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Highlights
Thermodynamical stability of carbon-based defects in a boron
from first principles

Yeonsoo Cho, Jelena Sjakste, Olivier Hardouin Duparc, Nathalie Vast

e May 24, 2024

e Exhaustive study of the formation enthalpy and charge states of carbon-
based defects in rhombohedral o boron.

e In the basal plane, two interstitial carbon atoms tend to form a puck-
ered B4Co hexagon with boron atoms of surrounding icosahedra.

e The defect stability of two interstitial carbon atoms along the rhombo-
hedral axis is shown to be controlled by the distance between the car-
bon atoms. Additional negative charges stabilize the carbon—carbon
diatomic chain.
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Abstract

We report an exhaustive study of the formation enthalpy and charge states of
carbon-based defects in rhombohedral o boron within the density functional
theory (DFT) that enables us to derive rules about the formation of com-
plex carbon defects. We have accounted for one and two interstitial carbon
atoms, eventually combined with one substitutional carbon atom and/or
one interstitial boron atom and varied several geometric parameters. We
find that when positioned in the plane perpendicular to the [111] rhombohe-
dral axis, two carbon atoms turn out to preferentially form a graphite-like
hexagon with four boron atoms. When positioned instead along the [111]
axis, the distance between them strongly affects the defect thermodynamic
stability, and we find in particular that additional negative charges strongly
stabilize the diatomic carbon—carbon chains.

1. Introduction

The main incentive to study carbon-based point defects in o boron that
have low formation enthalpy is the expectation to better understand the
stability of the various polymorphs of elemental boron, since the thermo-
dynamically stable phase, 8 boron, is thought to be stabilized by intrinsic
point defects [1]. Indeed, the recent study of point defects in boron rich
phases with a similar crystal structure, boron carbide, has led to important
conclusions on phase stability [2, 3, 4].

On the practical side, the main obstacle for such studies - the absence
of a viable route for mass production of « boron - has recently been lifted
by the discovery that the presence of carbon atoms triggers the formation
of a boron in high pressure and high temperature syntheses, with potential
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presence of carbon impurities in o boron [5]. This has clearly been shown
by comparing three samples: one that solely contained crystalline 5 boron;
another one that contained crystalline 5 boron and amorphous carbon; and
the last one that contained amorphous boron and amorphous carbon. Only
in the latter two samples had a boron formed, at pressure (P) and tempera-
ture (T) values studied in Ref. [5]. Computations of the equilibrium volume
of carbon impurities in « boron have been compared to experiments that
have led to the conclusion that some carbon impurities exist in the a boron
formed in the above-mentioned conditions. The main scope of the present
work is thus to find a method to classify carbon- and boron-based defects in
« boron and derive general rules regarding the effect of defect geometry on
their thermodynamic stability. We rely on calculations performed within the
density functional theory (DFT) to compute the formation enthalpy, vary-
ing the number of interstitial and substitutional carbon and boron atoms,
and their geometry.

We aim at deepening the fundamental knowledge about point defects
in « boron. The latter is known to be semiconducting, to show up as a
red crystal [6, 7, 8, 9] and to have a band gap of 2 eV [10]. We note,
however, that experimentally prepared crystals of o boron, depending on
the synthesis conditions, have shown colors other than red, such as black [6,
7], orange or light yellow [11]. This may tentatively be attributed to the
presence of point defects - impurities - in the crystalline structure, although
a deep and general understanding is still missing. Present state of the art
about point defects in o boron consists mainly in theoretical studies of the
atomic structure doped with lithium (Li) atoms [12, 13, 14, 15, 16, 17],
hydrogen (H) atoms [18], or magnesium (Mg) atoms [14], and has mostly
targeted potential superconductivity properties of doped « boron. Defects
containing one carbon atom have been studied with ab initio calculations,
with the purpose to explain the experimental data of Ref. [5]. Yet, a general
framework for the classification of point defects in o boron is still missing,
in wide contrast to the 8 boron allotrope [19, 20, 1] and icosahedral boron
carbide [21, 22, 23, 24, 2, 3, 4].

In Section 2, we describe the computational method for the modeling
of defects. In Sections 3 and 4, we show results on the stability of neutral
and charged defects, respectively. Conclusions about rules of formation of
complex carbon-defects in the atomic structure of o boron are drawn in
Section 5.

2. Methods

2.1. Design of defect models and definition of the atomic geometry

Guided by the fact that a boron turns out to be an intermediate phase
occurring before the formation of B4C [25], we have repeated the pristine
rhombohedral unit cell, which contains twelve B atoms, in a 3 x3x 3 supercell
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Figure 1: (a) Atomic structure of R3m rhombohedral o boron used to model the carbon-
based defects. View projected along the [111] rhombohedral axis. Orange solid lines
enclose one primitive rhombohedral unit cell. While the calculations have been performed
in 3x 3x 3 supercells, for clarity reasons we present the 2x2x2 excerption in the figure. Red
(blue) edges: polar (equatorial) site that define a distorted (Bi2) icosahedron. Grey ball:
interstitial 7d site along the [111] rhombohedral axis with tetrahedral symmetry. Green
and violet balls: interstitial T'd site not aligned with the [111] rhombohedral axis. When
two carbon atoms are positioned in the Td sites of one violet ball and one neighboring
green ball, e.g. Td5 and Td6, they form a puckered hexagonal ring (yellow hexagon)
with two boron atoms in the equatorial site of an icosahedron they have in common
(the icosahedron at the center) and two boron atoms in the equatorial site of the other
icosahedron they have in common (not shown). Red ball: intraicosahedral p1 atomic
position. (b) Grey (black) balls: interstitial Td (Oh) site along the [111] rhombohedral
axis, with tetrahedral (octahedral) symmetry. Point O indicated with the grey arrow:
center of the (B12) icosahedron, that aligns with Td1—Tdj} and Ohl—Oh2 along the [111]
direction. The P plane is the (111) basal plane that contains three symmetry-equivalent
polar atoms, including the p! atomic position (red ball in the icosahedron). The P plane
is the (111) basal plane that contains three polar atoms and that is related to the P plane
through the inversion symmetry w.r.t. the (empty) center of the icosahedron (O). Fhe

{6)- Out-ofthe-[H | asis; In panel (a), the Td sites form another puckered hexagon, with
green (resp. violet) sites being above (below) the plane perpendicular to the [111] direction
and passing through the (unoccupied) center of the icosahedron, O. The equatorial sites
form a third puckered hexagon (blue hexagon), and this is due to the distortion of the
icosahedron. All of the interstitial sites remain vacant in pristine « boron, while all of the
polar and equatorial sites are occupied by boron atoms.

and studied all of the possible configurations with the insertion of one and
two carbon atoms in the interstitial 7'd atomic sites of B4C, both with



and/or without one substitutional carbon atom in the intraicosahedral polar
site (figure 1). This leads to the following seven models (table 1, from top
row to bottom row): one (Bj2) icosahedron and respectively, two interstitial
C atoms; two interstitial C and B atoms; three interstitial C and B atoms;
alternatively, the atomic model consists in one (B1;C) icosahedron and,
respectively, one single C interstitial atom; two interstitial C and B atoms;
two interstitial C atoms; three interstitial C and B atoms. We note that
the models with two substitutional atoms in the icosahedron turn out to be
higher in energy by 1.1 eV /defect [26] and are not discussed further.

