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Heavy boron doping in superconducting carbon materials
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We examine physical properties of heavily boron-doped sp3-hybridized carbon allotropes: cubic diamond,
hexagonal diamond, and body centered tetragonal C4. The structural similarity between cubic diamond and
hexagonal diamond leads to similar responses to substitutional boron doping. On the other hand, body centered
tetragonal C4 exhibits distinct structural and electronic properties because of its characteristic structure. Our
study also shows that the superconducting transition temperatures up to 60 K are possible in heavily doped
carbon materials despite their various atomistic structures.
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I. INTRODUCTION

Carbon has various allotropes with different crystal struc-
tures. Graphite is composed of layers of sp2-hybridized car-
bon atoms arranged into a honeycomb lattice. The single layer
of graphite, two-dimensional graphene, has special properties
which normal three-dimensional materials do not possess
[1]. The carbon nanotube is a one-dimensional cylinder of
graphene, which shows interesting electronic properties de-
pending on its chirality [2,3]. The fullerene (C60) molecule
is another sp2 allotrope of carbon, which forms a crystalline
solid [4].

There are sp3-hybridized carbon allotropes where atoms
are fourfold coordinated. The most abundant sp3 carbon al-
lotrope is cubic diamond. Lonsdaleite, hexagonal diamond, is
another sp3 allotrope with a 2H or wurtzite-type structure if
we view cubic diamond as a 3C (zinc-blende-type) structure.
In addition to these existing materials, there are numerous
computationally designed allotropes of carbon. For example,
the carbon kagome lattice has a direct band gap owing to its
characteristic orbital frustration and is promising for optical
applications [5,6]. M-carbon, W-carbon, and body centered
tetragonal C4 (bct C4) have been proposed to explain the
carbon phase that appears when graphite is compressed at
low temperature [7–10]. These existing and proposed carbon
materials exhibit various interesting properties depending on
their detailed atomistic structures.

Carbon materials become superconductors typically when
carriers are doped. For instance, doping alkali atoms to the
internal space of fullerene crystals and graphite yields su-
perconductivity thorough electron doping [11,12]. The high-
est superconducting transition temperature (Tc) is 11.5 and
33 K for graphite (CaC6) and fullerene (CsxRbyC60) cases,
respectively. Boron (hole) doping in a carbon nanotube causes
superconductivity with the highest Tc of 19 K under pres-
sure [13,14]. The high Tc is believed to occur when the

one-dimensional van Hove singularity in the density of states
of a nanotube is aligned with the Fermi energy shifted by
hole doping [14]. Boron-doped sp3 cubic diamond exhibits
superconductivity due to shallow acceptor states with a Tc up
to 11 K [15–17]. Even when no carriers are doped, twisted
bilayer graphene at “magic twist angles” exhibits supercon-
ductivity [18].

The recent finding of the high Tc of 55 K in heavily
boron-doped amorphous “Q-carbon” motivates further inves-
tigations of high Tc in boron-doped carbon materials [19–22].
In particular, sp3-hybridized carbon materials should be of
interest as Q-carbon is considered to be an sp3-rich material
[23,24]. A potentially higher Tc associated with the high
electronic density of states at the Fermi energy in heavily
boron-doped cubic diamond was theoretically proposed by
Moussa and Cohen [25]. However, the effect of heavy boron
doping in other carbon allotropes has not been well studied.
Understanding the superconductivity in boron-doped carbon
materials with different crystal structures should also help
understanding the interesting properties of Q-carbon since the
detailed mechanism of the high-temperature superconductiv-
ity and the atomistic structure remains an open question.

Here we study the superconductivity in several different
boron-doped sp3 carbon allotropes. We select cubic diamond
and hexagonal diamond because they are found in nature.
We also consider bct C4 since this material has characteristic
four-membered rings in its structure, which are sometimes
observed in amorphous carbon. We consider different con-
centrations of substitutionally doped boron atoms (12.5%,
25%, and 50%) to see their effect on physical properties.
Hexagonal diamond exhibits similar properties to those of
cubic diamond owing to their structural similarity even when
doped with boron atoms. On the other hand, the characteristic
structure of bct C4 causes structural and electronic responses
to boron doping that are different from cubic and hexagonal
diamond. In spite of such distinct properties, even bct C4
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FIG. 1. Crystal structures of (a) cubic diamond, (b) hexagonal
diamond, and (c) body centered tetragonal (bct) C4. The top and
bottom panels of (b) and (c) represent the top and side views of
the structures, respectively. Carbon atoms are illustrated with gray
spheres. The size of the cell is equivalent to the initial undoped
supercell used in this work. The number of atoms is 64 in (a) and
(c), while (b) contains 72 atoms.

exhibits similar superconducting properties to other carbon
materials.

