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We report transport and magnetization measurements on graphitémtieabeen hydrogenated by interca-
lation with an alkane (octane). The temperature-dependent electiststividy shows anomalies manifested as
reentrant insulator-metal transitions. Bel@w~ 50 K, the magnetoresistance data shows both antiferromag-
netic (AFM) and ferromagnetic (FM) behavior as the magnetic field isedeser or increased, respectively. The
system is possibly an unconventional magnetic superconductor. Blersibility observed in the field-cooled
vs. the zero-field cooled data for a sufficiently high magnetic field sugdgiest the system might enter a super-
conducting state belo@. ~ 50 K. Energy gap data is obtained from nonlocal electric differential cotaihce
measurements. An excitonic mechanism is likely driving the system to tleecrplucting state below the same
T ~ 50 K, where the gap is divergent. We find that the hydrogenated carbamidia multiple gap system with
critical temperatures estimates above room temperatlitee temperature dependence of the superconducting
gap follows the flat-band energy relationship, with the flat band gap mdeartimearly increasing with the tem-
perature abov&, ~ 50 K. Thus, we find that either a magnetic or an electric field can drive thisoggshated
graphitic system to superconducting state below- 50 K. In addition, AF spin fluctuations creates pseudogap
states abové&, ~ 50 K.

PACS numbers: 74.81.Bd, 75.50.Dd, 75.70.Rf, 74.50.+r,7/B®, 74.20.Mn

I. INTRODUCTION interacting by Van der Waals forces. In-plane, each C atom
is covalently bonded to three other C atoms at a (the other
| lattice constant) distanae = 1.42 A throughsp? — sp? ax-

The liquefaction of helium was a major technologica g . . i
achievement that further allowed Kamerlingh Onnes to ob—Ial hybrid orbital overlap. This layered structure of graph

serve superconductivity (SC) as the nondissipative flow Ofesqlts n hlghly anisotropic physical properties. In m
electricity through mercury below the critical temperatur |on-|mplangat|on,3heat treatment,. hydrqgenatlor;, Or aKish

T, — 4.19 K [1]. Likewise, fundamental discoveries in atomic "€Sult insp® to sp° bond conversion. Distortegp” C bonds
physics that lead to the laws of quantum mechanics aIIowe&or.m grain bpundanes [9]' G_raphlte s also _the base ma-
Bardeen, Cooper, and Schrieffer to create a microscopic dé?”al for C f|ber§. Hybrid C f|b§r-HTS materials are used
scription of the new phenomenon known as the BCS theor S stronger, erX|b_Ie, and chemically stable HTS wires for
[2]. SC still is among the most daunting research topics in c magnets, particle acpele_rators, NMR devices or electro-
condensed matter physics, as the discovery of YBCO cefnagnetic mterference Sh'e'd.”.‘g COVErS for spacecraftshi-N
tainly showed[[3]. New SC materials, including high-SC co?ted C2f|bers [_1_0] ha_lve critical densitids of the order of
(HTS) are being found and classified|[4, 5]. Carbon(C)—base(iiO A/cm_ ar_1d c_r|t|cal f'eldSBC?(o) up 0257 [1 1]. Improv-

SC materialsl|6] can be graphite intercalated compounds [7 hg flux pinning in HTS_ materials is also very important [12]
More recently, room-temperature SC in graphitic systekes li rjd needs to be considered for each generation of new HTS
highly oriented pyrolytic graphite (HOPG) has been repbrte V'f€s:

[8]. The fundamental physical processes leading to the observed
Graphene, perhaps the mostly researched C-based materig@mperaturel)-dependent transport properties of disordered
is the two-dimensional (2D) parent for the bulk (3D) materia Systems such as C fibers have been reviewed [13-15]. Due to

