for this path is shown in figure 5.
For this charge state we tested several possible paths, both through con-
strained relaxations and NEB calculations; many of the partial jumps possi-
bly contributing to migration paths are interstitialcy mechanisms, where the
migrating atom replaces a boron of the structure, which in turn starts mi-
grating. Probably this is due to the fact that, in this charge state, the boron
interstitial atoms seems to have a strong tendency to establish multiple bond
with neighbouring atoms.

3.2. Boron self-diffusion in ordered B4C

In order to predict boron self-diffusion in boron carbide we start by as-
suming an ordered crystalline structure with (B;;C?)CBC unit cell and we
consider, for interstitials, the migration pathways described in the previous
section and, for vacancies, the results given in Ref. [13]. The latter considers
a direct jump between chain vacancy sites with a large energy barrier of 4.73
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Figure 6: Tracer self-diffusion coefficients of boron atoms mediated by various defects.

eV, a mechanism passing through icosahedral polar site, with a lower though
still high overall barrier of 3.72 eV, and a possible mechanism bypassing
chain sites, with a lower barrier of 2 eV; the last mechanism is, however, pe-
nalised by the high formation energy, and weak dynamical stability, of polar
vacancies.

This data is fed to the KineCluE code to obtain the tracer diffusion
coefficients shown in Fig. 6. In all of the following, the "xyz” directions refer
to a cartesian coordinate system in which the (111) plane of the B,C unit
cell is perpendicular to the z direction.

The diffusion coefficients displayed in Fig. 6 show Arrhenius behavior
over the investigated temperature range. The parameters obtained by fitting
these curves to an Arrhenius form are provided in Table 2. The I(1+) defect
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Defect Diffusion  Diffusion  Activation Migration

type directions  pre-factor energy energy
I(3+4) XyZ 2.42x107° 4.20 1.68
[(2+) XyZ 3.14x10°¢ 4.64 1.64
I(1+4) Xy 3.90x1077 4.58 1.29
I(1+4) z 4.55x1077 4.76 1.47
V(0+) XyZ 2.35x107° 5.12 3.69

Table 2: Arrhenius parameters for boron tracer self-diffusion, obtained from fitting the
values displayed in Fig. 6. When similar values were obtained for various directions,
the value along the x direction is given. The last column is obtained by subtracting the
formation energy of the defect from the activation energy. The energy values are given in
eV and the diffusion pre-factors are in m?/s.

is the only one which generates non-negligible diffusion anisotropy, with dif-
fusion along the z direction being slightly slower than diffusion perpendicular
to it. Diffusion mediated by the two other charge states of self-interstitial
defect are less efficient at low temperature, but still much more efficient than
vacancy-mediated diffusion. As we shall see later on, this conclusion is valid
when the Fermi level is close enough to the top of the valence band (p-type
conditions), but the vacancy contribution to tracer self-diffusion increases
with the electron chemical potential, up to a point where it becomes domi-
nant.

It is also of interest to look at kinetic correlation factors (Fig. 7). The
correlation factor (between 0 and 1) is defined as the ratio between the ac-
tual diffusion coefficient and the ideal diffusion coefficient associated with a
true random walk. The point defect itself can undergo correlated motion
due to the various sites available to it and the non equivalent energy barriers
between these sites (solid lines in Fig. 7). Moreover, there is another source
of correlation arising when we follow the diffusion of a particular atom (the
tracer atom) because most point-defect mediated diffusion mechanisms pro-
ceed in such a way that the displacement of the point defect is not always
driven by the same atom, and therefore a given atom diffuses via succes-
sive association and dissociation jumps with the point defect. This behavior
explains the difference between the tracer correlation factors (dashed lines
in Fig. 7) and the point-defect correlation factors. Correlation factors for
I(2+) are much lower than for other defects. This is because we included
low-barrier jumps between local minima in some energy basin. These low
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migration barriers increase the value of the ideal random walk diffusion coef-
ficient, but because the jumps are all localized in an energy basin and do not
participate in long-range diffusion, they introduce large kinetic correlation
effects. In other words, the system oscillates very fast between these states,
but these oscillations do not contribute to diffusion. The compensation be-
tween the low correlation factors and the fast ideal random diffusion can be
seen in Fig. 6 : despite the large difference in correlation factors between de-
fects I(24) and I(3+), the tracer diffusion coefficients are very close to each
other.

We now study the influence of the Fermi level position on the relative
contributions of vacancies and self-interstitials to boron self-diffusion in B,C.
Figure 8 represents the evolution of the overall tracer diffusion coefficient
as a function of the Fermi level, and the right hand side plot shows the
relative contribution of each type of defect for diffusion in the = direction
only, since the results are fairly isotropic. This curve was obtained using
kinetic cluster expansion [42] including the specific formalism to deal with
charged defects [41], as described in section 2.

