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Resistance

* Superconductivity discovered in Leiden on April 8, 1911 by
Kamerlingh Onnes

1) Zero electrical resistance below T
2) Expulsion of magnetic field below T
Meissner effect (diamagnetism)
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For type II SC, perfect

diamagnetism inside the material

(below He1 B=0 ) 4ntM+H=0

M/H=-1/4r

He(T) ~ Ho(0)[1 = (T/T.)"].
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High T~ superconductors
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Commercial a-C powder manufactured by Fisher assigned as
(C190-N) (1935)  (for gas masks)

Inhomogeneity of the powder

e 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 (Fe;O,)

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

* (3) 4 samples exhibit peculiar magnetic behavior
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m(emu)

a-C sample heated at 800 C

Mossbauer studies show precisely the
presence of 330-350 ppm of Fe,0,

350 ppm of
Fe,0 W 800 C
374
AC
0.0002 |-
T=10K 7 ¥ bt
7o 0.0006 4 *
e ) N TR
S = a0
¥ ;?36% =) A A i1
I B E a
0.0000 L > s 2
y — 2 A
/ € s N
| © 0.0004-4 4 iy
/ g 100 Oe
-0.0002 = ] ZFC
PM
0.0002 A
1 1 1 1 1 1 T T T T T T T T T T T
-10000 -5000 0 5000 10000 0 50 100 150 200 250

Temperature (K)



Group 1 (16 samples) Neither SC nor magnetic
features
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1) Group 2 SC in Commercial a-C powder sample No. 1
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Two SC transitions at 32 and 63 K
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Moment (emu/g)

M(H) sample No. 1
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Commercial a-C (sample No. 18)
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Superconductivity in carbon-based-materials

(CBM)
CBM T, (K) Year
KCq 0.15 Hannay et.al 1965
NaC, 5 Belash et. al. 1987
CaC, 11.5 Weller et. al. 2005
Cs;Cy 33 Ganin et. al. 2008

HOPG (traces) > 300 EquIHaZI 2013



Element Concentration
Untitled:1 (ppm)
Label A: Sample 8 Zn 7.09
Ni 2.77
c Mn 133.1
Fe 360.0
Al 212.7
vV 2.05
Cu 11.1
Na 4625
EDS
ICP
o Na -
0.70 140 2.80 490 5 60 630 7.00 7.71



Highly pure graphite powder +S
T. =35 K Shielding fraction = 0.05 %
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Motivation to use a-C+S
(2:1) heated at 250 C for 20h

CAEDS\USRWitahlsrael Felneri\10Feb2008YC250 1.spc

Label A: C+3S250C
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aC-S 1.96(2) 0.35(2) 10.3(1)
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Moment (emu/g)
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Unconventional SC state in A-C+S

probably p-wave SC

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



The fabricated a-C powder was obtained by multi-stage
thermal treatment of:
ultra pure sucrose (C,,H,,0,,) with Fe content < 3 ppm.
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aC-S was heated at 250 C for 20 hours
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aC-S(h) was heated further at 380 °C for 3 more hours




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

primary gleCtrons (Beam)
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P. Esquinazi et al. (Carbon, 59, 140, 2013) reported evidence
for SC 1n 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
suppose that SC is located at the interfaces.

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



Summary of Part 1

SC was observed in 3 different a-C sources:

1) Commercial a-C and 1n 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 T_ 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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Moment (emu/g)

1) Commercial aC samples no. 3 and 5 are magnetic
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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)
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Batch 1: commercial a-C+S (heated at 400 C)
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Batch 2 a-CH+S (heated at 400 ©)
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Magnetization (emu/g)

Batch 3 sample 2
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2) synthesized a-C (sucrose) samples
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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)
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The origin of the peak

e structural disorder (curvature )

e presence of a foreign atom such as sulfur

The peak’s disappearance

e 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 1n 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 aresult, 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

e 1) Did you manage to measure the resistivity
777

e 2) Does the peak disappear in ac studies??
X7l D

e Why don’t you see the Verway transition in
your materials??



lamagnetism

TOSANOUMI

(Sumo Wrestier)
Height of Tosanoumi  186¢m
Weight of Tosanoumi 142k
Weight of disk 60kg
Total weight




* Ferromagnetism or any magnetic order is typically
the property of transition and rare-earth metals,

alloys and intermetalic compounds, with unpaired
electrons 1n unfilled atomic shells.