The atomic geometry is defined by three geometric parameters that de-
pend on the relative positions of the carbon or boron atoms forming the
defect. When two interstitial atoms sit in a plane perpendicular to the [111]
direction passing through the center of the icosahedra they have in com-
mon, the angles that they form w.r.t. the icosahedron centers, ,CTdogTd
are equal and form the main geometric characteristics, noted 2cTdggTd 0%
in the following. This occurs when the atoms sit in two of the Td5-Td10
positions (figure 1(a)). The in-plane configuration leads to the formation
of puckered hexagons, in the same way as equatorial atoms of the same
icosahedron form a puckered hexagon: the Td5, Td7 and Td9 atoms are
in a plane slightly above the plane defined by the T'd6, Td8 and T'd10 po-
sitions (respectively violet and green balls). When, by contrast, the atoms
are aligned along the [111] direction, the distance between two interstitial
atoms is called the CT%-CT? distance and is the main geometric parameter
when they sit in two of the T'd1 to Td/ sites (figure 1(b)). Finally, when the
icosahedron is changed from (Bj2) to (B11CP), where p stands for the polar
site of the icosahedron, the icosahedron center (O in figure 1(b)) is always
chosen to be aligned with the eventual interstitial atoms along the [111] di-
rection. The distance between the substitutional atom and an interstitial
one is called the CP~CT? distance. The three geometric parameters will be
discussed in the next section. Two last cases occur when one interstitial
atom sits in a basal plane (7Td5-Td10) while the second interstitial atom
sits in one of the two closest T'd positions along [111] (T'd1-Td4). We call
these configurations the around 90 degree (~ 90°) configurations and we do
not vary their geometric parameters.

In addition, defects with one carbon atom studied in Ref. [5] are pre-
sented in Appendix A. They are not discussed in the main text because
the geometric parameters are not relevant for these defects.

We have also studied intericosahedral structures that appear in boron-
rich boron carbides [4] as defective chains, which turned out to have higher
values of the formation enthalpy than the configurations reported in table 1.
They are discussed in Appendix B.

When there are two interstitial atoms in two 7'd sites along the [111]
direction, the octahedral Oh site between the two Td sites may be vacant
or not. We use the notation CTdDCTd/, where the square symbol stands



for the vacancy, when the OR site is vacant. Such cases are for instance
configuration (config.) II of the (B12)C'C? model, and configs. IV and V of
the (B1;CP!)C*C model (table 1, brackets). When instead a carbon—carbon
bond is present between two CT¢ atoms, the notation is CTdfCTd/, as for
config. III of the (B12)C*C’ model, and configs. I and I of the (By; CP!)CiCY
model.

Configuration —

Model | I II III v 1 v \Y VI VII VIII IX
(Bp)CiC

L~ ~o0 | H H L1
2 Td5 Td1 Tdi Tdl Td1 Td3 Td1 Td1 Td5 Td5
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l l
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i Td2  Tdi  Tds Td2 Td1 Td3 ~ Td2 Tdi (Tdi
j Tdj ~ Td3  Td6 <Td4> <Td3’> Td4 T3 Td4 (m)
(B1,CP1)CBICk

I [ [ I
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k Tdj Td3 Td2 Td2

Table 1: Seven atomic models (bold font) for defects in o boron, with varying number of
interstitial atoms from one to three with, from top to bottom, (B12) and (B11C) icosahedra.
Defect configurations I to IX are ordered by increasing formation enthalpy per defect. Each
configuration is defined by the location of interstitial atom(s), labeled by i, j, and k indices
as given in figure 1. When the C™® atom - or both C”% atoms if the model contains two of
them - is positioned in a plane that is perpendicular to the [111] direction (green and violet
balls in figure 1), the configuration is marked with the L symbol and when positioned along
the [111] direction (wide orange arrow in figure 1(b)), the configuration is marked with
the || symbol. The ~ 90° stands for the intermediate case which is explained in the main
text. Configurations studied in Ref. [5] are given in parentheses. Configurations where a
vacancy is present between two interstitials are given in brackets.

2.2. Computational details

Each of the defects described in the previous section has been introduced
ina N X N x N supercell of & boron where N = 3. Therefore, the supercell



consisted of 27 elementary rhombohedral unit cells. The total number of
atoms ranged from 324 to 328.

The total energy, equilibrium volume, and band structure of pristine and
defective systems have been computed using the DFT calculations, with the
plane wave and pseudopotential method, in the generalized gradient approx-
imation (GGA) with the PWO91 functional (DFT-GGA-PW91) [27]. In the
neutral charge state, the supercell volume and atomic positions have been
fully relaxed, while in the charged state, the volume was fixed to that of the
neutral state. The pseudopotentials for B and C atoms were identical to
those of Ref. [28]. The plane wave energy cutoff has been set to 100 Ry for
the size of the plane wave basis set. In order to compute metallic defects,
calculations for all of the defects considered the spreading of the eigenval-
ues of 0.03 eV using the Methfessel-Paxton first-order spreading [29]. A 33
Monkhorst-Pack (MP) k-point mesh [30] has been used to sample the Bril-
louin zone (BZ) of the 3 x 3 x 3 supercells. The density of the k-point
meshes has been chosen from the unit cell calculations of o boron where 83
MP k-point mesh turned out to be well-converged within the error bar of
10~® Ry in the total energy.

2.8. Calculation of the formation enthalpy
In this work we deal with various defects with different numbers of atoms
and/or electrons, leading to different stoichiometries and charge states, re-

spectively. To compare their stabilities, computations of the formation en-
thalpy of each defect have been done as follows [31, 32, 33, 34, 35, 24]:

2
q-«
AHp g(ptes ttm) = (Epg—Er)+ Y nmptm+q(Byar+pe) + QLZEW, (1)
m=B,C
L = My, + i (2)
0< pe < B, (3)

where D and ¢ indicate the defect type and the charge state of the defect.
Ep, and Ep are total energies of the defective system and host material,
respectively, the host being in our case o boron. When positive, the value of
the formation enthalpy informs us about the magnitude of the destabiliza-
tion of the system by the defect, w.r.t. the pristine material. A contrario, a
negative value indicates that the defect makes the system more stable than
pristine a boron.

m indicates the chemical potential of an atom of element m, being either
B or C. n,, indicates the number of atoms of element m that are given to
(positive) or supplied from (negative) one reservoir of B atoms and/or one
reservoir of C atoms. The ideal chemical potentials u% and ,u% are taken
from the total energy of pristine o boron and diamond, respectively: u% =



Eiot(a-B12)/12 and ,u% = Fyot(diamond)/2, where Eyy(a-Bi2) indicates the
total energy of a 12-atom unit cell of pristine o boron and Ej,(diamond)
indicates the total energy of a 2-atom unit cell of diamond. The excess
chemical potentials uj and ug define the chemical environment and have
been computed from the formation energy of B4C boron carbide [36, 5].
In the following, the chemical environment is fixed to the boron-rich limit
(v = 0) unless otherwise stated, and the carbon-rich limit (uf = 0) is
reported in Appendices.