graphite. The ideal structure consists of C atoms arranged ithe inherent disorder, the electrons are in general confmed
a hexagonal, honeycomb pattern with parallel graphenedaye particular regions of the lattice, a phenomenon known as lo-
at a (lattice constant) = 3.35 A distance apart and weakly calization. The random potential acts as a trap for elestron
which become localized within the region of the trap. En-
ergetically, the hopping would rather occur to an energgllev
close to the one for a neighboring state. The trapping result
*Electronic address: Nadina.Gheorghiu@yahoolcom inelastic scattering in the electron-electron interatioThe
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T-dependent electrical conductivity is described by Mait:la C fibers are strongly:-type, i.e., having electrons as domi-
nant charge carriers. Af = 300 K, p ~ 1.8 m{2-cm vs.
o(T) = oopexp—(Ty/T)Y 4+Y)] (1) =~ 1.7 pQ2-cm for Cu. The C fibers were subjected to inter-
calation with99.99% purity octane during a three-day time
where T}, is the Mott temperature and the power factbr interval. While a term like 'soaking’ can be used to explicitl
takes integer values 0 to 3 depending on the dimensionalitgescribe the treatment of graphite with alkanes, the odtane
of the electronic transpoit [16]. At the same time, the texpp tercalation leads to the formation of hydrogen-rich pusslle
electrons can interact and form Cooper pairs. In SC materiin between neighboring graphitic layers. The quality of the
als, disorder can play an intricate role. Trapped chargaes caelectrical contacts was optically checked using an Olympus
suppress the coherence of phase slips, thus favoring S& corBX51 microscope equipped with a digital camera (Eig. 1a).
lations [17]. An increase in the 2D density of charges thtbug  Temperature-dependent resistivity(T') measurements
material intercalation can enhance the likelihood for the o without magnetic field were carried out using a Gifford-
currence of quantum phenomena such as 2D _SC [18]. McMahon cryocooler and a LakeShore 340 Controller. The
In this work, we are reporting resistivity, magnetore- electrical current was sourced through a Keithley 2430 1
sistance, nonlocal electric differential conductanced an kW PULSE current-source meter and the electrical potential
DC magnetization measurements conducted on octanglfference (voltage) along the sample was measured with a
intercalated C fibers. In addition, we have included resultKeithley 2183A Nanovoltmeter. The vacuum was controlled
on octane-intercalated graphite powder as well as a HOP@y a Laser Analytics TCR compressor and a Pfeiffer turbo
insulator(Kapton tape)-HOPG composite sample. Bélow pump. The sapphire substrate used had fe@rmm wide
50 K, the magnetoresistance data shows a transition from ABilver (Ag) strips affixed via C dots. The ratio of the gap
to FM correlations as the strength of the magnetic field is inbetween the current leads and the and gap between the volt-
creased. In addition, the irreversibility observed in tieddfi ~ age leads was close to four, as required by the four-wire Van
cooled vs. the zero-field cooled data for a sufficiently highDer Pauw technique_[20]. The C fiber was affixed perpen-
magnetic field suggests that the system also enters a SC statisularly to the Ag strips by dot-like contacts using cadlai
belowT, ~ 50 K. These results are also corroborated with theAg. Cryogenic grease [21] was used to assure good thermal
energy gap data obtained from measurements. An excitonigontact between the C fiber and sapphire substrate. With the
mechanism is likely driving the system to a SC state belowC fiber's thermal conductivity about ten times larger than of
the samel’ ~ 50 K, where the gap is divergent. The octane- the grease and about twenty times larger than of the sapphire
intercalated C fiber is a multiple gap system, thus pseudosubstratel[20], the most significant heat transfer beloriged
gapped, with critical temperatures estimates above roam te the C fiber. The sample was placed on the aluminum heater
perature. The temperature dependence of the SC gap followdock and four POGO pins [22] spring-pressed on the C fiber
the flat-band energy relationship. We find that the flat bandcompleted the measurement circuit. In order to avoid self-
gap parameter linearly increases with the temperatureeaboneating effects, the power level was maintained low by sourc
T. ~ 50 K. Thus, either a magnetic or an electric field caning a current/ ~ pA through the C fibers. Both the few
drive this hydrogenated graphitic system to a SC state belovnm length and the cross-section of ther um (average) di-
T. ~ 50 K. We also find evidence of pseudogap states abovameter C fiber modify witl" in an anisotropic fashion that is
T, ~ 50 K, which are likely due to AF spin fluctuations. guantified by the in-plane and out-of-plaheoefficient forp,
g = —3.85x107%/°C anda, = 9 x 1075 /°C, respectively.
Nevertheless, th&'-change of the ratio between the cross-
Il. EXPERIMENT sectional area and the length of the C fiber was very small and
thus neglected. When immersed in the cryogenic fluid;lthe
difference between the axis and the surface of the C fiber is

The C fibers used in this study are the polyacrylonitrile .; _ pr2
; given by AT = RI?/(4nKrl). The transverse (along the
((CH;-CH-CN),) or PAN-based of T300 type with a C con- axis) thermal conductivity i&7 = 102 W-m~—1.K~1. When

tent~ 93%. C fibers are usually subjected to graphitization  o\v_millimeter lon A ;
: X - g Cfiber is sourced by a current in thfe
atT up to 3000°C [20]. In particular, the T300 C fibers are range, AT ~ 10-2 K. Each measurement was taken with the

heat-treated t@'y+ = 1500 °C thus resulting in a mass den- C fib I : : :
. . X X X erT'-stabilized by the surrounding cryogenic fluid. Mag-
sity of p,, = 1.8 glc?. The fibers are turbostratic, with vol- oo istance measurements dowfi te 1.9 K were carried

umis ﬁf par:allel ne?lrest—neight:orkc Iayeés randor;?ly rdtaltleout using the 6500 Quantum Design of the Physical Properties
such that the overall structure looks random on the smallefyeas rement Syster [23].

scale while quasi-1D on the larger scale. As a semimetal,

graphite has both kind of charge carriers, electrons aneshol

contributing to the electric conduction. At input currefus

enough to not significantly affect the geometry of the fildee, t 1. RESULTSAND DISCUSSION
T-dependence of the electrical resistivityT") is mainly de-

termined by the electronic transport properties of theghar  TheT-dependent electrical resistivityT) is shown in Fig.
carriers, their densities, and their mobilities. Pristf@00 [b. The input current was kept small,= 1 ym. Both the



T=1pa hole-doped perovskites Lag, [27,128]. The presence of I-

M transitions reflects th&-dependent balance of charge car-
riers’ densities and mobilities. Unless a following I-M tra

. sition occurs, for the SC to set in the electronic instapilit
. leading to a M-I transition needs to be avoided. The origin
Pra— of the M-I transition has been debated and several explana-
tions have been proposed: a) magnetic freeze-out of impu-
rity carriers, which is attributed to the magnetically-ired

l localization of impurity-type carriers on charge cent&g]{

L ’”‘f’ b) Wigner crystallization of the free electron gas at ldwo

a non-metallic and AFM state [30]; c) Anderson localization

: { [31] of charges in certain random fields such as the ones found
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in disordered systems like C fibers. Bel@wv~ 25 K, p(T')
for these C fibers has an obvious metallic-like behaviorgihi

