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ABSTRACT It is shown in the paper that the interaction of highly oriented graphite flakes and graphene films with
alkanes is a necessary but insufficient condition for observing the Josephson current-voltage characteristics in
them, which is known to be inherent in all superconducting materials. Another key factor is the creation of a
deformation field in the graphene material.
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1. Introduction

The development of materials with room temperature (RT) superconductivity under normal external pressure is a pri-
ority area of solid-state physics. RT superconductors have prospect for practical applications in such fields as power en-
gineering, spintronics, medical diagnostics, transportation, etc. [1]. In this regard, the results of Y. Kawashima, published
in [2], are of great interest. He observed a reproducible effect of RT superconductivity in flakes of highly oriented py-
rolytic graphite (HOPG), exposed to n-octane. In the experiment, graphite flakes with an average thickness of ~0.01 mm
and an average diameter of ~1 mm were gently pressed into a Teflon tube with an internal diameter of 1.6 mm and placed
in n-octane for one day. To obtain proof that graphite flakes treated in this way conduct current without resistance, the
Teflon tube was rolled into a continuous ring. After that, a current was created in the ring using electromagnetic induction,
which was recorded by a magnetic field sensor for 50 days without noticeable attenuation at room temperature. This fact
indicates the absence of electrical resistance in carbon flakes wetted with n-octane. RT superconductivity was observed
in HOPG flakes only after prolonged soaking in n-octane and disappeared when the alkane was removed from them. For
this reason, it was proposed to keep the HOPG flakes together with the alkanes in a closed container or using an external
pump, maintain the required density of alkane vapors at the location of the carbon material. Y. Kawashima suggested
that when alkanes come into contact with graphite flakes, as well as with graphene [3], protons freely moving along the
surface of carbon layers without activation energy are generated, which leads to the appearance of the superconductivity
effect [4]. Unfortunately, the RT superconductivity effect presented in [2,4] was not noticed by the scientific community,
i.e., it was neither confirmed nor refuted, which significantly slowed down further development of this scientific direction.

In this study, we observed a Josephson-type current-voltage characteristic (CVCs) in carbon materials under nor-
mal external pressure and room temperature after their interaction with alkanes, but with the significant addition that a
fluctuating strain field must be present within carbon materials. As is known, the Josephson CVCs are one of the main
indication of materials with superconducting properties. The Josephson CVCs can be easily distinguished from the ohmic
ones which were observed in carbon materials before contact with alkanes.

2. Experimental

The objects of the study were HOPG flakes and graphene films. HOPG (ZYH_DS types) from “TipsNano” (Estonia)
was mechanically exfoliated and then ground under ultrasound treatment to linear dimensions close to those used in [2].
Graphene films from “Rusgraphene” (Russia) with a thickness of less than 1 nm and a grain size of over 20 um were
applied to substrates made of copper foil with a thickness of 25 pym and a purity of 99.8 % from “Thermo Scientific”
(India), as well as to quartz and silicon with very smooth surfaces.
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Graphene films were obtained by chemical vapor deposition (CVD) from a mixture of methane, hydrogen and argon
gases on the surface of copper foil. At high temperatures (800 — 1000 °C), methane decomposed into carbon and hydrogen
atoms, with copper acting as a catalyst and carbon deposited on the metal surface. Carbon atoms did not diffuse into the
copper volume, since the solubility of carbon in copper is very low. It is also important to note that the formation of a
second layer of graphene on copper did not occur, since the catalytic activity of copper decreases sharply as it is covered
with graphene [5]. Then, some of the graphene films were transferred from copper substrates to smooth silicon with a
surface roughness of 0.2 — 0.37 nm and surface frame size of 2x2 pm? and quartz glass surfaces, where the root-mean-
square roughness was in the range of 0.6 — 1.3 nm. Due to its high adhesion, graphene readily conforms to the surface
of silicon and quartz substrates. It should be noted that several graphene samples after the CVD process remained on the
copper after cooling and were not transferred to a new copper substrate, as was the case with quartz and silicon ones.
Thus, three types of samples with graphene films were prepared on different substrates: (I) copper, (I) silicon, and (III)
quartz.