When the defect is charge neutral (¢ = 0), Eq. 1 is a function of pup and
ue. When the defect is positively or negatively charged, another parameter
comes into play in Eq. 1: The electronic chemical potential, u.. It is set to
zero at the valence band maximum, which is indicated by Eyvpy. Eveu
has been computed as in Ref. [5]. The upper limit of y. is its value at the
conduction band minimum, Ecpgps, which corresponds to the band gap, Ej.
The last term accounts for the correction of spurious interactions within
periodic array of additional charges, which occurs from the periodic bound-
ary condition. L corresponds to the cubic root of the volume of computed
supercell.

2.4. Calculation of defect charge states

Charged defects have been computed while the supercell volume was
fixed to the equilibrium volume of the defect neutral state [38] (defect atomic
volume [39] are reported in Appendices, in particular in table C.4). Mean-
while, the atomic positions were relaxed. Defects that contain a substitu-
tional and/or interstitial site that breaks the rotational symmetry w.r.t. the
[111] rhombohedral axis, e.g. colored balls in figure 1, break the rhombo-
hedral symmetry. For instance, a (B1;CP) icosahedron lowers the symmety
from rhombohedral to monoclinic. We note that all of the charged defects
have been computed in the supercell with rhombohedral symmetry. In the
case where the neutral defect has a symmetry lower than the rhombohedral
one, the lattice parameters have been averaged to give a rhombohedral su-
percell with the quasi-identical volume. We have checked that the resulting
error in total energy is kept below 0.65 meV /unit cell.
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Figure 2: (a) Same as figure 1(a) with two carbon atoms (green and violet balls) from
configuration T of the (B12)C'CY model. Visualized in a 3 x 3 x 3 supercell (indicated as
3a) and the formed B4Cs puckered hexagon indicated in yellow. Red (blue) balls: polar
(equatorial) boron atoms. Violet (green) ball: carbon atom in the 7d5 (7d6) atomic

position. The angle v stands for the angle ZCT0C™ formed by the CT% atom, the center
of the icosahedron (O), and the C™ atom. (b) Same as figure 1(b) with the definition
of the distance d and the angle v. Formation enthalpy of the (B12)C'C? (blue symbols),
(B12)B (¢l (orange square) and (B12)C 'BICF (hght blue dlsk) models as a function of (c)

i—ndie&ﬁed—&sé@%@i% when the two C atoms are out of the [111] direction or in the
~ 90° configurations (blue stars); (d) the distance between the two eazben atoms in the 7d

site when they are along the [111] direction. In panel (c), the alternate abscissa axis on top
indicates the distance between two carbon atoms in-plane. For the ~ 90° configurations,
d = 5.04 and 5.89 A Whlle the formation enthalpy dlﬁeI‘b by 64 meV/defect Haset—in

Bq@rheaﬁtgeﬂ—lﬂée&-ﬁed—m—ye}}ew— Blue dotted curve in panel ( ): polynomial fit of the
formation enthalpy as a function of -AG—GG—W from the configurations of the (Bj2)C'CY
model that are marked with the L symbol in table 1 [37]. Empty blue circles in panel (d):
non-equilibrium configurations where the distance between two carbon atoms has been
fixed and the energy barrier computed. The blue dotted curve is a guide for the eye. In
configurations I-III, two atoms in the 7'd site are not screened by a (Bi2) icosahedron
between them.

3. Effect of the defect atomic geometry on the formation enthalpy

In the present section, we study neutral configurations with more than
one carbon atom per defect, and report results for the formation enthalpy



at the B-rich limit only (u}j; = 0).

3.1. Atomic models with interstitial carbon and boron atoms

We first fix the icosahedron to (B12) and study defect configurations that
consist of two interstitial atoms in two T'd sites, either with or without a
boron atom in the Oh site that is in between (table 1, rows for the first,
second, and third atomic models). Results are given in figure 2, as a function
of the angle between the two C7? atoms and the center of each of the two
icosahedra they have in common, when the two carbon atoms are in a plane
(quasi) perpendicular to the [111] direction. Or they are given as a function
of the distance along the [111] direction.

We discuss the five configurations that have the lowest formation en-
thalpy values that come from three different atomic models (table 1). The
smallest formation enthalpy value is reached for config. I of the first model,
(B12)CT4CTd6 3,70 eV /defect, with two nearby carbon atoms in a plane
quasi-perpendicular to the [111] direction (figure 2(c), filled diamond). As
the first point of extreme importance, this corresponds to the formation of
a puckered B4Cy hexagon in-plane with four equatorial atoms (figure 2(c),
inset).

Then come: config. I of the second model, (B19)B7%-C7%% 3.91 eV /defect,
where one interstitial boron atom and one interstitial carbon atom form a
bond between them (orange square); config. IT of the first model, (B12)CT#0CT43,
4.14 eV /defect, where the two carbon atoms are aligned along the [111] direc-
tion and have a vacant Oh site between them (right filled triangle); config. I
of the third model, (B12)CT#BOM CT43 4.20 eV /defect, which has a chain
that is analogous to that of B4C boron carbide [21, 40, 41, 28] (light blue
disk); config. I1I of the first model, (B12)CT%-C7%5 4.21 eV /defect, where
the two carbon atoms form a bond (left filled triangle). The C-B—C chain
is thus very close in energy to COOC and C—C (config. II and III). Finally,
the formation enthalpy of the two ~ 90° configurations, 4.22 eV /defect or
4.28 eV /defect (config. III" and II1”, respectively), are close to that of the
C—C defect (config. IIT), and nicely agrees with the angle dependence of in-
plane defects: the blue star symbols in figure 2(c) are close to the dotted
line. We will see below that the energetics is modified when the icosahedron
is (B11CP) instead of (Bi2).

Going from CTHOCT4 (config. IT) to CT4-CT43 (config. IIT), the CT7-
CT distance is halved from 3.1 A to 1.6 A, and the energy barrier height
is around 0.9 eV (empty blue circles and dotted line). Such a barrier has
also been found in boron carbide [42, 43] with however the energy barrier
value smaller by one-third (0.3 eV) at 0 GPa [43]. The equilibrium volumes
of configs. Il and III of the first model are reported in Appendix C, as well
as those of the other defects. As the second extremely important point, we
will see in Section 4 that charging config. I with two electrons makes the
presence of a vacancy unstable, and leads to a defect similar to config. III.



Remaining configurations of the (B12)C*CY and (B12)BC’ atomic models
are discussed in Appendix D.1. Configs. IV-VI of the (B12)C*C’/ model have
formation enthalpy values that are close to twice the value of the isolated
(B12)CT¥ defect, so that no energy gain is obtained from the formation of
such complex defects.

In summary, we find that the in-plane configuration with two first neigh-
bor atoms has the lowest formation enthalpy. It is followed by the B-C
chain. Then, the COC, C-B-C, and C-C chains along the [111] direction
have the same formation enthalpy within 70 meV/defect. Then they are
followed by the ~ 90° configs. III" and III” that have the formation enthalpy
5-69 meV /defect higher than that of the C—C chain.