FIG. 1: Temperature-dependence of the electrical resistpity) appears to_ dominate over the background electrlt_:al C.On.duc_

and its derivativedp(T)/dT for a raw (in black) and an octane- tion for_a disordered system, the Iattgr being describedimvit

intercalated C fiber (in red), respectively. The inset shows the opthe variable-range hopping mechanism. At I8wthe hop-

tical microscopy image of the Ag-metal current contact to the C fibePing contribution should vanish, leaving out only a metalli

sample. The cooling (empty symbols) and warming (filled symbols)dependence(T) = po(1 + oT'). At very low valuesT < 1

data was taken using a small direct currénrt 1 pA. K and no magnetic field, it was found that the conductivity
o(=1/p) follows the empiricall-dependence:
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(a) 1.8 1=20pa (b) 2

o(T) = a+ BINT/T1) +y(T/To) ">+ 5(T/T3)'/?, (2)

511; g-u where the Ifi’ term (for a clean system) and the quantum
S - (% correctionT~'/2 (for more disordered systems) quantify, re-
1;5 N g spectively, the Kondo effect owning to the presence of local

° w0 om0z wef| oo 0 po mo 20w ized spins in the heat-treated C fibers| [32]. THE? term
is needed for the case when magnetic fluctuations arising for
instance from the application of high magnetic fields would
lead to the suppression of the Kondo effect and in turn strong
electron-electron interactions become important. In the a
sence of a magnetic field, the sign ofis negative, corre-
sponding to the AFM exchange interactidn.., < 0.
R T . Additional features of the electronic transport in octane-
intercalated C fibers are observed at larger input curidest,
FIG. 2: Temperature-dependence of the electrical resistiui#y) 20 pA (Fig. ). AtT ~ 40 K, the irreversibility between the
and its derivativedp(T)/dT" for a raw (in black) and an octane- cooling and the warming data practically disappears and sev
intercalated C fiber (in red), respectively. The cooling (empty sym-eral metastable states are observed. Notice the closefthss o
bols) and warming (filled symbols) data was taken using a direct curggta point afl’ = 40 K to the 7, = 39 K for MgB, could be
rent] = 20 pA. more than just a mere coincidence. Mg considered both
crystallographically and electronically equivalent tostag-
gered graphite (the B layer) that has undergone a zero-gap
raw and the octane-intercalated C fiber show a well-locdlize semiconductor-SC phase transition by largaxis chemical
insulator-metal-insulator (I-M-1) transition dt ~ 250 Kand  pressure due to Mg" layers [36]. The electronic similarities
adecrease ipbelowT ~ 50 K. TheT-derivative of the resis- petween graphite and other systems like M@iB Bi,Se; are
tivity dp(T")/dT" (Fig. [ c and d) shows a possible transition described within the resonating-valence-bond (RVB) model
belowT ~ 50 K. In addition, the larger hysteresis observed The RVB states are preexisting Cooper pairs in the potential
between the cooling and the warming data observed with thgero-gap semiconducting Bsheets that manifest themselves
octane-intercalated C fiber suggests irreversible behavio  as a high?,, SC ground state [36, 37]. RVB can also explain
Searching for possible SC-like behavior in C fibers, anySC below, = 19.3 K in K3Cg [42], as well as anomalies
drop inp provides impetus for further investigation. A signif- like the 41 meV peak observed in the phonon density of states
icant M-I-M transition occurs af’ ~ 25 K wherep reachesa for YBCO [43,144].
maximum. Similarp(T") behavior was found before in PAN-  The effect of a perpendicular magnetic field on the trans-
based C fibers after significant heat treatment/carbonizati port properties of the fiber was tested through measurements
[24,125], as well as in exfoliated graphites|[26]. Anomalouson the specific resistance also known as magnetoresistance:
states have been observed also in early HTS materials, thef R(%) = 100 x [R(B) — R(B = 0)]/R(B = 0). One no-
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FIG. 3: a) Magnetic field effect on the temperature-dependent rasidior octane-intercalated C fiber. b) Magnetoresistance data for the
magnetic induction set t& = 9 T. The zero-field cooled (ZFC) line goes below the field-cooled (FC) ItiE a- 48 K. c) The fit of the
magnetoconductivity data for zero magnetic field (in black) and for anetigfield B = 9 T (in red) to Eq.[2 belowl” = 50 K. The zero
field data shows AFM during both cooling and warming, while the data takea field B = 9 T shows AFM ¢ > 0) during cooling (FC)

and FM ¢ < 0) during warming (ZFC).