As is known, an atomic force microscope is the most commonly used tool for studying the graphene surface at the
nanoscale [6]. However, our studies showed that the surface roughness height of graphene less than 30 nm does not change
the CVCs after contacting graphene with alkanes. This allowed us to use a simpler tool to inspect the surface of graphene,
the microinterferometer MII-9 (OJSC “LOMO”, Russia), which made it possible to monitor surface irregularities with
a resolution of 28 nm. The graphene surfaces deposited on silicon and quartz glass substrates were characterized by a
smooth surface with the accuracy indicated above. However, on the copper substrate, after cooling (from 800 — 1000 °C),
the graphene surface had irregularities with heights much larger than 28 nm (up to 80 — 100 nm) due to the significant
difference in the thermal expansion coefficients of carbon and copper, which may lead to strain field fluctuations in
graphene.

HOPG flakes had linear dimensions up to 1 mm and a thickness of about 0.01 mm, measured with a Mitutoyo 2109A-
10 dial indicator (Japan) in steps of 0.001 mm. Their curved surface was visually observed in an MBS-10 type stereo
microscope (OJSC “LOMO”, Russia), indicating the presence of irregularities causing deformation field fluctuations in
the samples (Fig. 1).

FIG. 1. The image of a single HOPG particle

Measurements of the CVCs of the above samples were carried out in two versions: (a) I — V characteristics of
the original sample; (b) I — V characteristics after exposure to alkanes, such as n-heptane and n-octane. Direct current
electrical measurements of the samples were carried out using the four-point probe method in accordance with the standard
procedure for materials with metallic conductivity [6]. Current and probe contacts made of silver wires were bonded to
the graphene surface using Keller silver-based conductive adhesive. The sample was shielded from extraneous signals.
The voltage drop on the probes was measured manually using a digital voltmeter V2-36 (Russia) with an accuracy of
0.01 wV. In this case, to increase the accuracy of the measurements, with each change in the current, the new voltage
value was measured repeatedly relative to the zero current value [6]. The same voltmeter and ammeter were used in
different series of experiments, the measurement accuracy of which made it possible to see the difference in the CVCs
of different graphene samples before and after contact with alkanes. Our practical experience shows that the presence of
noise reduces the voltmeter§ sensitivity threshold to 5 nV. In this case, using significantly more accurate instruments is
pointless.
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3. Results and discussion

The main attention in our work was directed to studying the CVCs type of carbon samples with different surface
roughness both before and after their contacts with alkanes. As mentioned above in Y. Kawashimas experiments, due to
the high desorption of alkanes from the HOPG flakes, the superconductivity effect disappeared over time, depending on
the ambient temperature. In this case, the Josephson CVCs should also gradually transition to ohmic conductivity. For
this reason, the CVCs of graphite samples were measured after their direct immersion in alkanes and being kept in it for
24 hours.

Figure 2 shows the CVCs at room temperature and normal pressure for graphene samples on quartz substrate before
and after their contacts with n-octane. According to the obtained dependences, the treatment of graphene with alkanes did
not affect the CVCs in any way, which remained ohmic both before and after the treatment. A similar result was obtained
for the Si substrate. These results do not coincide with the statement [3] that after exposure to alkanes, graphene exhibits
superconducting properties, which should undoubtedly manifest itself in the appearance of a Josephson CVCs. However,
obtained results do not contradict the classical Bardeen—Cooper—Schrieffer theory of superconductivity, according to
which the T, of the transition to the superconducting state should exponentially depend on the density of electron states
at the Fermi level.
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FI1G. 2. The CVCs at 300 K and normal pressure for graphene on a quartz substrate without n-octan
(open square [J) and after treatment in n-octane (black triangles A)

In graphene with smooth surface the energy dependence of the density of states for the conducting and valence
zones has the form of cones touching each other with their vertices. Since the valence band is completely filled and the
conduction band is empty, it follows that the density of states at the Fermi level is zero. Therefore, within the framework of
Y. Kawashima’s model, the concentration of protons passing from the homologous series of alkanes to graphene should be
negligibly small, which excludes the occurrence of a Josephson CVCs in graphene at room temperature and is consistent
with the observation of ohmic ones in our experiments (Fig. 2).