3.2. Changing the (Bi2) icosahedron to (By1CP)

We now turn to defects with a (B;;CP) icosahedron rather than a (Bi2)
icosahedron and discuss the rows for models 4 to 7 (table 1). We fix the
polar carbon atoms at position p=p1 (figure 1, red ball).

3.2.1. Atomic models with one interstitial carbon atom

The configurations of the (B1;CP)C? model (table 1, fourth model) have
the lowest formation enthalpy values among all of the interstitial defects
that also contain a substitutional C? atom. When the interstitial atom sits
in-plane at one of the Td5 to Td10 positions (figure 1(a)), the formation
enthalpy ranges between 4.15 and 4.34 eV /defect. When the interstitial
carbon atom is positioned at one of the TdI-Tdj tetrahedral sites (fig-
ure 1(b)), the formation enthalpy turns out to be ~ 4.55 eV /defect within a
configuration-dependent fluctuation of 20 meV /defect. We find almost no
effect of the CP~C7¥ distance on the defect formation enthalpy (Appendix

3.2.2. Atomic models with two or three interstitial atoms

In the present section, we study defects that contain two (table 1, fifth
and sixth models) or three (table 1, seventh model) interstitial atoms. Like
in Section 3.1, we limit the discussion to diseuss-the five-configurations that
have the lowest formation enthalpy values. We have five such configurations.

The (B11CP)B‘CY model has the lowest formation enthalpy values when
a bond forms between two interstitial atoms, irrespective of the occupa-
tion of the (7d1,Td3) and (Td2 Td4) site pairs. The average value is
5.01+0.15 eV /defect (figure 3(b), light green symbols) and the B74-CT¢
distance is 1.57 A.

The second smallest formation enthalpy value, 5.22 eV /defect, is given by
the (B1;CP)CiCY model, with the C7%-C7T% bond formed between the inter-
stitial carbon atoms (configs. I and II, dark green point and empty diamond
symbol). We discuss the effect of the CT4-C Td" distance in Appendix D.2,
and the effect of the CP-CT? distance in Appendix E.
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Figure 3: (a) Same as figure 1 with the definition of d. (b) Formation enthalpy
of the (B1:CPH)B'CY (light green symbols), (B1;CPY)C'CY (dark green symbols) and
(Bllel)C BC* (magenta symbols) models as a function of the—distanee—between—the
two T atomisd.

As the third extremely important point, the formation of a CT%-BOh-
CT chain (table 1, seventh model, configs. I and II) gives similar formation
enthalpy value, 5.25 eV /defect (magenta square and cross symbols), to the
configurations with the CT¢-C Td 1ond (dark green point and empty dia-
mond symbol). We remind the reader that such C-B-C chains are the main
components in the intericosahedral space of B4C boron carbide.

Config. IIT of the (B1;C?)C*CY model (table 1, sixth model) has the next
smallest formation enthalpy, 5.36 eV /defect. This is the case where two CT¢
atoms are in a plane that is quasi-perpendicular to the [111] direction and
form the puckered B4Cs hexagon also reported in Section 3.1.

The fifth smallest formation enthalpy value, 5.90+0.04 eV /defect, comes
from the CT0CTY case (configs. IV and V, table 1, fifth model), where two
interstitial carbon atoms are aligned along the [111] direction with a vacant
Oh site between them (dark green square and cross symbols).
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Remaining configs. V-VII of the (B1; CP)B*C/, VI-IX of the (B1; CP)CC/,
and III-1V of the (B1;CP)C'B/C* models are reported in Appendix D.2
and Appendix E.

In summary, when the icosahedron is (B1;C?), and apart from the (B1;CP)
itself (Appendix A), the defect formation enthalpy is somewhat higher than
the case where it is (B12), so that the formation of a defect is less proba-
ble under thermodynamical conditions. We find that all of the B-C chain
configurations have the lowest formation enthalpy values when the defect
icosahedron contains one susbtitutional polar carbon atom. They are fol-
lowed by energetically quasi-equivalent C—C chain, C-B—C chain, and the
in-plane configuration with puckered B4Cs hexagon. Higher in energy comes
the COC case.

3.8. Conclusions on neutral defects

Computation of the formation enthalpy values of neutral defects enables
us to conclude that the atomic geometry of carbon-based defects in the
atomic structure of o boron plays an important role in the formation en-
thalpy when the defect contains two or more interstitial atoms. The key
factors are (i) the angle with which a puckered B4Cs hexagon starts to form
in the basal plane, or the ~ 90° angle when one C”% atom sits in-plane and
one CT4 atom sits along [111]; (4i) the distance between interstitial carbon
atoms when they are aligned along the [111] direction. On the other hand,
both distance between substitutional and interstitial carbon atoms and the
angle that they form with the center of the icosahedron play only a minor
role in the formation enthalpy (Appendix E).

When the icosahedron is (B1z), low-energy neutral defect is (B1o)C7T4.
For higher carbon concentrations, the five most stable model configurations
with two or three interstitial atoms are the puckered B4Cs hexagon in-plane,
similar to graphene. Then come: the B—C chain, the CLIC Oh vacancy case,
the C—B—C and C—C chains, and the two ~ 90° configurations, by order of in-
creasing formation enthalpy. Changing the defect icosahedron from (Bi2) to
(B11CP) increases the formation enthalpy by approximately 1.14 eV /defect.
The low energy models are preserved but the order is different: the B-C,
C-C, C-B—C chains, the puckered B4Cs hexagon, and the CLOC Oh vacancy
case. This allows us to predict the atomic structure of carbon-defects in
« boron when the carbon concentration is high enough.

Finally, the carbon-based defects that have the lowest formation enthalpy
values are the one-carbon-atom defects with formation enthalpy values of
2.25 eV /defect [(B12)CT9]; 2.73 eV/defect [(B11CP)]; and 3.77 eV /defect
[(BLC¥))
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4. Results on the formation enthalpy of charged defects

In the present section, our aim is to determine the charged state of the
defects studied in Section 3. To this end, we report the formation enthalpy as
a function of the electronic chemical potential (see Eq. 1). In the following,
we discuss only the three defects having the lowest energy. The study of the
other defects as well at the C-rich limit are reported in Appendix F.

The lowest formation enthalpy values for one single carbon-based defects
(B12)CT4 and (B11CP) are found for the charge state of ¢ = —1 and ¢ = +1,
respectively (figure 4(a), blue and black curves). This was found in Ref. [5]
with a 2 x 2 x 2 supercell modeling, and is confirmed here for a 3 x 3 x 3
supercell.

