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phonon mediated electron paring mechanism [20,21].
Calandra and Mauri have proposed that BaC6 has a
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Fig. 8 Pressure dependence of normalized magnetization vs. temperature relationships for sample shown in Fig. 7(a) (conventional
B-SWNT film) in ZFC regime

Fig. 7 (a) Top-view FESEM images of the conventional B-SWNT
thin film fabricated by the conditions following our previous method
(Sect. 2.1). It consists of ropes of SWNTs. (b) Top-view FESEM images of the present novel B-SWNT thin film (B-Buckypaper) fabricated using SWNTs sufficiently dissolved by strong ultrasonication.
Ropes are unobservable

2.2 Pressure-Induced Superconductivity at 19 K in
Boron-Doped Buckypapers
2.2.1 Sample Preparation and Identification of the Film
Structures
Conventional thin film samples of B-SWNTs shown in
Sect. 2.1 and the present B-Buckypaper were prepared by
solubilizing the B-SWNTs in dichloroethane solution with
densities of 0.5–1 mg/mL and 3–5 mg/mL by centrifugation
at 5000 rpm for 1 day and 10,000 rpm for 2 days (Tomy;
low-speed centrifuge) and ultrasonification (As One, US
cleaner) for 2 days and 5 days, respectively. Then, the solutions were spin coated at 500 rpm on a Si substrate.
Figure 7(a) shows the top-view field-emission scanning
electron microscope (FESEM) image of the B-SWNTs thin
films shown in Sect. 2.1. Although we tried to fabricate uniform thin films with dissolving ropes under the previous
conditions, Fig. 7(a) reveals that the film still consists of thin
ropes of as-grown B-SWNTs with ∼10 nm diameter.
On the other hand, Fig. 7(b) shows the FESEM image
of the present novel thin film consisting of B-SWNTs as-

sembled densely after very strong centrifuging and ultrasonication of the SWNT solution. This figure clearly shows
the absence of thick B-SWNT ropes (bundles) in the film
and indicates that the film is sufficiently solubilized into
ensembles of individual B-SWNTs. The fabrication conditions are harsher than those used for obtaining the film
shown in Fig. 7(a). The film shown in Fig. 7(b) resembles a
pseudo two-dimensional network of B-SWNTs deposited in
the form of paper fibers. Such an SWNT network is known
as a Buckypaper [26].
2.2.2 Measurements of Pressure Dependence
of Magnetization and Raman Spectrum
We carried out magnetization measurements on the samples using a superconducting quantum interference device (Quantum Design, MPMS) and by embedding the
samples in an oil-filled cell for applying pressure. Figure 8
shows the normalized magnetization (MN = M(T ) −
M(T = 30 K)) of the sample shown in Fig. 7(a) as a function of temperature (T ) and pressure (P ) (NB ∼ 1.5 at.%) at
a magnetic field (H ) of 100 Oe in the ZFC regime. We could
observe an apparent Tc at ∼8 K and P = 0. We have confirmed that diamagnetism observed below Tc is attributed
to Meissner diamagnetism for type II SC on the basis of
the magnetic field dependence of MN (MN –H relationship)
at each temperature following Sect. 2.1, while the diamagnetism above Tc that appears gradually from high temperatures is due to the graphitic structure of the B-SWNT ropes,
as also explained in Sect. 2.1. Figure 8 indicates that the Tc
value does not change even at P values as high as 3000 MPa.
As P increases further, graphitic diamagnetism becomes
well pronounced, and then Tc corresponding to Meissner
diamagnetism is no longer apparent. This tendency is also

B-doped carbon nanotubes

B-doped diamond

Can be superconductors when substitutionally boron doped
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that Q-carbon filaments turn into microdiamond (average
size 250 nm) through the growth of nanodiamonds, some of

New amorphous carbon: Q-carbon

Scanning electron microscopy image
New form of amorphous carbon with 75-85 % of sp3-hybridized
carbon atoms
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Tc of 36 (55) K when 17 (27) % boron doped
Higher than Tc of B-doped diamond (11 K) or nanotubes (19 K)
Highest Tc in carbon materials
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Purpose of research
Investigate magnetism and
superconductivity in amorphous carbon