ticeable feature is the decreasepofvith increasing the field to the case of UGe[47], here the FM and the FMSC be-
strength (Fig.[1Ba). The transverse magnetic field applies bbw 50 K might result after two quantum phase transitions.
magnetic pressure on the fiber, enhancing the anisotropy i@ompetition between magnons and paramagnons is also pos-
the electronic transport. AB = 9 T, the magnetic pressure sible, i.e., competing pair-making and pair-breaking noagn
Pmag = B?/2u ~ 32 GPa. The fiber becomes more metallic, [4€]. In addition, we observe lo@W* PM manifested in the
thusp decreases with increasing the strength of the magnetiopward turn in the magnetoresistance. This “reentry” phe-
field. The irreversibility (hysteresis) in the high-field gta nomena was observed in other highsystems|[49] and at-
netoresistance is particularly significant. F[d. 3b shomes t tributed to the magnetization of the superconductor coming
magnetoresistance corresponding to the largest appligd mafrom three sources: (a) the diamagnetic shielding moment;
netic induction,B = 9 T. Extending the validity of Eql]2 to (b) trapped flux; (c) a PM contribution (positive suscepitipi
the intervall’ < 50 K and doing the fit to the conductivity data x) from one elemental component (possible the nitrogen, in
(Fig. [3c), the coefficient proportional to the number of spin the case of PAN-derived C fibers). The Meissner fraction de-
is found: yeooting = —629 S/IM< 0 andvy,arming =~ 720 S/m  pends strongly on the applied field. In the high-field lirti t
> 0, respectively. l.e., fol’ < 50 K the octane-intercalated C trapped flux fraction can be comparable to and eventually can
fiber shows AFM during its cooling and FM during its warm- cancel out the diamagnetic shielding fraction. The PM ie als
ing. Moreover, the ratidy/9)(T3/T>)'/? in Eq.[2 goes from  a feature of surface SC [50].
~ —2.5 for the case of no magnetic fieldto —5.2 for B = 9
T. l.e., the application of a high magnetic field results i df These results are not entirely surprising. ~As known,
minishing (to the suppression) of the Kondo (spin) effeat an graphite has AFM correlations between unlike sublattices
the promotion instead of electron-electron interactidigos- ~ (ABAB..) and FM correlations between like sublattices
sible SC nature. The magnetic field separates the spinesingl(AAA.. or BBB...). In graphene_[51], statistically meaning-
state from the FM Spin-trip|et state. The Spin-sing|et is ob ful imbalance in the number of vacancies/defects between th
served at the cooling of the system, while the spin-tripget i A and B lattices, i.e. whemAN,/N,| is statistically nonzero,
observed at the warming of the system. leads to the nucleation of ferrimagnetic puddles and thadr s
sequent growth into sizable FM domains. In graphene, zigzag
While these are magnetoresistance and not magnetizati@dges can be either FM, AFM, or ferrimagnetic. Magnetic or-
measurements, Figl] 3b clearly shows that the field-cooleder and SC have been also observed in bundles of double-wall
(FC) data goes above the zero-field cooled (ZFC) data belo®€NTs [52]. Following a BCS approach in two dimensions
T ~ 48 K. A triplet spin state would make possible the co- (with anisotropy), & ~ 60 K has been estimated for a den-
existence of SC and FM beloi-,,,. ~ T. ~ 48 K. These sity of electrons per graphene plane- 10'* cn?, a density
results suggests that under the application of a high megnetthat might be induced by defects and/or H ad-atoms or by Li
field, the octane-intercalated C fiber is likely a FM supercon deposition |[53]. It has been also discussed. in [54] how the
ductor (FMSC) belowl” ~ 48 K. The effective critical Curie increased magnetic field changes the helical spin strutbure
Teourie = 48 Kis close to the 50 K value found for graphite conical structure and eventually to fully polarized FM alig
flake [46]. In addition, as AFM is seen at the cooling of ment above a critical magnetic field. In our case, the observe
the sample and with the magnetoresistance linearly increagM is likely due to the octane intercalation, which introdac
ing with 7", a Néel transition might also occur &y ~ 50  the spin carrying protons (Hions). The resultant magnetic
K. Thus, is it possible thaf oy ~ Tnv ~ T, ~ 50 Kisa  correlations can mediate excitonic correlations. The Féfan
tricritical point [45]. The magnetic field acts like a chemical bility might also be due to a Lifshitz transition, which hasein
potential, which can turn the lo@- AFM into FM. Similar  related to the thermoelectric properties of bilayer graghe



[55,156]. The Lifshitz transition has been also observed irholes in the Andreev edge states. Thus, the non-local nega-
other systems as due to valence fluctuations that can lead tive conductance/resistance indicates the presence sfamno
dramatic changes in the Fermi surface topology [57] or wherAndreev converted holes, namely the coupling between two
it is pushing the system closer to a magnetic instabilithsuc quantum Hall edge states via a narrow SC link. Elg. 4b shows
that the enhanced magnetic fluctuations eventually ledukto t that the hump spreads fromA to A: 2A ~ (1.34 4+ 1.11)
reentrance of SC in a FMSC |58]. eV~ 2.5 eV. This is 4006« the hump width for YBCO. We

i _are dealing with a chiral spin-tripletwave with two gap am-
Separated in space and bound by the Coulomb (attractlv@”tudes: Av-o ~ 1.6 eV located atV’ ~ —1.34 eV and

interaction, the electrons and holes ‘crystallize” inteatton- Avo ~ 0.6 eV located al/ ~ 1.11 eV. For voltages smaller
hole pairs pretty much Iikg_electric dipole_s. Thg EXCItOrs & tan the SC gap at this temperature (50 K), the transport is
observed near M-I transitions. Interestingly, in the super jominated by the Andreev reflection, were an incoming elec-
fluid state similar London and Ginzburg-Landau type equaysop js converted into a reflected hole. The gap asymmetry
tions describe both the electric dipole SC and the electri¢s que to the charge imbalance that create different rates at
monopole condensate_|59]. Excitonic signatures in thesich the electron-like and hole-like quasiparticles amoe-
octane-intercalated C fibers were probed though measurggeq from the Andreev bound states and/or by the destruction
ments ofGiq;;; (V) = dI/dV obtained from current-voltage ¢ chirality symmetry by the magnetic exchange field due to
V(I) measurements on the microscopic length of the C fibefne jtinerant FM introduced in the system by octane with its
(Fig. [42). While localGu;f(Vgare) measurements are Usu- freely moving H+ (protons) on the graphites interfaces. We
ally done by scanning tunneling spectroscopy, the highly di 5155 notice the Fano-line shape @f;;ss. The Fano line is
ordered nature of the graphitic system suggests instead themanifestation of coexisting polarons and Fermi partiies
need for nonlocalyy; sy measurements. Unlike local electri- 5 gyperlattice of quantum wires. In the stripes scenario for
cal conductance spectroscopy, nonlocal electrical @ifféal 15 a Fermi liquid coexists with an incommensurate 1D
conductanc'eGdiff measurements can dlstlngwsh betweend1arge density wave (CDW) forming a multi-gap SC near a
nontopological zero-energy modes that are localized atoun| jspit; transition wherer, amplification is driven by Fano
potential inhomogeneities and true Majorana edge modes ggsonances involving different condensates. Thus; ; data