Remarkably, we find that when charged, config. IT of the (B12)C*C’ model

that was initially (B12)C7%0CT4% shows a drastic decrease in the formation
enthalpy (red dotted line). In fact, it is no longer stable in the sense that
the Oh site is not vacant any longer when the charge state is ¢ = —2: there
is a transition between config. II and config. III upon charging the defect
negatively. Such a transition has been reported in boron carbide, for which
the mechanism was the application of pressure. The boron vacancy at the
Oh site in B4C boron carbide, C-[J-C, transforms into a compacted C-C
bond under pressure [36].
In our calculations however, the volume after charging is that of the neu-
tral state of config. II. The CT4-CTd43 distance is found to relax from
31A (g = 0)to1.7A (¢ = —2), forming the CT¢-CT% hond. Interest-
ingly, the formation enthalpy of the (B12)CT4-C7T% with charge ¢ = —2 is
lower, within the accuracy of our calculations, than that of the (B12)C™? de-
fect with ¢ = —1 that was thought so far to be the defect of lowest formation
enthalpy [5]. Indeed, at the bottom of the conduction band, its formation
enthalpy is as low as 0.46 eV /defect (figure 4(a), red dotted curve). Look-
ing at the C-rich limit, the formation enthalpy even becomes negative w.r.t.
pristine « boron (see Appendix F). Variation of the electronic potential
that shows this inspiring decrease in formation enthalpy can be carried out
either by doping or by electrostatic gating [44].

We now report the formation enthalpy as a function of the charge state
(figure 4(b)), for three values of the electronic chemical potential: close
to the VBM (p. = 0), at mid-gap (ne = 1.3 €V), and close to the CBM
(e = 2.25 €V) [45]. Near the VBM, the positively charged (B1;CP) has the
lowest formation enthalpy (1.01 eV /defect). The doubly-positively charged
state is also close (1.32 eV /defect). In wide contrast, there are four defects
that compete at mid-gap (ue = 1.3 eV) as they have very close formation
enthalpy values: the positively charged (B;;CP), the neutral (B12)C74, the
negatively charged (B12)C7”?, and the doubly-negatively charged (B12)C 7%~
CT43 Their formation enthalpy values are in the range of 2.3740.12 eV /defect.
At pe = 2.25 eV (CBM), the most stable defect is the doubly-negatively
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Figure 4: Formation enthalpy of the defects that have the lowest values: (B11CP),
(B12)C™, and configurations II and III of the (Bi2)C'CY atomic model (table 1, first
model). (a) Formation enthalpy as a function of the electronic chemical potential [45]. (b)
Formation enthalpy as a function of the charge state. The electronic chemical potential is
fixed at 0 €V, 1.3 eV, and 2.25 ¢V (from top to bottom) of which the latter two u. values
are indicated by dotted and dashed vertical lines in panel (a). Note that the volume of the
charged config. III is that of the neutral state of config. IT and amounts to 7.34 A3/at0m,
while the volume of the neutral state of config. IIT is 7.30 A®/atom (table C.4).

charged (Bio)CT4-CTd3,

In conclusion, additional charge enables transition between different con-
figurations of a two-carbon-atom defect and can lower the formation en-
thalpy to an extent where it becomes more stable than the single-carbon-
atom defect.

5. Conclusions

Extensive calculations of the low energy defects in o boron have been
performed within the density functional theory framework, and has enabled
us to propose a classification of the configurations of carbon-based defects.

We find that the atomic geometries of defects that contain two or more
impurity atoms - substitutional carbon, interstitial carbon, and interstitial
boron - affect the stability. Three conclusive rules have been derived from
the inspection of defect formation enthalpy values with varying geometry: i)
when two or more interstitial atoms exist in-plane, they preferentially form
a puckered B4Cy hexagon, leading to graphite-like configurations for the
carbon impurities, #) when two or more interstitial atoms exist along the
[111] rhombohedral axis, the distance between the interstitial atoms controls
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the thermodynamic stability of defect, iii) one substitutional carbon atom
in the icosahedron overall increases the defect formation enthalpy, but the
CP-CT? distance and angles that include CP do not play a big role.

The formation enthalpy values of various geometries of carbon-based
defects in o boron have brought us the consensus that five diatomic or tri-
atomic interstitial defects are close in energy. Those are: the puckered B4Cs
hexagon; the B-C and C—C chains in which atoms are bonded in the chains;
the COC case where no bond is formed; and the C-B—C triatomic chain.
When there is no substitutional carbon atom, the five interstitial defects are
ordered by increasing formation enthalpy as given above, except for the C—-C
chain, which has the highest value and is close to the ~ 90° configurations.
When there is one substitutional carbon atom within the icosahedron, there
is a change in the ordering: the most stable interstitial defect is the bonded
B-C chain; then comes the C-C and C-B—C chains, as well as the puckered
B4Cs hexagon, that are close in energy within 150 meV /defect. The COC
is the least stable defect and is distant from the C-C and C-B-C chains
by 0.6-0.7 eV /defect, in contrast to the case with no substitutional carbon
atom, where the three defects are close in energy.

Interestingly, additional charges turned out to drastically modify the
relative stability of the interstitial defects. With two additional electrons,
the formation of a C—C bond greatly lowers the formation enthalpy, which
makes this defect the most probable - together with the (B;;CP) - among
the defects that we have studied so far. This study allows the understanding
of the mechanism of formation of carbon-defects in o boron with increased
carbon concentrations, that paves a way to the design of carbon-based spin
defects in icosahedral boron.
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Appendix A. Defects with one single carbon atom

Defects containing one single carbon atom have been studied in Ref. [5]
in a 2 x 2 x 2 supercell, and are reported in the present work for a 3 x 3 x 3
supercell. The two main carbon-based defects that turned out to have the
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lowest formation enthalpy are the insertion of a carbon atom at the T'd inter-
stitial site (figure 1(b)), leading to the (B12)C™? defect [5] (figure 5(a)); and
the substitution of a boron atom by a carbon atom in one of the six equiv-
alent atomic positions of the polar site of the icosahedron (red corners of
icosahedron in figure 1(b)), leading to the (B1;CP) defect (figure 5(b)). The
carbon substitution in the equatorial site, the (B11C¢) defect (figure 5(c)),
has a somewhat higher formation enthalpy [5].

In the main text, we demonstrate that the insertion of multiple CT¢
atoms would occur by planar distribution while the characteristic angle
(€Lt ) plays an important role (Section 3.1). Finally, the intersti-
tal site with octahedral symmetry, Oh, turns out to be an unstable position
for the insertion of a carbon atom.

a ¢ a‘ ‘.
\b (Bp)C™
- Hy =225¢V

(a)

Figure 5: The atomic structure and formation enthalpy value of the simplest carbon-based
defects in o boron when one single carbon atom is inserted in the 3 x 3 x 3 supercell of
a boron, ordered by increasing formation enthalpy: (a) (Bi2)C7% (b) (B1:CP); and (c)
(B11C°). Red (blue) balls: boron atoms in the polar (equatorial) site of an icosahedron.
Black balls: carbon atoms. The formation enthalpy values are defined at the B-rich limit
(up =0).