II. COMPUTATIONAL METHOD

We employ a total-energy pseudopotential method con-
structed within density functional theory (DFT) [26–29]. A
plane-wave basis is used to represent wave functions with a
cutoff energy of 65 Ry, respectively [30]. Troullier-Martins
norm-conserving pseudopotentials are constructed by using
local density approximation for the exchange-correlation en-
ergy functional [31–33].

Cubic and orthorhombic 2 × 2 × 2 supercells containing
64 atoms are used for simulations of cubic diamond and
bct C4, respectively, as shown in Figs. 1(a) and 1(c). For
hexagonal diamond, we use a 3 × 3 × 2 supercell with 72
carbon atoms [see Fig. 1(b)]. A k grid of 2 × 2 × 2 is used
for the total-energy calculations and structural relaxations of
cubic diamond. For hexagonal diamond and bct C4, we use a
2 × 2 × 4 k grid. We take a denser 8 × 8 × 8 k grid for the
calculation of electronic densities of states (DOS) with the
tetrahedron method.

Density functional perturbation theory is used to simu-
late vibrational and superconducting properties [34]. Phonon
calculations are performed with a 2 × 2 × 2 k grid using
�-only sampling in the phonon q space. The electron-phonon
linewidth for each phonon mode is calculated from the

electron-phonon matrix elements [35]. Here we use a finer 6 ×
6 × 6 k grid to obtain accurate results. A Gaussian broadening
of 0.015–0.025 Ry is used to approximate the δ function
that appears in the Brillouin-zone summations. We further
compute the Eliashberg spectral function and electron-phonon
coupling strength λ by using the linewidth obtained above.
The superconducting transition temperature is estimated from
the electron-phonon coupling strength λ by using the Allen-
Dynes equation [36] with an effective Coulomb repulsion
parameter μ∗ of 0.12.

We focus on substitutional boron doping in this work as
the contribution from boron interstitial doping to supercon-
ductivity is not significant [37]. We study 128 completely
randomly substituted boron-doped structures for the boron
concentration of 12.5%, 25%, and 50%. In addition to these
random sets, we independently generate 48 structures without
pairing (neighboring) of boron atoms for 25% boron-doping
cases to consider the effect of boron pairing. We perform a
variable-cell structural relaxation [38] for each structure after
boron atoms are incorporated.

III. RESULTS AND DISCUSSION

We consider the effect of boron pairing on the energetic
stability of boron-doped carbon materials. Table I lists the
total-energy statistics of three 25% boron-doped allotropes.
The effect of boron pairing on the average energy is relatively
small in cubic diamond and hexagonal diamond (the energy
differences are 0.1 and 0.3 eV/cell, respectively). The lowest-
energy structure does not have the pairing in either case. These
data show that the stability in terms of the total energy should
not be strongly affected by the existence of boron pairing in
these materials. On the other hand, the boron-pairing costs
energy in bct C4 by 0.7 eV/cell, on average. The highest
energy of bct C4 with boron pairing is 0.9 eV/cell higher than
that without pairing. This indicates that boron pairing is not
favored in bct C4 when compared with other allotropes.

Heavy boron doping causes structural distortions even in
relatively rigid cubic and hexagonal diamond. Figures 2(a)
and 2(b) [Figs. 2(c) and 2(d)] illustrate the structure of 25%
boron-doped cubic (hexagonal) diamond with and without
boron pairing, respectively. The boron-boron bond tends to
be longer than the carbon-carbon and carbon-boron bonds, as
shown in Figs. 2(a) and 2(c). This tendency causes a strong
structural distortion around clustered boron atoms. In fact, the
structure without boron pairing [Figs. 2(b) and 2(d)] is almost
the same as that of the undoped case shown in Figs. 1(a)

TABLE I. Total energies (in eV/cell) of boron-doped cubic diamond, hexagonal diamond, and bct C4 with 25% boron concentration.
The highest, lowest, and average total energies of randomly generated structures are listed. The left and right subcolumns for each material
indicate structures with and without boron pairing (BP), respectively. The zero of the total energy is that of the lowest-energy structure for each
allotrope.