the topological phase [60]. Considering normal metal leadgpq\ys that SC correlations might be established in the eetan
connected to a SC, two processes are at the core of nonlgsiercalated C fibers belo@ ~ 50 K. This value is close to

cal response irGiq;¢s: 1) direct electron transfer between iha mean-field” for SC correlations in the metallic-H multi-
the normal leads; 2) crossed Andreev reflection of an elecrayer graphene or in HOP@,, ~ 60 K [62].

tron from one lead into another lead. The height of the
peak inGy;rs(V) is proportional to the nonlocal density of
states (DOS) for the C fiber. The gap in the energy spectru
is a measure of correlations between electrons, in paaticul . N S .
Cooper pair correlations in a SC. Notice that in this case tth(T) (inset in Fig. [Sb). A very significant peak is ob-
concentration of free charges is brought above the thrdsholserved ar’ = 50 K. Thg T-dependenqe of the gafr(T)
not chemically (by doping), instead, by increasing the cedr was furthgr analyzed with the data point&t= 5.0 K ex-
current. Thel'-dependence of the gap for the low voltage re—CIUded (Fig.LBb). As expected)(T’) decreases witlf’. Be-

gion is shown in Fig.[c and the corresponding energy gal pw and above’ = 50K, A appears to decrease linearly with
calculation is illustrated in Fidg.]5a. One remarkable feais . T_h'SA(T) dependence is not the one expected for a BCS
the asymmetry irGy; (V). When the particle-hole and the SC 1-€,A(T) ~ 1.74A(0)y/1 — (T/T)?). If the gap were
time reversal symmetries are violated, the differentiahiel- @ Seémiconducting one, i.&\ = E,, its T-dependence would
ing (local) electrical conductivity and the dynamic (noraty ~ have been like, ~ kpT? for T < Tp andE, ~ kpT for
Gaifr are no more symmetric function of applied voltage £ > 7o, with Tp the Debyel” [38]. The quadratid” depen-
[61]. This asymmetry can be observed both in the normal and€nce is not seen here, while the lindadependence is also
SC phases of strongly correlated systems. As in normal Fernfjot valid as'p ~ 2430 K for graphite. Abovel” ~ 130 —140
liquids the particle-hole symmetry is not violated, thefatif K, Fig.[Bb shows a nonlineak(T').

ential tunneling conductivity (local and non-contact meas The A(T)-dependence was further analyzed within the
ment) and the dynamic conductance (non-local and contacframework provided by known results obtained from the ap-
based measurement) are symmetric functiong.oThus, the  plication of the mean-field theory. One unusual SC behasior i
conductivity asymmetry is not observed in conventional-met manifested in the flat-band (FB) nature of the excitatiorcspe
als, especially at loW". In fact, the asymmetry in the tunnel- trum, where the group velocity goes to zeray(#)/dk — 0

ing conductance feature is an important sign of the underlyf3S]. When the FBs are partially filled and depending on
ing Mott character in doped insulating systems [36] that carthe filling factor, several ground states can be achieved: sp
show unconventional SC. The asymmetryGp; (V) mir-  liquid states, quantum anomalous Hall insulators, or ¢thira
rors the interference of chiral Andreev edge states, whiéh i wave SCI[40]. There is competition between other magnetic
topological phenomenon. In addition, negatié#;;, (Fig.  states, including AFM and SC. As the FB states are highly
[b) is a result of nonlocal coherence between electron ankbcalized around certain spots in the structure, the SCrorde

In order to better understand the nature of SC in the
ctane-intercalated C fiber samples, we have analyzed the
-dependence of the full gafd(T"), more often denoted by
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FIG. 4: NonlocalG4;s s (V) data for an octane-intercalated C fiber at high (a) and low voltagesegpectively. b) The gap & = 50 K
suggest interference of chiral asymmetric Andreev edge states@sskd Andreev conversion.
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FIG. 6: a) The flat band™-dependence of the galp(7") with the flat
FIG. 5: a) Example calculation of the gap for the octane-intercalateghand parameted 5 taken as the average of ali(7") values except
C fiber atT = 12 K. b) T-dependence of the energy gaq7’) for the data point " = 50 K, Arp = A4, ~ 12 meV. b) The flat
extracted from the nonlocdl ;s measurement§u;;¢(V') shown  pand parameted 5 is constant below 50 K and linearly increases

in Fig. [4b. A(T) appears linear arouril ~ 50 K and nonlinear at  wjth 7 above 50 K. The inset shows that a linesp (T > 50K)
higherT'. The inset shows all data, with the gap normalized to thejmpiies the divergence ok atT = 50 K.

very high value observed &t = 50 K.

fitting curves for data below and above 50 K, respectively, in
tersect atl’ ~ 58 K. When the delimitingl" is 140 K, the
fitting curves for data below and abo%&= 140 K intersect
A(T) = ApptanfA(T) /2kT) (3) atT ~ 120 K. The fitting curves for hight' data intersect at
T ~ 250 K. l.e., the delimitind! is close to the one for the in-