Defect at. C ch HfB Vv Ay
(%)  (eV/defect) (A®/at.) (%)

a boron (Ref.) 0 0 0 7.29 0

Single-atom interstitial

(By2)CTd 031 1.51 225  7.32 +0.34

One substitutional C atom

(B11C?) 0.31 1.81 2.73 7.29 —0.08

(B11C%) 031 285 3.77 7.30 —+0.06

Table A.2: Single carbon-atom defects depicted in figure 5.
Carbon concentration, formation enthalpy at the C-rich (ug =
0) and B-rich (uj; = 0) limit Hf (HJ), atomic volume V, and
defect-induced volume change Ay w.r.t. pristine a boron.
The electronic potential was fixed to g = 0 in the defect
formation enthalpy.
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Appendix B. Intericosahedral motifs found in boron-rich boron
carbides

Some of the intericosahedral structures in phases of boron carbide other
than B4C (i.e., in boron-rich phases) appear as ordered four-atom B-C-B-C
chains or as C(B)C or B(B)B pantographs [47, 28, 2, 3, 4]. In a boron, they
turn out to have formation enthalpy values ranging from 7.6 eV /defect to
9.1 eV /defect (at the B-rich limit), while all of the two-atom or three-atom
interstitial defects have formation enthalpy below 6.1 eV /defect (table C.4).
We conclude that these motifs have a small probability to occur as point
defects in « boron.

Defect at. ¢ CT-CT? distance ch H fB Vv Ay Parent

(%) (A) (eV/defect) (A3/at.) (%) phase
B(E)B pantograph 0 9.84 9.10 7.33 +0.52 OPO1
B-C-B-C chain 0.61  2.77 6.51 7.62  7.32 +0.39 OPO2
C(B)C pantograph 0.61  2.57 7.66 878  7.30 +0.14 OPO3

Table B.3: Intericosahedral chains found in boron-rich phases of boron carbide, OPO1-3 [4],
taken as point defects in a boron. Carbon concentration, C—C distance, formation enthalpy at
the C-rich (B-rich) limit ch (HfB)7 atomic volume V| and defect-induced volume change Ay
w.r.t. pristine o boron. The electronic potential was fixed to g = 0 in the calculation of the
defect formation enthalpy.

Appendix C. Defect-induced volume change

In the present section, the equilibrium volume of neutral defects is stud-
ied and the change with respect to the volume of pristine « boron is analyzed
(table C.4).

When the icoshedron is (B12), a volume expansion has been found for all
of the defects, with one exception: a volume contraction has been found for
the single carbon atom substitution in the polar site B1;C? (Appendix A),
which confirms for the 3 x 3 x 3 supercell the contraction already reported
for the 2 x 2 x 2 supercell and observed in the experiments [5].

In addition, a quasi-stability of the volume is found for the single carbon
atom substitution in the polar equatorial site B1;C¢ (Appendix A), and for
the diatomic C—C chain, config. III of the (B12)C'C’ model (table 1, first
model & table C.4, line 4).

When the icosahedron is (B1;C?), a volume expansion has been system-
atically found except in the six cases where the chain is diatomic, for which
a volume quasi-stability has been computed: the B-C chains, B7#-CT%,
cTd2_pgTdi BTl _CTd5 and CT4-BT (table 1, sixth model, configs. I-TV
& table C.4, lines 17-20); and the C-C chains, CT4?-C74 and CT4-CTd3
(table 1, fifth model, configs. I-II & table C.4, lines 24-25).
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Model at. C  Config. Interatomic distance () HY Hp \% Ay

(%) p-Td p-Td Td-Td  (eV/defect) (A®/at.) (%)

a boron (Ref.) 0 0 0 7.29 0

Two-atom interstitial

(B12)CTCTY 061 T 3.00 222 3.70 7.34 +0.61
I 3.13 2.66 4.14 7.34 +0.67
11 1.60 273 4.21 7.30 +0.04
I 5.04 274 4.22 7.34 +0.67
r” 5.89 2.80 4.28 7.34 +0.67
v 15.73 2.84 4.32 7.34 +0.67
A 12.55 2.99 447 7.34 +0.68
VI 9.31 3.10 4.58 7.34 +0.67
VII 5.07 3.31  4.79 7.35 +0.70
VIIT 5.90 3.42  4.90 7.34 +0.66

(B12)BT4CTY 031 I 1.52 3.35 3.91 7.30 +0.15
n 2.97 5.50  6.05 7.35 +0.75

Three-atom interstitial

(B12)CTIBOMCT 061 1 2.79 2.90 4.20 7.33 +0.44

One substitutional C atom & Single-atom interstitial

(BiCP)C™ 062 I(L) 2.74 249 415 7.31 +0.19
(L) 4.00 253 4.19 7.31 +0.20
ML)  4.00 262 4.28 7.31 +0.20
V(L) 275 2.67 4.34 7.31 +0.20
() 9.13 2.86 4.53 7.31 +0.20
11(])) 6.17 2.87 4.54 7.31 +0.20
()  6.48 2.88  4.54 7.31 +0.20
() 357 2.90 4.56 7.31 +0.19

One substitutional C atom & Two-atom interstitial

(Bi:CP)BTIC™ 061 I 556  4.01 1.58 3.36  4.84 7.30 +0.07
n 439  5.95 1.57 3.48 4.96 7.30 +0.07
11 821  6.64 1.57 3.63 5.11 7.30 +0.06
v 7.04  8.61 1.57 3.66 5.14 7.30 +0.06
v 6.19  9.16 3.00 5.69 717 7.35 +0.72
VI 9.06  6.09 3.00 571  7.20 7.35 +0.72
VII 3.58  6.50 2.98 573  7.21 7.35 +0.70

(B, CP)CTICT 092 I 6.80  8.42 1.64 281 5.22(1) 7.29 +0.00
I 416 5.77 1.64 2.82 5.22 7.29 —0.01
11 281 4.02 3.04 2.95 5.36 7.33 +0.47
v 6.24  9.01 2.80 3.45 5.86 7.33 +0.48
v 3.63  6.35 2.78 3.53  5.93 7.33 +0.47
\% 3.50  4.03 4.98 3.73  6.14 7.33 +0.54
v 345 277 4.98 3.74  6.15 7.33 +0.52
v 3.48  4.01 5.93 3.95 6.36 7.33 +0.54
v 3.44 273 5.96 4.03  6.43 7.33 +0.54
VI 6.54  9.19 15.60 4.07  6.47 7.33 +0.53
VII 6.12  6.58 12.54 420 6.61 7.33 +0.55
VIII 352  9.25 12.56 4.26  6.66 7.33 +0.54
X 352  6.12 9.41 4.46  6.87 7.33 +0.53

One substitutional C atom & Three-atom interstitial

(Bn,CP)CTBICT! 092 1 6.26  9.03 2.80 2.99  5.21 7.33 +0.43
I 3.65  6.39 2.79 3.06 5.28 7.32 +0.42
11 403  6.07 9.90 531 7.53 7.32 +0.38
v 3.46  6.67 9.90 5.46  7.68 7.32 +0.38

Table C.4: Atomic models, their carbon concentration and configurations as described in
table 1, the C-C distance(s), formation enthalpy at the C-rich (B-rich) limit ch (HP),
atomic volume V, and defect-induced volume change Ay w.r.t. pristine @ boron. The
electronic potential was fixed to p. = 0 in the defect formation enthalpy. When possible,
the names of the sites p/Td/Oh have been directly inserted into the model name instead
of using the 4, j, and k indices of table 1.
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Appendix D. High formation enthalpy neutral defects