Cubic diamond Hexagonal diamond bct C4

BP no BP BP no BP BP no BP

Average 2.2 2.3 1.7 1.4 2.3 1.6
Highest 4.0 3.9 3.4 3.2 4.2 3.3
Lowest 0.8 0 0.05 0 0.4 0
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FIG. 2. Distorted crystals structure of 25% boron-doped carbon allotropes. The structure of cubic diamond, (a) with and (b) without
boron pairing, hexagonal diamond (c) with and (d) without boron pairing, and bct C4 (e) with and (f) without boron pairing. (a),(c),(e)
The highest-energy structure among each set; (b),(d),(f) the lowest-energy structures. Gray and orange spheres represent carbon and boron
atoms, respectively. (g) Charge density color plot taken at a plane right above the topmost atoms of (e). (h) Similar plot, but for (f). Here a
black-brown-white color scale is used.

and 1(b). The distortion is more significant in bct C4, as
illustrated in Figs. 2(e) and 2(f). The bct C4 is less stable
than diamond, as indicated by the uneven bond angles (90,
111, or 114 degrees) deviated from the ideal sp3 bond angle
(109.5 degrees). For example, boron dopants strongly distort
the square shape in Fig. 2(f).

The square-shaped four-membered rings formed by the 90
degrees bonds are more strongly distorted in bct C4 when no
boron pairing exists, as shown in Fig. 2(f). This is completely
opposite from hexagonal diamond, where the boron pairing
promotes stronger distortion. The boron-carbon bond length
is 2.24 Å in the upper-right broken square. This indicates
that these atoms are almost threefold coordinated (i.e., sp2-
hybridized). The charge density described in Fig. 2(h) con-
firms that no bonding is formed between the two atoms. Such
a change in the coordination number cannot be observed in the
case with boron pairing, as the charge density map in Fig. 2(g)
shows. The boron-doped site favors threefold coordination
because of the electron deficiency. However, a longer boron-
boron bond length prevents the boron atoms from lowering the
coordination number when the boron pairing exists. Here the
average nearest-neighbor boron-boron bond length (1.77 Å)
is longer by 0.2 Å than that of the structures without boron
pairing (1.57 Å) when we take 2.0 Å as a threshold. The
lower coordination number in boron-doped bct C4 explains
the relatively large energy difference (0.7 eV/cell) between
those with and without boron pairing.

Boron pairing significantly affects the electronic properties
as well. Figure 3 shows the partial electronic density of states
(PDOS) of 25% boron-doped carbon allotropes. Here the
left and right columns correspond to the structures with and
without boron pairing, respectively. The electronic properties
show a considerable difference, particularly around the Fermi
energy. The PDOS for carbon and boron atoms is almost
equivalent when there is no boron pairing because the dopant

distribution can be regarded as uniform [see Figs. 3(b), 3(d),
and 3(f)]. On the other hand, the boron PDOS is larger than
that of carbon when boron pairing exists because of localized
acceptor states created by the pairing or clustering of boron
atoms. Figures 3(a), 3(c), and 3(e) clearly indicates that boron
contributions shows high and localized PDOS, particularly
around 2 eV above the Fermi energy.

FIG. 3. Partial electronic DOS (PDOS) in states/eV/atom of
(a),(b) cubic diamond, (c),(d) hexagonal diamond, and (e),(f) bct C4.
(a),(c),(e) The PDOS for the structures with boron pairing; (b),(d),(f)
those without boron pairing. The boron concentration is 25% and
the PDOS is the average over all atoms from each atomic species.
Blue solid and red dashed lines represent the partial DOS of carbon
and boron atoms, respectively. The vertical dashed line shows the
position of the Fermi energy.

054801-3



SAKAI, CHELIKOWSKY, AND COHEN PHYSICAL REVIEW MATERIALS 4, 054801 (2020)

TABLE II. Electronic density of states at the Fermi energy [N (EF ) in state/eV/atom] of boron-doped cubic diamond, hexagonal diamond,
and bct C4 with 12.5%, 25%, and 50% boron doping. Here the highest (MAX), lowest (MIN), and average (AVG) of N (EF ) are listed. The
left and right subcolumns for each material with 25% doping indicate structures with and without boron pairing (BP), respectively. We do not
distinguish the existence of boron paring in the 12.5% and 50% doped cases.