This A(T') dependence comes from the density functional thetersection of fitting curves for data below and above it, Whic
ory approach for SC, where the extended Kohn-Sham equé#&an be taken as a consistency criterion. Thes values for
tion is written in the form of Bogoliubov-deGennes equationthe octane-intercalated C fiber are lower even than the salue
used in the conventional theory for the description of inbem predicted ini[78], thus suggesting that the unconventiGl
geneous SC _[6, 41]. At the transition, the condition for thelike octane-intercalated C fibers have a dominantly FEL en-
FB energy gap\ - translates ad\(7,) — 0. Taylor series €rgy spectrum. By comparison, for the phonon-mediated SC
expansion to the first order givés ~ App/2kg. Ourre- MgBs, which is crystallographically and electronically sim-
sults for the octane-intercalated C fiber are shown in[Hig. 6dlar to graphite, the known values fak ~ 9 meV and for
TheT-dependent gap data for the octane-intercalated C fibéfe =~ 39 K give rpcs ~ 1.4. Likely more than just coinci-
A(T) was replotted with the constarty 5 taken as the av- dentally, the same valug;cs = 1.4 is obtained by fitting the
erage of allA(T) values except for the data pointAt= 50  data for the octane-intercalated C fiber belbw= 50 K (Fig.
K, App = Ay ~ 12 meV (Fig.[a). While indeed constant [6b and Takill).
(T-independent) below 50 K, the outstanding feature is the Thus, the A(T) fit to the BCS formula found that the
linear T-dependence oA rp(T) for T > 50 K (Fig. [Bb).  octane-intercalated C fiber is a multiple-gap system. Time si
In addition, the lower inset in Fig[]6b shows that a linearilar MgB, has also a multiple-gap structute [63]: a larger
App(T > 50 K) implies the divergence of\ at T = 50 gap A, in the o-orbital band and a smaller gajp,. in the
K. w-orbital band. The gap ratios for MgRarer% ¢ ~ 4.5 and
Fitting the gap data to the BCS dependence for diffe¥ent r% ¢ ~ 1.7, such thatrg - ¢/rE g ~ 2.7. Both energy gaps
intervals (FigL¥) gives higffi,. values, even pastrooffi{Tab.  haves-wave symmetry. The larger gap is highly anisotropic,
). Also shown are the calculate¢scs = A(0)/kpT. ratios,  while the smaller one is either isotropic or slightly aniegpic.
which are significantly smaller than known BCS values. TheJust as in MgB, covalent bonds are driving metallic behavior

parameter becomes strongly inhomogeneous. A{E) de-
pendence is the solution to a transcendental equation:



T range (K) A(0)(meV)|T.(K) [rBcs

=
o

T<sokdat o T <50K 144 | 120 | 1.4
14 fH e soKk<T <300 2% o~ 50K< T <140K| 155 | 179 | 1.0
soK<T <140 30 140K< T <300K| 11.9 | 576 | 0.24
12 140K <1 < 300 2200 50K< T <300K| 12.6 475 | 0.31
10 - . y5(x) T < 140K 14.3 208 | 0.80
S <10 —— T < 300 K 13.0 | 440 |0.36
& T < 300 K.dat'
E s
3
© 6 TABLE I: Results of fitting the experimental data to the BCS formula
for the gag\(T').
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FIG. 7: ExperimentalA(T') and the fit to the BCS formula for dif- . " T -
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FIG. 8: a)A(0)(T¢) dependence. Data from Tali. I. b) Power law
in graphite as well. The similarities in the calculated ripld-  dependence of the BCS ratio as a functiopfshowing the diver-
gap structure fon-doped graphene and Mgf7€], aswellas ~ 9ence afl. ~ 50 K, where the BCS ratio is- 8.
the transition here occurring @t ~ 50 K that is close the the
T. = 39 K for MgB5, might be all more than just a mere coin-
cidence with the results obtained on these octane-intszhl bohedral symmetry. In rhombohedral-stacked graphene lay-
C fibers. Thus, just as MgBthe octane-intercalated C fibers ers, the in-plane interactions are ferrimagnetic, whigeitier-
also show a multiple-gap structure. Compared to conveation layer interactions are AFM [67]. The spin polarization open
SC materials, wherepcs ~ 3.53, therpcs ratios reported  a gap in the surface state by stabilizing the AFM state. The
here are noticeable smaller. The case of smaligfs ratio  T-dependent magnetic gap,,.,,(7) lines when increasing
was discussed before as due to the existence of FEL energyimber of rnombohedral graphite layers are almost parallel
bands|[78]. On the other hand, multiple-gap energy stractur(they do not intersect) except at highEr(close to~ 200
with the rpc 5 ratios larger than- 3.53 have been explained K). l.e., both theA,,,,,(0) gap and the Bel temperature
within the bisoliton HTS model_[64]. The physical reason T increase with the number of graphene layers. Moreover,
for the multiple-gap structure in a M-I-SC system, where therhombohedral graphené@BC stacking) displays a conduct-
SC has an inhomogeneous structure, was there related to they surface state with a FB energy dispersion [68, 69]. The
presence of several local maxima experimentally foundén th electronic ground state in a FB had been predicted to be ei-
voltage dependence of the differential conductaiigg s (V).  ther SC or magnetic. First-principles calculations idgrttie
The SC current in the bisoliton HTS model is accompanied byelectronic ground state as an AFM state with a band gap of
the deformation of energy bands for a one-particle exoiati about 40 meV and &y ~ 120 K. Experiments of mixed
spectrum. Unlike the tradition model of motion of the whole AB and ABC-stacked multilayer graphene are interpreted in
Fermi sphere, the bisoliton model does not have the deficienerms of SC. In the case of octane-intercalated C fibers, the
cies related to the violation of the Pauli principle and thebp  estimatedr’, increases as the upper limit for tiierange used
lem of residual resistance [65]. The multiple-gap was foundfor the BCS fit of A(T") also increases. It is possible that the
there to be linked to the inhomogeneity of the SC fraction inincreased number of graphitic layers in the C fiber are con-
the M-I-SC sample. It is possible that a similar situation istributing to the observed behavior, which is also corrotexta
found with the octane-intercalated C fibers here that apeear to the more metallic nature of the heated C fiber. The number
have a granular SC fraction embedded in an inhomogeneous channels (located in different graphene layers) contrib
host, which is a mixture of metallic and insulating domaifis. ing to the electrical conduction increases with the amofint o
larger number of conductive channels will make an embeddedourced current.
domain metallic vs. the smaller number of conduction chan- \yhile SC is generally perceived as a I@vphenomenon,