Understand interesting physical properties of Q-carbon
(with unknown amorphous structure)
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• Grid spacing as a convergence parameter

•

Less global communication

•

Applied to systems with ~20k atoms
Zhou, Saad, Tiago, and Chelikowsky, PRE 74, 066704 (2006)

Generating amorphous structure

•

Molecular dynamics simulation using PARSEC
• Simulating melting process

•

NVT ensemble molecular dynamics
• Langevin thermostat
• Obtain randomized (liquid-like) atomic coordinates

•

Relax (quench) the structure
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• Magnetism in amorphous carbon

• Superconductivity in B-doped amorphous carbon

Computational method (magnetism)
•

216-atoms supercell

•

Different mass densities from 2.6 to 3.4 g/cm3

•

Optimize structure under fixed magnetization for the
study of magnetism
• Imposing two different Fermi energies for two orientations of
electron spins
• 0 to 0.4 μB/atom (experimental value)

Study structural and energetic properties as a
function of mass density and fixed magnetization

PHYSICAL REVIEW MATERIALS 2, 074403 (2018)
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• High sp3 proportion in high density cases
• High sp2 ratio is necessary for high magnetization

Total energy (meV/atom)
High energy

Low energy

• High energy in structure with high magnetic moment
• Experimental magnetization (0.4 μB/atom) yields high
energy more than 400 meV/atom

Two typical local geometries
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Summary
• Magnetism in amorphous carbon
•

Importance of sp2-hybridized atoms

•

High energy in experimental magnetization

•

Small magnetization is possible

• Superconductivity in B-doped amorphous carbon

Y. Sakai, J. R. Chelikowsky, and M. L. Cohen, Phys. Rev. Mater. 2, 074403 (2018)

Computational method (superconductivity)
• 64-atoms supercell
• Up to 12.5 % boron doping (8 of 64 atoms)
• Substitutional B doping one by one
• Density functional perturbation theory for phonon
modes and electron-phonon coupling constant
• Allen-Dynes equation for Tc estimation (μ* of 0.12)

odified version of McMillan equation
!
"
ωlog
−1.04(1 + λ)
Tc =
exp
,
∗
∗
1.2
λ(1 − 0.62µ ) − µ

lomb repulsion parameter µ∗ of 0.12 [29]. Here ω

(1)
is the logarithmic

Engineering electronic density of states
Ideal

Undesirable

By doping boron atoms, shift the Fermi energy toward
valence band without creating localized (deep)21 impurity states

Evolution of electronic structure

• One by one substitutional B doping to avoid creating localized
defect levels
• Choose substitutional site not by low total energy, but
electronic properties
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Eliashberg spectral function

The Eliashberg spectral function D B E($) is
1
B
D E($) =
$%,' ?%,' 7($ − $%,' ).
2
6.25
%,'

% doped

By taking the summation of ?%,' , we obtain the electron-phonon coupling constant ?:
?=2

D B E($)
-$ =
$

?%,' .
%,'

λ = 0.64
Tc = 13 K

12.5 % doped
λ = 0.89
Tc = 34 K
Experimental
17 % doped
Tc = 36 K

Increased electron-phonon coupling strength
in entire frequency range upon B doping

Density of states in 12.5% B-doped case
2.5 g/cm3
Total
sp2
sp3

3.5 g/cm3

DOS coming from different components
depending on mass densities

Eliashberg spectral function
λ=0.68, Tc=11.6 K (DOS at EF = 87)
λ=1.00, Tc=32.1 K (DOS at EF = 70)

3.5 g/cm3

2.5 g/cm3

Importance of carrier contribution from sp3 atoms

Summary
• Magnetism in amorphous carbon
•

Importance of sp2-hybridized atoms

•

High energy in experimental magnetization

•

Small magnetization is possible

• Superconductivity in B-doped amorphous carbon
•

sp3-hybridized atoms are more important

•

Not inconsistent with experimental studies

Atomic coordination plays an important role
Y. Sakai, J. R. Chelikowsky, and M. L. Cohen, Phys. Rev. B 97, 054501 (2018)
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