Cubic diamond Hexagonal diamond bct C4

BP no BP BP no BP BP no BP

AVG 0.09 0.10 0.09
12.5% MAX 0.14 0.14 0.14

MIN 0.05 0.06 0.04
AVG 0.13 0.19 0.13 0.17 0.11 0.13

25% MAX 0.18 0.26 0.18 0.21 0.16 0.18
MIN 0.07 0.15 0.08 0.14 0.04 0.09
AVG 0.12 0.12 0.13

50% MAX 0.17 0.16 0.17
MIN 0.04 0.07 0.05

Table II lists the average, lowest, and highest electronic
DOS at the Fermi energy [N (EF )] of three carbon materials
with different amount of boron doping. The increase in boron
concentration from 12.5% to 25% contributes to the higher
average N (EF ) by 44, 30, and 11% for cubic diamond, hexag-
onal diamond, and bct C4, respectively when boron pairing
exists. The N (EF ) is more than double in cubic diamond when
boron pairing is avoided. This confirms that the localization
of acceptor states caused by boron pairing prevents an in-
crease in N (EF ). In fact, even 50% boron doping does not
increase both the average and highest N (EF ) (0.12 and 0.17
states/eV/atom, respectively) in cubic diamond because of
inevitable boron paring in heavy boron doping. Also, N (EF )
does not increase in hexagonal diamond and bct C4 in a similar
fashion even with 50% doping.

The average and the highest N (EF ) of bct C4 is almost
the same as those of cubic diamond and hexagonal diamond
when the boron concentration is 12.5%. However, the
average N (EF ) without boron pairing is smaller by 32% and
24% when compared with cubic and hexagonal diamond,
respectively. This indicates that the increase in the N (EF )
with respect to boron concentration is slower than in the other
allotropes. In addition, cubic and hexagonal diamond does not
exhibit clear localization of electronic states above the Fermi
energy, while the localized states are prominent in the PDOS
of bct C4 [see Figs. 3(b), 3(d), and 3(f)]. Boron doping causes
a large structural distortion in bct C4. We see that some atoms
are threefold coordinated, as illustrated in Fig. 2(d). Such
sp2-like atoms have remaining pz orbitals, which are not used
for bonding. These remaining orbitals appear within the band
gap and form localized states in a similar fashion to dense
amorphous carbon [20,24]. The structural distortion due to
boron doping causes the distinct electronic properties of
bct C4.

Figure 4 displays the superconducting temperature (Tc),
the logarithmic average of phonon frequency (ωlog), and the
electron-phonon coupling constant (λ) as a function of N (EF )
for boron-doped carbon allotropes. Here we select samples
from a set of randomly doped structures as follows: three
structures with high N (EF ), three with low N (EF ), and three
with N (EF ) close to the average N (EF ) for each boron-doping
concentration and material. For those without boron pairing,

we take three structures with high N (EF ) and compute su-
perconducting properties. We obtain the highest Tc of 57, 47,
and 55 K for cubic diamond, hexagonal diamond, and bct C4,
respectively.

The almost linear correlation between N (EF ) and λ is
observed in all three carbon allotropes in Fig. 4. On the
other hand, the ωlog is weakly but negatively correlated with
N (EF ). The reduction of ωlog occurs because of the weakened
chemical bonds owing to the increase of the number of boron
atoms. The respective clustering of blue squares (12.5% doped
cases) and green circles (25% doped cases) shows this relation
between the doping concentration and ωlog. Tc exhibits a
similar trend to λ, although the linear correlation is relatively

FIG. 4. Superconducting transition temperature (Tc in K, bottom
panels), logarithmic average of phonon frequency (ωlog in cm−1,
center panels), and electron-phonon coupling constant (λ, top panels)
for three boron-doped carbon materials as a function of electronic
DOS at the Fermi energy [N (EF ) in states/eV/atom]. Left, center,
and right columns show the results for cubic diamond, hexagonal
diamond, and bct C4, respectively. Blue squares and green circles
represent the data for 12.5% and 25% boron-doped cases with boron
pairing, respectively. Red triangles represent the results for 25%
doping without boron paring.
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FIG. 5. Eliashberg spectral function (top panel) and phonon den-
sity of states (bottom panel) of 25% boron-doped cubic diamond
(blue dash-dotted lines), hexagonal diamond (black dashed lines), bct
C4 (red solid lines). Here we select the structure with the highest Tc

for each material. The finite phonon DOS around the zero frequency
is an artifact because of the unconverged acoustic phonon modes at
the � point.

weak because of ωlog dependence. Boron pairing generally
eliminates effective carriers at the Fermi energy and results
in a relatively low N (EF ) and Tc. Therefore, a uniform boron
doping is desirable for achieving high Tc.