However, the CVCs of HOPG flakes at room temperature, turned out to be not so simple and unambiguous. The
experiment showed that the CVCs of less then 0.01 mm thick HOPG flakes which have curvature defects acquired a
pronounced Josephson type after contact with n-heptane (Fig. 3). In the latter case, at currents below the critical one
(I < =£1.), the voltage drops across the sample was not recorded at normal external pressure and room temperature.
This technical zero resistance is in good agreement with the result obtained in [2], where the current was recorded for 50
days in HOPG flakes without noticeable attenuation at room temperature, indicating a superconducting effect. As can be
seen from Fig. 2, at a current of 0.001 A, the voltmeter already records a voltage drop, unlike Figure 3, where a voltage
drop is not recorded at a current 100 times greater.

The Josephson CVCs transformed into the ohmic ones in the magnetic field ' = 5.3 kOe. The effect was reversible
i.e. when the magnetic field was switched off, the CVCs of Josephson type were restored again. This behavior of CVCs
in a magnetic field is typical for superconducting materials and indicates the complete suppression of superconducting
properties (I. = 0) at a certain critical value of H., which in our case is ca. 6 kOe. At H < H,, Josephson CVCs are
again observed, but with I < I.. After the removal of alkanes from the interlayer space of HOPG flakes upon heating,
the Josephson CVCs were irreversibly transformed into ohmic ones. At room temperature in air, the Josephson CVCs
was transformed into an ohmic-type within 24 hours. These results are also consistent with those of Y. Kawashima [2],



300 A.N. Ionov, A.N. Bugrov

-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06
Y,

F1G. 3. The CVCs of HOPG flakes after wetting in n-heptane at normal pressure and 300 K without
magnetic field (black triangles A), as well as at H = 5.3 kOe (black circles o)

that superconductivity is observed in HOPG flakes only when in direct contact with n-octane. Otherwise, due to the high
desorption of n-octane from the HOPG flakes, the superconductivity disappeared over a time period dependent on the
ambient temperature.

If the strain field in graphene influences the shape of the CVCs, this can be observed in graphene deposited on copper
substrates with high surface roughness after wetting them in n-octane. The CVCs of a graphene sample on a copper
substrate at normal pressure and room temperature after (ll) and before (A) treatment with n-octane is presented in Fig. 4.
In the first case (Fig. 4, black square W), graphene does indeed demonstrate a Josephson CVCs with I. ~ 24 uA, while
at 10 nV, the conductivity of graphene with I ~ 25 pA is significantly higher than the conductivity (I =~ 12 puA) of
a copper strip 25 um thick. Even without taking into account the Josephson CVCs, this result is of great interest for
various practical applications. At currents I < 24 pA, a technical zero resistance is observed due to a sharp voltage drop
across the graphene sheet on the copper substrate, which becomes significantly lower than the voltmeter sensitivity. The
Josephson CVCs of graphene sheet on a copper substrate are consistent with the RT superconductivity effect observed in
HOPG flakes exposed to n-octane [2]. At current I > 40 pA Josephson CVCs in graphene were completely suppressed
and the electrical resistance of graphene on copper substrate was shunted by the copper substrate resistance (Fig. 4, black
triangles A). It should be noted that after heating to 100 °C and cooling to room temperature, the Josephson CVCs
of graphene disappear and an ohmic CVCs due to the copper substrate in the experiment is observed (Fig. 4, black
triangles A).

We suggest that the cause of superconductivity in HOPG flakes, graphene on copper substrate as well as in hybrid
particles based on polystyrene and multilayer reduced graphene oxide, may be of the same nature [6,7]. As mentioned
above, the graphene surface on the copper substrate had irregularities significantly greater than 28 nm in height.

