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Abstract:  Nano-carbon materials (carbon nanotubes (CNTs) and graphenes) are 

attracting significant attention. In particular, they have possibility for realization of high- 

transition temperature (Tc) superconductivity (SC) (e.g., Tc > 40K). In the present work, I 
have tried to fabricate the following two novel-type CNT-based samples and measured those 

magnetizations. (1) Thin films of assembled sulfur-doped multi-walled CNTs (MWNTs), (2) 
Arrays of boron-doped MWNTs synthesized on SiC substrate. We find that the former 

exhibits Meissner effect with the highest Tc of 22K similar to that in boron-doped CNTs. This 

Tc value is the highest in carbon materials except for fullerene-based SC. It is, however, 
instable and reproducibility is poor. Thus, improvement of sulfur doping method is 

indispensable. In contrast, the latter exhibits magnetization drop with Tc as high as 35K. 
However, it was not identified as SC.  

Furthermore, I have also fabricated graphene-based samples (the so-called graphene 
nanomeshes with honeycomb-like arrays of hydrogen-terminated nano pores) and find   

presence of polarized electron spins at the pore edges and ferromagnetism. It must    

produce SC by no-termination or different foreign-atom termination of the edge dangling 
bonds in near future. 

 
Introduction:  SC is very attractive issue for any societies and people. Various kinds of 

superconductors have been discovered so far; e.g., CuO2-based SC with high-Tc over 100K, 

SC metals (e.g., MgB2 with Tc of 40K), organic SCs. Here, CNTs are nano-sized diameter 
tubes consisting of carbon atoms. After its discovery by Dr. Sumio Iijima at 1991, various 

unique structures, electronic states, and quantum phenomena have been reported. 
Application of CNTs is also actively studied. However, reports of SC in CNTs were only a few. 

Previously, I obtained (1) SC in entirely end-bonded MWNTs with the world-highest Tc of 
12K and (2) SC in thin films of boron-doped single-walled CNTs (SWNTs) with Tc = 12K. 

Moreover, based on this grant in last year, I found possible Tc = 28K in thin films of 

boron-doped SWNTs. However, I could not yet conclude this Tc as SC from some reasons 
(e.g., poor reproducibility and instability). Moreover, CNTs should provide much higher Tc, 

which is originated from high phonon-frequency of carbon atoms, extremely high electronic 
density of states (EDOSs) in van Hove singularities (VHSs) of one-dimensional system, and 

strong electron-phonon coupling between radial breathing phonon mode and - electrons. 

Hence, we have continuously carried out fabrication of novel-type CNTs and explored higher 

Tc with high reproducibility. 
  As the other novel material, graphene is attracting significant attention. Graphene is an 

ultimate two-dimensional molecule film with thickness as thin as only one carbon atom size. 
Because the novel fabrication method was found at 2004 and a variety of interesting 

phenomena has been report as well as those applications, Graphene got Nobel Prize at 2010. 
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However, there is one issue, which mostly none reported experimentally. That’s edge-based 
phenomena. Zigzag atomic structure of graphene edges has a flat energy band, resulting in 

electron localization and those spontaneous spin polarization. It is highly expected that the 

polarized spins produce high-Tc SC. Thus, we have fabricated novel edge system of 
graphenes (i.e., low-defect grapehene nanomeshes with honey-comb like array of hexagonal 

nanopores) and explored SC by terminating the pore edge atoms by foreign atoms (e.g., 
hydrogen, oxygen, boron).    

 
Experiments:  

Two CNT-based systems:   

(1) Thin films of assembled sulfur-doped MWNTs (S-MWNTs), 
These were synthesized by CVD growth of MWNTs with mixing sulfur gas. After the 

synthesis, high quality of the S-MWNTs was confirmed by Raman spectroscopy. Then, they 
were centrifuged in order to exclude impurities and also ultra-sonication was carried out in 

order to resolve the ropes of MWNTs to individual one. After then, the S-MWNTs dispersed 

on Si substrate uniformly by using spin coating, resulting in highly uniform thin film of the 
assembled S-MWNTs.  

   
(2) Arrays of boron-doped MWNTs (B-MWNTs) synthesized on SiC substrate.   

These were synthesized by thermal resolution of SiC surface.   
 