In Fig. 4, the slope of the linear relation between N (EF )
and λ is steeper in cubic diamond than in hexagonal diamond.
Hexagonal diamond has an anisotropic structure between
the plane spanned by a vectors and c directions. The elec-
tronic properties also exhibit anisotropy due to this structural
anisotropy. The valence-band top at the � point is doubly
degenerated and the wave functions are distributed in the
a plane. However, a similar wave function along the z di-
rection is about 0.5 eV below the valence top states. Such
anisotropy in electronic states does not promote electron-
phonon coupling when compared with cubic diamond. The
maximum of N (EF ) is relatively low for the bct C4 case
because of the localized states created by the emergence
of sp2-hybridized atoms. Nevertheless, the superconducting
parameters are comparable to the other materials.

The Eliashberg spectral function and phonon density of
states (phonon DOS) of boron-doped systems shown in Fig. 5
describe the characteristic phonon and superconducting prop-
erties of each material. Cubic diamond (blue dash-dotted line)
exhibits the smallest phonon frequency range (from 300 to

1200 cm−1). This reflects the robustness of cubic diamond
as a host material for boron substitutional doping. Hexagonal
diamond exhibits low-frequency modes below 300 cm−1.
These low-frequency modes arise from relatively long boron-
carbon bonds and further softened low-frequency scissor
modes. The integrated Eliashberg spectral function up to
500 cm−1 is almost the same in cubic diamond and hexagonal
diamond. However, the resulting λ is larger in cubic diamond
by 0.07 because of the larger contributions from middle-
frequency phonon modes (between 600 and 1000 cm−1).

Further low-frequency phonon modes below 200 cm−1

appears in bct C4 (red solid lines in Fig. 5). The low-frequency
modes significantly contribute to the Eliashberg spectral func-
tion when compared with the other materials. These modes in-
volve collective twisting motion of the four-membered ring. In
addition, higher-frequency phonon modes above 1200 cm−1

are also observed and contribute to the spectral function and
phonon DOS in bct C4. The low-frequency contribution arises
from the collective twisting motion of the four-membered
ring. The high-frequency modes are associated with the sp2-
hybridized atoms caused by the boron doping [see Fig. 2(d)].
Interestingly, the contribution from low- and high-frequency
modes in bct C4 is similar to that of amorphous carbon where
large empty space also exists in its structure [20,21]. The high
Tc of 55 K in this structure suggests that perfect symmetry of
the crystal structure or perfect tetrahedra are not necessarily
required to obtain such a high Tc.

The structure with the highest Tc for each material is further
studied with a combination of a 6 × 6 × 6 k grid and 2 × 2 ×
2 q grid to confirm the q dependence. The difference in Tc is
approximately 10% in all three cases, as listed in Table III. We
also consider a few different structures other than those listed
here, but the errors are even smaller and always less than 10%.
These results confirm that increasing the q grid to 2 × 2 ×
2 does not significantly affect the calculated superconducting
properties when we use these sizes of supercells.

IV. SUMMARY

In summary, we study structural, electronic, and super-
conducting properties of substitutional boron-doped cubic
diamond, hexagonal diamond, and bct C4. The key structural
character for high Tc is the absence of boron pairing inside car-
bon materials. Cubic and hexagonal diamond exhibit similar
trends because of their structural similarity. The characteristic
structure in bct C4 is the origin of the distinct responses
to boron doping. It is interesting that even boron-doped bct
C4 could exhibit superconductivity around 50 K despite its
considerable structural distortion. If heavy boron doping in

TABLE III. Superconducting parameters of 25% boron-doped cubic diamond, hexagonal diamond, and bct C4 with the highest Tc for each
material. The two subcolumns show the results with the �-only sampling and 2 × 2 × 2 × q grid for electron-phonon calculations.

Cubic diamond Hexagonal diamond bct C4

� 2 × 2 × 2 � 2 × 2 × 2 � 2 × 2 × 2

λ 1.07 1.25 1.00 1.00 1.61 1.42
ωlog 804 707 752 694 478 495
Tc 56.7 61.9 47.2 43.8 55.0 50.2
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bct C4 is achieved, the boron pairing should be avoided as
the boron pairing costs high energy. The upper bound of Tc is
around 60 K in cubic diamond. A higher boron concentration
than 25% does not significantly contribute to the N (EF ). A
further high Tc in boron-doped amorphous carbon suggested
in the literature [39] requires a different mechanism for super-
conductivity as the N (EF ) does not increase with an excess
amount of boron doping.
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