* carbon atoms show very strong tendency to pair up
their outer-shell electrons in covalent bonds.

» graphite in which sp- hybridization forms planar
sheets 1n a two layer hexagonal stacking.

» diamond in which sp? carbons (band gap E,;=5.4 eV)
form a three-dimensional lattice of cubic symmetry
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Graphite




Superconductors
Superconducting Elements

Te> 1K

Tc<1K
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Ferromagnetic- and Superconducting-Like Behavior
of Graphite

2

Y. Kopelevich," * P. Esquinazi,' J. H. S. Torres,* and S. Moehlecke?

HPOG
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Fig. 2. Ferromagnetic-like M(H L ¢) hysteresis loop measured at T=300 K
in the HOPG-2 sample (V;=245x2.15x 1.9 mm") before annealing (con-
tinuous line) at 800K for 2 hours, and M(H L ¢) measured at T=350 K
after annealing (@), (O): M(H L ¢) measured at T=300 K on as-received
sample from Advanced Ceramic Corporation (ACC) (the sample size is
3635 % 1 mm?).
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Fiz. 1. {(a) Magnetic moment s H) hysteresis loops
measurcd 1n HOPG-2 samples with two different
volumes (/. =4 4) at T =100 K and magnetic
ficld applied parallel to the graphite basal planes
(M 1 ). We show for sample F. the hysteresis
loops measured with two different field cycles
(. =), (b)) Magnetization M(H)=m( H )/ data
from (a) demonstrating that mi H ) is proportional
to the sample volume.
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PHYSICAL REVIEW B 74, 214418 (2006)

Ferromagnetic behavior of carbon nanospheres encapsulating silver nanoparticles
R Cau'd.il.lo,'-jk X. (_]ao,1 R._l-;'qschcro_,2 M. Jo's.é-_YacgmaElll‘J and J. B. G?qc'le_nough'"
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FIG. 9. (Color online) Selected M, (H) curves for a ZFC pow- ,
der sample. Upper left inset, close up of Myeg(H) curve at 10 K FIG. 11. (Color online) Selected M ., (H) curves for a pressed
clearly showing ferromagnetic hysteresis. Lower right inset, corre- sample at l(.) K, 35 K’. and 300 K, clearly s_h_owmg !he absen_ce of

dine M ZFC curv ferromagnetic hysteresis and complete transition to diamagnetic be-
5ponding Momesi(T) R havior in the pressed samples. Inset, magnified view of M, (H)

curve at 35 K showing the diamagnetic behavior at low fields.
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The second transition
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H, (kOe)

T £ Qi. Li et al. PRL 98, 187002 (2007)
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FIG. 1. (a) External field (H) vs temperature (7') phase dia-
gram for Skyrmion flux lattices. There is a direct transition from
the Skyrmion flux lattice to the Meissner phase. The theory pre-
dicts the shape of the melting curve only close to 7,.: the rest of
the curve 1s an educated guess. (b) Same as (a) for vortex flux lat-
tices. The vortex flux lattice always melts before H reaches H_,.



Controlled experiment C+ 500 ppm of magnetite
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The remannet at 5 K 1s due to the
magnetic phase Skyrmion flux(SkF)

FM Griffiths phase coexists with SKF

1.2

AC-S
5K

o
©
1

Moment (emu/g)
o (=]
w (o]
\‘_\
-
M (emw/g) -
8 g

@@@@@@@

o » B

_o : 1 : L :
LS .

- T |
[

"0 100 20 30 40 50
Field (kOe)



Superconductors
Tvpe Il Superconductors
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Magnetic Gritfiths phase
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From a classical point of view, every superconductor exhibits perfect dia-
magnetism, 1.6. B = 0 nside the superconductor, as shown in Fig. 2.2b. In
fact, as we already know, the magnetic field penetrates into the superconductor
within a very thin surface layer having the thickness of the order of A;,. To can-
cel B. a superconductor creates a de current on the surface, which gives rise to
a magnetization M, so that in the interior of the superconductor 47M + H =
0. Since the resistivity of the superconductor 1s zero, this surface current does
not dissipate energy.

If the magnetic field was applied to a superconductor at 7" > T, and 1t 1s
then cooled down to 7" < T, in this case, the field will remain inside the super-
conductor until 1t will be warmed up again through 7,.. This “frozen™ magnetic
field will remain 1nside the superconductor independently of the presence of
the external magnetic field.