Magnetization of both the samples were measured by superconducting quantum 

interference devices (SQUID; Quantum designs). 
 

Graphene nanomeshes: 
 Low-defect graphene nanomeshes with honeycomb-like arrays of hexagonal nanopores 

were fabricated on a large ensemble of mechanically exfoliated graphenes by 

non-lithographic method using a nanoporous alumina template (NPAT). Using the NPAT as a 
mask, assembled graphenes were etched by a carefully optimized conditions using 

low-power Ar gas to avoid giving damage to the nanopore edges. The nanopore edges are 
not intentionally aligned along the hexagonal carbon lattice of graphene in this process. 

After formation of the nanomesh on graphenes, the NPAT mask was entirely dissolved by a 
H3PO4 solution (or detached mechanically from the graphene nanomeshes in some cases). It 

left no contamination.  

All the graphene nanomeshes fabricated through these processes were annealed at 800 C 

in high vacuum (10-6 Torr) for 0.5 - 3 days and then in hydrogen gas for 1-3 hours for all the 
measurements. The first annealing is for deoxidization of the pore edges and recovering all 

damages, while the second annealing is for termination of the carbon atoms at the pore 
edges by hydrogen atoms. These annealing processes also give the pore edge states high 

chemical stability.  

 
Results and Discussion:  

Thin films of S-MWNTs: 
  Scanning Electron Microscope (SEM) top-view image of a thin film consisting of the 

assembled S-MWNTs is shown in Fig.1. It exhibits highly uniform film structure. Typical 

measurement result of magnetization of the thin films of S-MWNTs is shown in Fig.2. 
Temperature dependence of magnetization (Fig.2(a)) shows gradual magnetization drop to 

negative magnetization regions starting from Tc  22 K in both zero-field and filed cooling 

(ZFC and FC) regimes. Figure 2(b) shows magnetic field dependence of magnetization at T 
= 4K. It exhibits diamagnetism with small magnitude of a hysteresis loop. These can be 

strong evidence for Meissner effect. However, the features have also poor reproducibility 

and instability. That’s similar to the case of possible Tc = 28K in thin films of B-SWNTs, 
which we found in last year. 
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   Previous one work reported that S-graphites exhibited Tc as high as over 35 K. MWNTs 
have a structure of rolled-up graphites. That is why I have used S-MWNTs for the present 

experiment. The S-MWNTs actually showed high-Tc SC as mentioned above. The poor 

reproducibility is also quite similar to the case of S-graphites. It may be due to instable 
chemical-bonds between S and carbon atoms. Therefore, improvement of S-doping is 

indispensable.   
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
   

 
Arrays of B-MWNTs: 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

Fig.1: SEM top-view image of a thin film consisting of     

sulfur-doped MWNTs. It exhibits high uniformity. The samples 

were provided from Clemson University, Prof.Rao’s group. 

Fig.2(a): Temperature dependence of magnetization of Fig.1 

-sample. It shows gradual magnetization drops due to Meissner 

effect starting from Tc  22 K in both zero-field and filed   

cooling (ZFC and FC) regimes.  

Fig.2(b): Magnetic field dependence of magnetization at T = 4K. 

It exhibits diamagnetism with small magnitude of a hysteresis loop 

due to Meissner effect. 
Fig. 1 

Fig. 2(a) Fig. 2(b) 

Fig.3: Cross-sectional TEM image of array of boron-doped 

MWNTs fabricated by thermal dissolution of SiC substrate. 

The samples were provided from Nagoya University, Prof. 

Kusunoki group. 

Fig.4(a): Temperature dependence of magnetization of 

Fig.3 -sample. It shows a gradual magnetization drop 

starting from Tc  35 K only in ZFC regime.  

