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• Superconductivity discovered in Leiden on April 8, 1911 by 

Kamerlingh Onnes

1) Zero electrical resistance below TC

2) Expulsion of magnetic field below TC

Meissner effect  (diamagnetism)
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High TC superconductors



Phase diagram





Commercial a-C powder manufactured by Fisher assigned as 

(C190-N) (1935)      (for gas masks)

Inhomogeneity of the powder

• We measured 23 samples from the same container which 

are divided into 3 groups

• (1)   In 16 samples no SC and no magnetism

They exhibit the magnetic behavior of magnetite (Fe3O4) 

• (2)   3 samples  show traces of SC up to 65 K!!!

• (3)   4 samples exhibit peculiar magnetic behavior 



Commercial amorpous  a-C  powder

C(800) and previous specimens (for comparison)

01-075-1621 (C) - Graphite 2 ITH RG - C - Y: 52.73 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 2.47000 - b 2.47000 - c 6.79000 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P63mc (186) - 4 - 35.8752 - 

Operations: Import

Prolabo - File: Prolabo.raw - Start: 10.000 ° - End: 60.000 ° - Step: 0.020 ° - Step time: 1. s - Anode: Cu - Type: 2Th/Th locked - WL1: 1.5406 - WL2: 1.54439 - Generator kV: 40 kV - Generator mA: 40 mA

Operations: Import

Fisher - File: Fisher.raw - Start: 10.000 ° - End: 60.000 ° - Step: 0.020 ° - Step time: 1. s - Anode: Cu - Type: 2Th/Th locked - WL1: 1.5406 - WL2: 1.54439 - Generator kV: 40 kV - Generator mA: 40 mA

Operations: Import

c(800) - File: c(800).raw - Start: 10.000 ° - End: 70.000 ° - Step: 0.020 ° - Step time: 1. s - Anode: Cu - Type: 2Th/Th locked - WL1: 1.5406 - WL2: 1.54439 - Generator kV: 40 kV - Generator mA: 40 mA
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a-C sample heated at 800 C
Mossbauer studies show precisely the 

presence of  330-350 ppm of Fe3O4
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Group 1 (16 samples) Neither SC nor magnetic 

features
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Two SC transitions at 32 and 63 K    
Shielding fraction (SF) 0.02% only
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M(H) sample No. 1
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Commercial a-C   (sample No. 18)

Note the ME
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Superconductivity in carbon-based-materials 

(CBM)

CBM      TC (K)                  Year

KC8 0.15           Hannay   et. al   1965

NaC2 5                Belash et. al.     1987

CaC6          11.5            Weller  et. al.    2005        

Cs3C60 38              Ganin et. al.     2008         

HOPG (traces)   > 300        Esquinazi         2013 



Element Concentration
(ppm)

Zn 7.09
Ni 2.77
Mn 133.1
Fe 360.0
Al 212.7
V 2.05
Cu 11.1
Na 4625

ICP
EDS



R. R. da Silva, et.al, Phys. Rev. Lett. 87, 147001 (2001).

Highly pure graphite powder +S   

Tc =35 K Shielding fraction ≈ 0.05 %
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Motivation to use    a-C+S
(2:1) heated at 250 C for 20h

Oxygen
(at%)

Sodium
(at%)

Sulfur (at%)

aC 2.44(2) 0.30(2) 0.21(2)

aC-S 1.96(2) 0.35(2) 10.3(1)
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Lower and Upper critical fields

0 10 20 30 40 50

0.4

0.6

0.8

1.0

1.2

1.4

 

 

M
(T

)/
M

(T
 =

 4
0
 K

)

TEMPERATURE, T (K)

32 33 34 35 36 37 38
0

2

4

6

8

10

H
c2

=H
c2

(0)(1-T/T
C
)
2.5

H
C

2
 (

k
O

e
)

Temperature (K)

32     34      36     38     40     42

T(K)

0.05

0.04M
o

m
e

n
t 
(e

m
u
/g

)

500 Oe

H
C2

(0)=650 kOe

0 2 0 0 4 0 0 6 0 0 8 0 0
-0 .0 4

-0 .0 3

-0 .0 2

-0 .0 1

0 .0 0

T  =  5  K

1 0  K

2 0  K

 

 

T  =  3 5  K

3 0  K

2 5  K

M
Z

F
C
 -

 M
0
(H

) 
(e

m
u
/g

)

H  ( O e )

5 10 15 20 25 30 35

100

200

300

400

H
C

1
(O

e
)

Temperature (K)



Unconventional SC state in A-C+S

probably p-wave SC

• Israel Felner and Yakov Kopelevich, Phys. Rev. B 79, 233409 (2009).