Appendiz D.1. Neutral defects with two interstitial atoms

In the present section, the formation enthalpy of neutral defects with
two interstitial atoms that have values larger or close to twice the isolated
tetrahedral interstitial carbon atom is discussed. We generalize the distance
and angle of the main text as follows: d* is the distance between CT¢ and
CTd" atoms, where CT?" is defined as a CT? atom in the neighboring super-
cell that makes the smallest C-C distance and that does not align with the
CTd atom along the [111] direction; v* is the angle ZCT?OCT?" that two
atoms, CT% and CT%" from neighboring cells, form with the center of one of
the two icosahedra that they share.
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Figure 6: Formation enthalpy of the (B12)C‘C? model as a function of (a) the distance
between CT% and C”7? atoms that are along the [111] direction, d; (b) the distance between
CTd and CTd* atoms, d* %hef&@—i&éeﬁﬂeé-&s&—@l%@lﬂ—&ﬂ—%h&ﬂ&ghbﬁfmg—s&pef&eﬁ

%h&{&&—lﬂ—é&eeﬁeﬂ The characterlzed angle é@—d@Gmer&elfhdefeefe—t&s}wHe

legendy" is shown in the legend. Dotted line: the value of twice the formation enthalpy
of the (Blz)CTd defect.

Interstitial atoms in configs. IV-VI of the (B12)C*C’ model are located
along the [111] direction. They have a formation enthalpy value equivalent to
two isolated (B12)CT¢ defect (figure 6, dotted line), from which we conclude
that the two carbon atoms behave as two isolated C7? atoms along the [111]
direction. Consequently the formation enthalpy only weakly varies with the
CTd_CTd Jistance.

When one of the interstitial atoms is boron instead of carbon, the two
configurations of the (B12)B*C’ model greatly differ in formation enthalpy,
as BT40OCT43 (config. IT) has a value that is larger by 50 % than B7/-C 743
(config. I), which amounts to 6.05 eV /defect (table C.4, line 11). This is
in wide contrast to the (B12)C*C’ model where the two configurations have
quasi-identical formation enthalpy values (Section 3.1).

The formation enthalpy values of the two other in-plane configurations
of the (B12)C'C’ model - configs. VII and VIII - are more than 1 eV /defect
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greater than that of config. I (table C.4, lines 89). One can make the
hypothesis that for config. I there is an interaction between C7% and C7%6
that is mediated by the icosahedron and lowers the formation enthalpy w.r.t.
the two other in-plane configurations.
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Figure 7: Formation enthalpy of the (B11CP)C'C?  (dark green symbols) and
(B11CP1)C'B/CF (magenta symbols) models as a function of (a) d and the-distanee-between
G%M%efn&%h&ﬁ—&f&a&eﬂg—%h&{—ﬂﬂ-d&eeﬁeﬂ;—(b) d* defined in figure 6.—the

Td Td* Td* . Td

defeet—is-shewn—in—thelegendy™ is shown in the legend. Dotted line: the sum of forma-
tion enthalpy values, H[(B11C?)] 4+ 2H[(B12)C "], comparable to one (B11C?) and two
(B12)CT* defects that are totally isolated from each other.

Appendiz D.2. Changing the (Bi2) icosahedron to (B CP)

Configurations of the (By;CP)C'C/ kind are characterized by the CP-C T4
and the CT?-CT? distances. Unlike the C?~C 74 distance (see Appendix E
below), the CT4-C Td" distance has a large effect on the formation enthalpy.
For instance, the change amounts to 0.64 eV /defect between configs. I and
IV, where the CT%-CT4 distance varies from 1.64 A to 2.80 A (figure 3(b)
of the main text, dark green point and square symbol). In figure 7(a), we
observe dark green symbols that are distinct in formation enthalpy values
w.r.t. the CT4-CT% distance along the [111] direction (configs. VI-IX). All
of the dark green symbols lie below the dotted line, which indicates that
we benefit in thermodynamical stability by a minimum of 0.36 eV /defect
(config. IX) by aligning the interstitial carbon atoms along the [111] direction
when we have (B1;CP) instead of (Bj2), w.r.t. the case where three carbon
atoms are perfectly isolated.

The distance between two interstitial atoms has an even bigger effect
in the (B11CP)B*CY model (configs. V-VII), as a vacancy between intersti-
tial boron and carbon atoms turns out to be highly unfavorable. Indeed,
BTdOCTd Op vacancy case has its formation enthalpy value in the range

20



of 7.1940.02 eV /defect (configs. V-VII). In particular, the formation en-
thalpy increases by 2.33 eV /defect while the B7%-C Td" distance varies from
1.58 A (config. T) to 3.00 A (config. V).

Turning to the (B1;CP!)C'BIC* model, configs. I and II are quasi-
equivalent in the formation enthalpy within 72 meV/defect, implying that
the formation of a CT4-BO"-CTd hond is decisive in the relative stability
of this defect, while the location of the CP atom is negligible.

Finally, a boron atom at the Td position is forbidden with very high
defect formation enthalpy (figure 7, magenta star and plus symbols & ta-
ble C.4, lines 35-36).

Appendix E. Effect of the /CPOCT? angle and the CP—CT4 dis-
tance

Appendiz E.1. Atomic models with one substitutional and one interstitial
carbon atoms

In figure 8, we report the value of the formation enthalpy of neutral
defects with one substitutional CP and one interstitial C”¢ atoms. The
formation enthalpy is found to depend very weakly on the angle ~/CPOCT?
when the interstitial C7? atom sits in the basal plane perpendicular to the
[111] direction (figure 8(a)), and on the distance between C? and C7? when
the CT? atom sits along [111] (figure 8(b), see also table C.4).
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Figure 8: Formation enthalpy of the (B11C?)C* model as a function of (a) the angle defined
by the CT? atom, the icosahedron center, and the CT¢ atom that is positioned in-plane,
0; (b) the distance between the CP and C” atoms, d. The formation enthalpy values in
panel (a) are within 4.2440.09 eV /defect and the averge value is shown by the dotted line.
The dotted line in panel (b) is the average value, 4.55 eV /defect.

Appendiz E.2. Atomic models with one substitutional and two interstitial
carbon atoms

Since the (B33 C?)C*C? model contains two interstitial carbon atoms, the
CP-CTd distance can be characterized either as the CP~CT? or CP-CT4
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distance. Unlike the CT¢-CT? distance, both the CP~C7T? and the CP-CT?
distances have a negligible effect (8 meV /defect) on the formation enthalpy
of configs. I and II (figure 3(b) of the main text, dark green point and
empty diamond symbol on the left), where the CP~C”? distance changes
from 6.8 A (CP-CT) to 4.2 A (CP-CT) and the CP-CT? distance changes
from 8.4 A (CP-CT%) to 5.8 A (CP-CT4%). This is due to the formation of
cTd ¢Td bonds, namely C74-CT43 and CT4-CT% bonds, that make the
atomic structure insensitive to the location of the substitutional atom in the
icosahedron (see also table C.4, lines 24-25).

The same conclusion can be drawn by inspecting configs. IV and V that
have a vacancy present between the CT? and CTd atoms: the magnitude
of the change in the formation enthalpy is only 76 meV /defect as the CP—
CTd and CP-CT? distances are either 6.24 A and 9.01 A, or 3.63 A and
6.35 A (table C.4, lines 27-28) (figure 3(b) of the main text, green square
and cross symbols).