Fig.4(b): Magnetic field dependence of magnetization at T 

= 10 K. It exhibits diamagnetism with small magnitude of a     

hysteresis loop. 
Fig. 3 

Fig. 4(a) Fig. 4(b) 
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Figure 3 shows a cross-sectional TEM image of array of B-MWNTs fabricated by thermal 
dissolution of SiC substrate. Figure 4(a) shows temperature-dependence of magnetization of 

arrays of B-MWNTs in ZFC regime. It also exhibits a gradual magnetization drop from Tc as 

high as 35 K. Small-magnitude diamagnetism at T = 10K is also shown in Fig.4(b). However, 
in the case, no magnetization drop is observed in FC regime. Thus, the results in Fig.4 

cannot be concluded as Meissner effect. 
As mentioned in introduction, B-SWNTs exhibited Meissner effect. However, one 

-dimensionality (1D) of the SWNTs obstructed emergence of stable SC. Thus, in the present 
experiment, I have used arrays of B-MWNTs, because the structure can suppress 1D of 

SWNTs due to inter-wall(layer) coupling and also inter tube coupling. The reason why 

Meissner effect was not observed may be because the suppression of 1D prevented 
appearance of SC, which comes from strong electron-phonon interaction and VHSs.  

 
Graphene nanomeshes: 

  

  
 

 

 

 

 

 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

Figure 5(a) shows SEM image of a NPAT. It exhibits honeycomb-like array of hexagonal 
nanopores with high regularity. AFM image of the fabricated graphene nanomesh, which 

also exhibits honeycomb like array of hexagonal nanopores, is shown in Fig.5(b). It shows 

that nanomesh of the NPAT is successfully transferred on graphene. Figure 5(c) shows 
scanning tunnel microscope (STM) image of the graphene nanomesh with hydrogen 

termination of the pore edges. It suggests possible presence of high electronic density of 
states at pored edges. Figures 5(d) and 5(e) shows Raman spectrum of the nanomesh 

before and after high-temperature annealing. We find that after the annealing, D-peak 

 

A 

 

b 

 

c 

 e d 

After 
annealing 

Fig. 5. (a) SEM image of nano-porous alumina template (NPAT) with mean pore diameter   80 nm and 

mean interpore spacing W  20 nm (i.e., W corresponds to the graphene nanoribbon width). (b) AFM image of 

a graphene nanomesh formed by using (a) as an etching mask, which proves hexagonal shape of nanopores. (c) 

STM image of the approximately 10-layer graphene nanomesh obtained at 80 K in constant-current mode. 

Lighter regions at pore edges denote higher EDOS and possibly suggest presence of the zigzag pore edges. 

(d)(e) Typical Raman spectra of a graphene nanomesh (d) prior and (e) after annealing at 800 ℃, taken with a 

laser excitation of 532 nm and 0.14 mW incident power at room temperature. I(D)/I(G) value is drastically 

reduced by annealing. Because the laser beam diameter  used for the measurement is 1 m, the result reflects 

edge information of 60 pores. Inset of (e) Distribution of I(D)/I(G) in eight samples. Fifteen points at five 

different positions were observed per sample. Dotted and solid lines above and below 0.5 denote I(D)/I(G) 

prior and after annealing, respectively. Black and open symbols correspond to main panels of Figs. 5(d) and 

5(e), respectively.  
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height is strongly suppressed. This can be strong evidence for presence of zigzag atomic 
structure at the nanopore edges from the following two reasons. (1) Singapore group 

reported that this is because the double resonance process, which induces D peak, can be 

fulfilled only at an armchair edge when the one-dimensional character of the edge is 
considered. Indeed, it exhibited I(D)/I(G) value < 0.1for observation of zigzag edge of 

graphene flakes by using angle-dependent Raman spectroscopy with polarized laser beam. 
It is qualitatively consistent with Fig.1e. (2) The low I(D) values are also qualitatively 

consistent with German group’s report for graphene nanomeshes, whose hexagonal-pore 
boundaries are intentionally aligned along the carbon hexagonal lattice by specified method, 

resulting in formation of the pure zigzag pore edges. Moreover, MIT group suggested that 

Joule heating of a mixture of zigzag and armchair edges in graphitic nanoribbons 
reconstructs towards mostly zigzag edges. In our system, we argue that high-temperature 

(800 ℃) annealing for narrow (20 nm) GNRs can play the role similar to that of Joule 

heating. We reconfirmed that only the samples with showing the low I(D) values can exhibit 

ferromagnetism. 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
Figure 6 shows typical results of magnetization measurements. Figure 6(a)shows a 

magnetization curve for the hydrogen(H)-terminated graphene nanomeshat 2 K. A 

ferromagnetic-hysteresis loop with large amplitude is clearly observed. In contrast, this 
feature becomes a diamagnetism-like weak hysteresis loop for oxygen-terminated nanomesh 