First of all, Fig. 8 shows that diffusion is almost isotropic. Moreover,
the tracer self-diffusion coefficient decreases from a value close to the D7, g
coefficient at i = 0 to the Dy, g at higher p, values. This is further supported
by the right hand side plot which shows that at low p. values, tracer diffusion
is mainly mediated by self-interstitial defect with 3+ charge state, while at
higher u. values, tracer diffusion is mediated by neutral vacancies.

Figure 9 shows that the same tendency is observed over the whole tem-
perature range, but the magnitude of the decrease of the tracer self-diffusion
coefficient between low and high . values becomes less and less important
as temperature increases, because Dy g coefficients get closer to each other,
as seen in Fig. 6.

3.3. Influence of disorder on boron self-diffusion

Boron carbide is generally supposed to contain some sort of disorder.
There are indications that one type of disorder is related to the distribution
of carbon atoms on polar sites of the icosahedra. Previous works based on
DFT suggest this [35, 43] and the low formation energy of antisite defects [29]
is corroborating this view. The comparison of calculated Raman spectrum for
a boron carbide model containing polar disorder with experimental spectra
confirms this hypothesis [40]. In order to estimate the effect of disorder on
boron self-diffusion we started from the 2D migration path of the interstitial
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Vacancy diffusion is not correlated, whatever the diffusion direction.
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contribution to the diffusion of boron atoms.

in charge state +3 (figure 2) and, for each of the three minima (1=2cg,
2=pantograph, and 3=2c},), we chose three close icosahedral poles containing
carbon and constructed configurations by permuting the polar atoms. We
relaxed those configurations and performed NEB calculations as for the first
and third steps in figure 2. We note that the relaxations, especially in
charge states +2 and +1, might end up in configurations relatively far from
the starting positions and, as a consequence, the NEB paths might contain
intermediate minima (or shrink into a single point), and the paths might not
be sufficient to provide long range diffusion. However, we think they might
provide a first assessment of the role of disorder on boron self-diffusion.

We analysed the outcoming migration energy profiles and extracted the
global barrier (difference between the highest energy in the path and the low-
est minimum in the sequence of the two jumps). We plot them as a function
of the distance traveled by the migrating boron atom in figure 10 (without
considering the width of the pantograph intermediate configuration).

In the case of charge state +1 many of those calculations (including the
one for the ordered structure) end up in uncoverged results or large energy
barriers, probably due to the fact that the considered path, initially found for
the Q=43 charge state, does not take into account the necessary boron atom
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f(z) = ax (green line) and the reference curve y(z) = x (blue line). Values for the ordered
structure are circled in black.

exchanges typical of interstitialcy mechanisms. We remind that vacancies
have much higher migration energies, out of the range of figure 10. We
thus take into account only interstitials in charge states Q=+2 and Q=43
in the following very simple analysis: we consider the standard deviation
of the calculated energy barriers and of the corresponding starting points,
both for the partial jumps and for the global barriers obtained from the
combination of the two jumps (shown in figure 10a). The results are shown
in panel b) of figure 10. The rationale in doing this comparison is related
to the findings about diffusion in disordered media according to which the
uncorrelated similarity between site disorder and barrier disorder leads to
an Arrhenius type behaviour [44], with an activation energy which, at high
temperature, tends to the average barrier, but at low temperature is closer
to the lowest available barrier. In our case the two standard deviations are
of similar order of magnitude, but not always very close. Still, a partial
compensation between site and barrier disorder, in the spirit of Ref. [44] is
expected.

Of course a more detailed analysis of possible correlations between site
and barrier energies would be necessary in order to predict activation ener-
gies in presence of disorder, however our analysis supports the idea that the
activation energies calculated in the ordered (B1;C)CBC crystal are a fairly
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reliable estimation for boron self-diffusion in boron carbide.

4. Conclusion

We have presented in this paper a theoretical study of boron self-diffusion
in boron carbide based on first principles DFT calculations coupled with the
kinetic cluster expansion approach.

The B4C structure is quite complicated, with multiple local energy min-
ima for self-interstitial atoms, depending on the charge state. We have com-
puted a fair number of these local minima and energy barriers between them
(in fact many more than those presented in figures 2,4 and 5), but we cannot
rule out the possibility that we have missed some configurations and/or jump
mechanisms leading to a more efficient diffusion of tracer atoms. Moreover,
we have assumed that the structure was perfectly ordered regarding the dis-
tribution of C atoms on polar sites of the icosaedron, and that the system
was stoichiometric. Strictly speaking, our conclusions are only valid under
these assumptions, although we do not expect the activation energies will
change too much.

Our results show that the contribution of interstitial boron to self-diffusion
is dominant with respect to vacancy contribution when the material is in
strong enough p-type conditions. Without any doubt, given the migration
part of the activation energies, the interstitial mechanism is the one to con-
sider in conditions of supersaturation of interstitials, e.g. under irradiation
or even, most probably, in boron rich conditions. Our results should, inter
alia, guide the search for optimal boron carbide synthesis conditions. We
hope that our study will spark further interest in diffusion in boron carbide,
in particular in carbon self-diffusion and the diffusion of various impurities,
which in many cases we expect to be coupled with self-interstitial kinetics.
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