2) The fabricated a-C powder was obtained by multi-stage 

thermal treatment of:

ultra pure sucrose (C12H22O11) with Fe content < 3 ppm. 

I. Felner and E. Prilutskiy J. Supercond. Nov. Magn. 25,2547(2012)
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aC-S was heated at 250 C for 20 hours

aC-S(h) was heated further at 380 °C for 3 more hours 



3) Superconductivity in Sulfur-Doped aC films grown by:

Electron Beam Induced Deposition (EBID)

W(CO)6

precursor molecule

primary electrons (Beam)

secondary 

electrons

granular-W



aC- films +S

• I. Felner ·  O.Wolf ·  O. Millo, J. Supercond. Nov. Magn. (2013)
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P. Esquinazi et al. (Carbon, 59, 140, 2013) reported evidence 

for SC in bulk highly oriented pyrolytic graphite (HOPG) 

samples at room temperature.

They found that the different internal microstructure of bulk 

HOPG samples led to completely different responses and 

.interfacesthat SC is located at the suppose 

No indication of SC was found in a sample without interfaces. 



• SC was observed in 3 different a-C sources:

• 1) Commercial a-C and in a-C+S samples

• 2) a-C synthesized by decomposition of glucose

in which sulfur was added

• 3) Thin films of a-C+S

• Conclusions: Traces of SC phases with Tc up to

• 65 K definitely exists in a-C+S based materials

(although their composition is not yet known)



Part 2:   Peculiar magnetic features 

1) Pristine commercial a-C (4 samples)

and in a-C+S (heated at 400 C) 

2) Fabricated    a-C
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a-C+S (heated at 400 C) (3 batches)

Inhomogeneity

Samples from the same batch show significant

different magnetic behavior.

Obviously, samples from different batches behave

differently.



Commercial a-C+S (heated at 400 C)  (batch 1 sample 1)

(a) ZFC>FC (at low H only)

(puzzle 1)
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Batch 1: commercial a-C+S (heated at 400 C)
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Batch  2   a-C+S (heated at 400 C) 
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Batch 3        sample 2

puzzle  2  the ZFC peak disappears in the second run

Puzzle  3  the ZFC peak reappears after 6 months
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Batch 3 sample 3
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2) synthesized a-C (sucrose) samples

• (puzzles 2+3)
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The peak in the ZFC branch (if exists) is observable in the first run only (puzzle 2). 

As a result, the FC branch penetrates inside the ZFC branch  (puzzle 1)





The origin of the peak
• structural disorder  (curvature )

• presence of a foreign atom such as sulfur

The peak’s disappearance
• As a hand waiving:  two-state system separated 

by an energy barrier, (such as a double-well 

potential) with a finite probability of finding the 

system in one of the two wells 



Summary part 2

• At low H the peak in the ZFC branch is observable in the first run only (puzzle 2). 

As a result, the FC branch penetrates inside the ZFC branch  (Puzzle 1)

• After half a year the ZFC peak  reappears

• The main question remains as the origin of the peak  in the ZFC branch ???

• Thanks for your kind attention



Questions

• 1)  Did you manage to measure the resistivity 

???

• 2) Does the peak disappear in ac studies??

כן  ולא

• Why don’t you see the Verway transition in 

your materials??



diamagnetism







Graphite
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The magnetic field effect



The second transition
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Qi. Li et al. PRL 98, 187002  (2007)
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Controlled experiment C+ 500 ppm of magnetite
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The remannet at 5 K is due to the 

magnetic phase  Skyrmion flux(SkF) 

FM Griffiths phase coexists with SkF
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Magnetic Griffiths phase
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