(Fig. 6(b)). Bulk graphenes without nanopores and those assembled with alumina template 
show mostly no such features even after H2 annealing (Figs. 6(c) and 6(f)), implying 

That no parasitic factors (e.g., defects, impurities) of bulk graphenes contribute to the 
ferromagnetism. It is also confirmed that the features observed at 2 K appear even at room  

temperature with a larger magnitude of the hysteresis loops (Figs. 6(d–f)), although the 

amplitude of magnetization decreases. 
For reconfirmation of correlation of the observed ferromagnetism with the zigzag pore 

edge, we performed magnetic force microscope (MFM) observations (Fig.7). The interpore 
regions, which correspond to GNRs, exhibit mostly uniform darker color that means higher 

density of polarized spins, in all parts. This suggests that the observed ferromagnetism is 

 

a b c 

d e f 

Fig. 6. Magnetization of monolayer graphene nanomeshes with   80 nm and W  20 nm for (a)(d) 

hydrogen-terminated edges; (b)(e) oxygen-terminated nanopore edges; and (c)(f) bulk graphene without 

nanopore arrays. DC magnetization was measured by a superconducting quantum interference device (SQUID; 

Quantum Design) at 2 K and at room temperature for panels (a)–(c) and panels (d)–(f) respectively. Magnetic 

fields were applied perpendicular to graphene nanomeshes. The vertical axes in panels (a) and (d) denote 

magnetic moment per localized-edge  orbital, assuming mono-hydrogenation of individual edge carbon atoms. 

For Fig.6(d), difference in magnetic moment between upper and lower curves of hysteresis loop at H = 0 

(residual magnetization Br × 2) is 0.2 B and the loop width at zero magnetic moment (coercivity Hc × 2) 

is 260 gauss. 



6 

 

attributed not to defects(disorder), which exists at random, but to all interpore GNR regions, 
although poor resolution does not allow direct observation of edge-localized spins. In 

particular, the parts indicated by two arrows evidently imply contribution of the pore edges 

to ferromagnetism.  
 

 
 

 
 

 

 
 

  These results imply the presence of polarized spins with ferromagnetic configuration at 
the pore edges. This has been for the first time observed. However, it is highly sensitive to 

foreign atoms terminating the zigzag edges. Indeed, oxygen-terminated pore edges 

exhibited diamagnetism. This can be a signature of Meissner effect. Moreover, it is 
theoretically well known that graphene zigzag edges without any foreign-atom termination 

exhibit anti-ferromagnetism, which also leads to Meissner effect at consequent low energy 
(e.g., low temperature and low bias voltages). This edge state can be realized in high 

vacuum. Therefore, it is highly expected that the observed ferromagnetism and 
diamagnetism must lead to Meissner effect in near future.       

 

 
Conclusion 

 I fabricated the following two novel-type CNT-based samples and measured those 
magnetizations. (1) Thin films of assembled S-MWNTs, (2) Arrays of B-MWNTs synthesized 

on SiC substrate. We found that the former exhibited Meissner effect with the highest Tc of 

22K similar to that in B-CNTs. However, it was instable and the reproducibility of SC was poor. 
Improvement of sulfur doping method is indispensable. In contrast, the latter exhibited 

magnetization drop with Tc as high as 35K. It was, however, not identified as SC,       
because it showed no magnetization drop in FC regime of the temperature            

dependence. 
Moreover, I also fabricated graphene nanomeshes with the honeycomb-like arrays of 

hydrogen-terminated nanopores and found presence of polarized electron spins at the pore 

edges and consequent spontaneous appearance of ferromagnetism. It is highly expected 
that it must produce SC by no-termination or different foreign-atom termination of the edge 

dangling bonds in near future.  
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

  

100nm 100nm (a) (b) 

Fig. 7. Magnetic force microscope (MFM) images of an H-terminated 

graphene nanomeshes on SiC substrate, which showed ferromagnetism 

similar to Fig.6. CoPtCr-coated Si probe was used for the 

measurements with a tapping mode. Darker colors mean higher 

density of polarized spins. In particular, the parts indicated by two 

arrows evidently imply pore edge lines.    
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