nels found in an insulating domain. We also mention that th&yjthin the FB energy approach it is shown that ro@hsC

very high peak im\ occurs afl" = 50 K, whichis close to the  ¢an pe achieved by changing the spectrum and by increasing

T.. found for the B-doped Q-carbon [66]. the DOS close to the Dirac point. In the extreme limit, the en-
The highT, for the octane-intercalated C fibers here asergy band is the FB surface in the energy spectrum, where the

found from the BCS dependence of the gafil") are close group velocity tends to zero. As a consequefites a linear

to the most SC-prone form of graphite, the one having rhomfunction of the coupling strengtk: 7. = AQrp /7%, where



Qrp is the FB energy area [70]. Thus, quite highcan be
expected even without extra doping (see references In.[39])
The electron-phonon coupling strength (or constant) fer th
octane-intercalated C fibers can be estimated within the FB
model as:\ = a?Arp/1.3 x 1073 [39]. Using the aver-
aged lattice constamt= 1.42 A and the average gap ~ 12
meV, the electron-phonon coupling strength for the octane
intercalated C fibers is estimated)at- 3.0 x 107°°Jm? or  « "7"_ 77k andr’ — 130 K, respectively. d) TheA(T') line

in the more practical units e¥a\ ~ 9.2 eV&. This is more  intersects af, ~ 130 K. '

than one order of magnitude smaller than the cutoff value for

graphene\, = kpTpa?/1.3 x 1073 ~ 140 eV&, with the

Debye temperaturép ~ 2100 K. For graphite,I', ~ 2430 standard BCS ones, the reason for this behavior might have to
K gives \. ~ 160 eVe?. This large coupling constant,> 3, dg with the anisotropic nature of the graphitic matetial][78
was also observed in the 2D honeycomb nitride SCs undeyotice that the rati@A(0)/k5 T, was found to increase with
high-pressure conditions [71], though in that caseas esti-  the coefficient defined within a set of quantum-critical mod-
mated from McMillan's formula: els in which the pairing interaction is mediated by a gapless
boson with local susceptibility (©2) = 1/|22|" (theT’ model)

[79]. The ratio2A(0)/kgT. has been recently computed nu-
merically for0 < I" < 2 within Eliashberg theory and was
found to increase with increasiig It was argued that the ori-

gin of the increase is the divergence2df (0) /k 5T, atT’ = 3.
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wherep* is the product of the DOS at the Fermi levgl0)
and the Coulomb pseudopotential. Bt= 50 K, a very high . )
value A ~ 1230 eV&® is reached in the octane-intercalated cAt the dlvergeTcei/ghe gap was found to scale vifhas:
fiber. The very large coupling constant;> ), suggests pos- 22/ Te ~ 4m(;—5)"/". Indeed, the gap divergence (Fig. 8b)
sible formation of a Bose-Einstein exciton condensatecwhi for the octane-intercalated C fiber4§(7" = 50 K) = 1600

is the limiting case for a BCS SC. One possible explanatiofeV givesl’ ~ 3. Moreover, the rati®A(0)/kzT,. at the

for such a large value of is the topology of graphite that d|verg.ence is about 8, a value that is characteristic to HTS
acts as an electro-chemical potential [72]. The mixed strucmaterials|[80].

ture of SC and normal grains, which act as Josephson junc- We have also observed gaps in tHg; s ; data at other non-
tions, is actually a two-phase state where SC can be observ@gro voltages (FigLl9). Thas(7") data is aimost a perfect

at room7" [73]. These higHl. states, which have been ob- line, intersecting the temperature axigat~ 130 K. The lin-
served in organic matter, are also referred to as type-lll ofarA(7’) dependence suggests the spin Seebeck effect due to
fractional SC. Thus, Josephson-like normal-SC junctiars a the spin-orbit interaction, where the gapis a measure of the
formed in the octane-intercalated C fiber. The transpom-pro Magnetic resonance energy o« A [83]. It also points to the
erties of Josephson-like normal-SC junctions are detexchin €Xcitonic mechanism for unconventional SC based on the ex-
by the competition between two different coherent reflectio istence of a spin exciton, i.e. a spin-1 particlehole exoita
processes: a) the standard Andreev reflection at the interfa

between the SC and the exciton condensate and b) a cohereniVe have then replotted both the small and the large gap data
crossed reflection at the semimetal with the exciton condendFig. [10). BelowT ~ 130 K, we observe both a smallg