The formation of folds during the deposition of graphene layers on substrates leads to the appearance of pseudomag-
netic fields, which increase the density of states in graphene [8—10]. In strong pseudomagnetic fields, the density of states
of graphene is transformed into flat bands [11-14], which, upon contact with alkanes, are filled with current carriers. Ac-
cording to theoretical calculations, flat bands can radically increase the density of states in localized regions of a carbon
material. This leads to the creation of a discrete spectrum of levels within such regions, analogous to Landau levels, and
can also facilitate the emergence of superconductivity [9-12], which in our case manifests itself in the Josephson CVCs.

In HOPG, superconductivity can be caused by linear and rhombohedral stacking faults in graphene layers, which
arise during their bending, twisting, cleavage, perforation, and other mechanical influences [15]. Fluctuating strain fields
lead to the formation of flat bands in the density of graphene sheet states [13, 14]. When in contact with alkanes, HOPG
flakes, consisting of mechanically deformed graphene sheets, saturate the interlayer space with charge carriers and, in the
presence of flat bands, induce superconductivity.

As our experiment showed, in HOPG flakes pre-crushed to several micrometers (Fig. 5), no Josephson CVC was
observed after their contact with alkanes (Fig. 6). Only the ohmic volt-ampere characteristics were observed, which can
be explained by the disappearance of the fluctuation field of deformation inside individual graphite flakes as their sizes
decreased.

As for bulk HOPG samples with a thickness significantly greater than 0.01 mm, the behaviour here is not unambigu-
ous. On the one hand, in individual HOPG samples at room temperature and normal external pressure, research groups
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FIG. 4. The CVCs measured for a graphene sheet on a copper substrate 0.8 cm wide and 25x10~* cm
thick after (black square M) and before (black triangles A) exposure to n-octane. The distance between
voltage contacts was ca. 0.8 cm

F1G. 5. The image of pre-crushed HOPG flakes
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from all over the world observed effects characteristic of type II superconductors [16-21]. On the other hand, many other
visually identical HOPG samples did not exhibit RT superconductivity effects. Thus, the observed RT superconductivity
in bulk HOPG samples, for unclear reasons, turned out to be technologically uncontrollable, which excluded their practi-
cal applications. It should be noted here that curvature defects are impossible in bulk HOPG samples of large thickness.
However, if various crystalline phases are present in bulk HOPG samples in a random, uncontrolled manner [18], lattice
defects can form. According to the theoretical model proposed in [22], strong fluctuations of the strain gradient can form
local drops of Bose condensed superconducting pairs in bulk HOPG samples. If the droplets are small enough, the theo-
retical model predicts a high critical temperature for superconductivity [22]. Bulk superconductivity can be achieved by
tunnelling from one droplet to the neighbouring one. In the proposed model, superconductivity can arise randomly not
through external doping with charge carriers, as in the cases discussed above, but through the internal redistribution of
charge carriers within a bulk HOPG sample.
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F1G. 6. The CVCs of HOPG flakes pre-crushed to several micrometers after wetting in n-heptane at
normal pressure and 300 K

4. Conclusions

The correlations shown in this paper between carbon materials with different surface roughness and types of CVCs
after their contact with alkanes, clarifies Kawashimas study. Similarly, the deformation of multilayer RGO sheets function-
alized with methacrylate groupsand copolymerized with styrene after contact with aromatic hydrocarbons (e.g., toluene)
in a cross-linked structure, which was examined in our earlier studies, also resulted in the appearance of Josephson CVCs
up to room temperature under normal pressure [6,23,24]. The Josephson CVCs is consistent with the observed magne-
tization corresponding to a type II superconductor, whose superconductivity is completely suppressed in a magnetic field
(H > 3kOe) [25,26]. This sample behavior in a magnetic field is consistent with both the literature data [6] and the
result of the present work, where it was shown that the Josephson CVCs are completely suppressed by a magnetic field of
the same order of strength.

Research in this direction may be important for technological progress in obtaining materials with RT superconduc-
tivity and may significantly influence the development of both the theory and practical applications of superconductivity.
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