As the last example, the difference in formation enthalpy between configs.
VII and VIII amounts to 55 meV /defect where the CP~C”? distance varies
from 6.1 A (CP-CT42) to0 3.5 A (CP-CT4) and the CP-CT¢ distance from
6.6 A (CP-CT%) t0 9.2 A (CP-CT4) (figure 7, green plus and circle symbols
& table C.4, lines 30-31).

Appendiz E.3. Atomic models with one substitutional and three interstitial
atoms

The configurations of the (By; C?)C'B/CF kind are also characterized by
the CP-CT and CT4-CT? distances along the [111] direction, as in the
previous section. Comparison between configs. I and II shows that CP—CT¢
and CP-CT? distances also have a small effect on formation enthalpy as in
the previous section. For instance, in configs. I and II, the CP~CT? distance
varies from 6.3 A (CP-CT42) t0 3.7 A (CP-CT?) and the CP-CT? distance
varies from 9.0 A (CP-CT%) to 6.4 A (CP-CT9%), while the change in the
formation enthalpy is only 72 meV/defect (figure 3(b), square and cross
symbols in magenta).

In conclusion, the CP~CT? and CP-C Td" Qistances have a minor effect on the
formation enthalpy, in wide contrast with the CT¢-C Td" distance.

Appendix F. Formation enthalpy of charged defects

In figure 9, we report the formation enthalpy of charged defects as a
function of the electronic chemical potential.

In the B-rich limit, the most stable defect atomic model turns out to
be the positively charged (Bj;CP), then the neutral (B12)C7¢, and then the
doubly-negatively charged (B12)CT%-C7T43 with increasing electronic po-
tential y, from zero to E4 (Section 4). Turning to the C-rich limit, the most
stable defect atomic model converts directly from the positively charged
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Figure 9: Formation enthalpy of the charged defect as a function of the electronic potential
within the band gap of pristine a boron. Excess chemical potential of B and C atoms
fixed to that of the (a) B-rich and (b) C-rich limit obtained from the formation enthalpy
of B4C boron carbide. Dark grey curves for the simple defects (Appendix A): (B11CP),
dotted; (B11C®), dashed; (Blz)CTd, solid. Colored curves: config. I of each defect atomic
model, which has the lowest formation enthalpy when charge neutral. Exceptionally the
(B12)C'C’ model is shown in three configurations (I-1II). Left- and right-hand side of each
panel: defect atomic models with unmodified (Bi2) icosahedron and (B11C?) icosahedron,
respectively.

(B11CP) to the doubly-negatively charged (B1o)CT#-CT4% at p, =1.1 eV
(figure 9(b), left-hand side). The formation enthalpy of the doubly-negatively
charged (B12)CT4-CT43 in the C-rich limit is outstanding. Its value at the
CBM (—1.02 eV) implies that a doubly-negatively charged CT4-C Td hond
could be even more stable than the pristine « boron.

In table F.5, we report the formation enthalpy of charged defects in some
of the configurations at the B-rich limit.

In table F.6, we report interatomic distances that are the main geometric
parameters in this study, within the defect atomic models and configurations
that are listed in table F.5, while the defects with one carbon atom are
excluded since the geometric parameters become irrelevant. A large decrease
in CT4-CT? distance is observed in config. II of the (B12)CTeCT defect, as
it is 3.13 A in the charge-neutral state and 1.70 A in the doubly-negatively
charged (¢ = —2) state, which indicates the formation of a CT%-C Td" hond.
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Model Config. Charge state ¢ (e)
-2 -1 0 +1 42

a boron (Ref.) 0
One substitutional C atom
(B11CP) 710 4.63 273 1.01 1.32
(B11C°) 7.80 5.34 3.77 2.53 2.89
Single-atom interstitial
(Bp2)C™? 585 3.73 225 2.35
Two-atom interstitial
(Byp)CTdCTd I 6.64 4.88 3.70 3.88

11 496 4.97 4.14 4.39

I11 5.09 442 421 4.42

VI 7.73 590 4.58 4.78

VIII 7.72 6.01 4.90 5.10
(By2)BTeCTd I 6.41 4.89 3.43 3.91
Three-atom interstitial
(By2)CTIBOMCTd T 6.76 4.37 4.20 4.53
One substitutional C atom & Single-atom interstitial
(ByCP)CTd I 8.58 6.38 4.53 3.32
One substitutional C atom & Two-atom interstitial
(B CP)BTACTd 1 8.74 6.73 4.84 4.72

IT 8.68 6.78 4.96 4.88
(B crycTdgTd 1 7.89 5.60 5.22 527

IT 7.87 559 5.22 5.29

One substitutional C atom & Three-atom interstitial
(B CP)CTIRICTd | 9.23 7.15 5.21 5.37
II 9.14 7.19 5.28 5.44

Table F.5: Defect formation enthalpy (eV) at the B-rich limit as a function
of the charge state ranging from —2 to +1 (or +2). The electronic potential
was fixed to ue = 0. When possible, the names of the sites p/Td/Oh have
been directly inserted into the model name instead of using the i, j, and k
indices of table 1.
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Model Config. Charge state ¢ (e)
-2 -1 0 +1

Two-atom interstitial

(By)CTdCTE I Td-Td 3.05 3.02 3.00 3.00
11 Td-Td" 1.70 2.80 3.13 3.13
111 Td-Td 1.69 1.65 1.60 1.57
VI Td-Td 954 9.42 931 9.31
VIII Td-Td 592 591 590 5.90
(Bi2)BTCT? I Td-Td 1.62 157 1.52 1.48

Three-atom interstitial
(Bio)CTdROMTd 1 Td-Td 280 2.79 279 2.80

One substitutional C atom & Single-atom interstitial
(By1CP)C T I p-Td 914 9.04 9.13 9.23

One substitutional C atom & Two-atom interstitial
(B CP)BTACTd 1 p-Td 569 562 556 552
p-Td"  4.06 4.03 4.01 4.00
Td-Td" 1.67 1.61 1.58 1.54
11 p-Td 427 433 439 4.44
p-Td" 590 592 595 597
Td-Td" 1.67 1.61 157 1.54
(B CP)CTdCTd 1 p-Td  6.77 6.78 6.80 6.83
p-Td" 845 845 842 8.39
Td-Td" 1.69 1.69 1.64 1.57
IT p-Td 415 4.14 4.16 4.19
p-Td 580 579 577 5.73
Td-Td" 1.69 1.69 1.64 1.57

One substitutional C atom & Three-atom interstitial
(B CP)CTIBICT? T p-Td 628 626 6.26 6.26
p-Td' 9.05 9.03 9.03 9.03
Td-Td 279 279 2.80 2.80
II p—Td 3.65 3.66 3.65 3.65
p—Td' 6.38 6.39 6.39 6.38
Td-Td 279 279 2.79 2.80

Table F.6: Distance between two carbon atoms (A) in selected configurations
from table F.5. When possible, the names of the sites p/Td/Oh have been
directly inserted into the model name instead of using the 4, j, and k indices of
table 1.
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