sate interface that converts electrons from one layer imto t and a largeA; gap data. WhileA(T') (in blue) appears to
other [74]. As a consequence of this competitiGhy, s has  follow the BCS trend As(7) (in black) has the linear spin-
minima at voltages of the ordéY|e|, the order parameter for wave dependence for which the BCS dependence (in green) is
the exciton condensate. Thus, such minima can be seen &6t a good fit. Fitting all data below 300 K, the BCS critical

a direct hallmark of the existence of a gaped excitonic contemperature i§;. ~ 440 K. We also observe that for the large
densate. The excitonic condensate does carry a net dipolgapA . = 13 meV and the small gaps = 6.5 meV and for
current, which expression is similar to the one for the super?. ~ 50 K, the gap ratioRA /kgT, are~ 3.0 and~ 6.0,
current in a SCJ = |e|ps(V ¥ —2|e|A), wherep, is the  respectively. Interestingly, these are close to the usaliy
density of SC (Cooper) pairg is the scalar potential, andl  class values found for MgB[81] and for a other SC materials

is the vector potential [75].
The A(0)(T.) was plotted in Fig[J8a. Fitting to a line, a
zero gap would be attained atla ~ 2360 K, as Schrieffer

predicted for exotic HTS where magnetism is important [76].

Interestingly, within the two band gap model used for MgB
the BCS-like gap increases linearly with, while the gap
characteristic to organic superconductors and alkanghie
systems decreases linearly with[[77]. While ther g values
for the octane-intercalated C fiber (Tab. 1) are smaller than

[82].

Additional confirmation for finding SC in the octane-
intercalated C fibers was provided by DC magnetization mea-
surements using the PPMS vibrating sample magnetometry
(VSM) option Fig.[11. The irreversibility temperature, whe
the zero-field cooling (ZFC) magnetization goes below the
field-cooled (FC) magnetization i§. ~ 52 K. Notably, this
T. is close to what has been found before from magneto-
transport and gap data. We also observe that the magnetizati
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FIG. 12: a) DC magnetization zero-field cooled (ZFC) and field-
T(K)

cooled (FC) data for octane-intercalated graphite powder. b) Zoomed
data finds an irreversibility temperatufe ~ 59 K. c) and d) In-field
magnetization datd/(B) atT = 300 K andT = 60 K, respec-
tively, before (in orange) and after (in red) the sample’s diamagnetic
background was subtracted.

FIG. 10: Large and small temperature-dependent gapAgtg for
the octane-intercalated C fiber.
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FIG. 11: a) DC magnetization zero-field cooled (ZFC) and field-
cooled (FC) data for octane-intercalated C fiber. b) Zoomed data
finds an irreversibility temperatufg. ~ 52 K.
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remains positive down té' ~ 4 K, below which the response w0
becomes diamagnetic. As known, boron-doped diamond is
SC belowT, ~ 4 K [84]. Moreover, octane-intercalated
graphite powder from Sri Lanka [85] shoW$ ~ 59 Kin  FIG. 13: a) and b) DC magnetization zero-field cooled (ZFC) and
the ZFC-FC data (Fid_12). Significantly, this is close the th field-cooled (FC) data for a HOPG-Kapton-HOPG composite in
mean-field value fofl, [62]. In addition, our result is also H = 150 Oe andH = 300 Oe, respectively. c) and d) In-field
close to what has been found for the as-prepared graphit@agnetization data/(B) at7" = 300 K andT" = 60 K, respec-
sulphur composites [36]. tively, before (in orange) and after (in red) the sample’s diamagnetic

Following Ginzburg's ided [128], bulk SC properties were Packground was subtracted.
further tested on a composite made out of two Sri Lahka [85]
HOPG pieces 80@m thick separated by one insulating layer.
We have used a5u:m thick Kapton tape [87], which is often deed, a topological object (Fid.114. The Little-Parks dffec
considered for cryogenic measurements due to its chemicé observed as a modulation of the electrical resistance by a
stability anywhere from 4 K to 673 K. The Kapton tape (4,4'- magnetic field applied perpendicularly to the graphite taye
oxydiphenylene-pyromellitimide) contains the same eletsie  [88,89]. The second derivativel{R/dB?) was calculated
as the C fiber (C, H, and N), while double bonded O is onen order to remove the regular field-dependent magneteresis
time present in the Kapton molecule chain plus two O atomgance from the raw data, leaving out only the L-P oscilla-
that are connected to each side of the Kapton chain. The ZFQions. Interestingly, the A-B effect is observed only when
FC data for the Kapton tape is shown in Hig] 13. Again, thethe magnetic fieldB is swept from the largest (1 T) to its
irreversibility temperaturd, ~ 48 — 50 K was close the all lowest value (-1 T). The period for the L-P oscillations is
previously found values. Thus, the mean-field predi@iefibr Br_p ~ 0.2 T. This period is close the 0.15 T period found
graphite is here experimentally confirmed to be in the 50-6Gor the oscillatory magnetoresistance at a topologicallas
K range. tor/chalcogenide interface [90]. The L-P oscillations,ieth

We have also found Little-Parks (L-P) oscillations in the reflect the pattern for the amplitude and phase of the order
octane-intercalated C fiber, proving that the C fiber is, in-parameter, were found to be essentially independent of sam-
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observed|[94]. Instead of an integer number of fluxons, is
it possible that the octane-intercalated C fiber is a chiral
wave SCI[95] harboring & = 1/8 fractional fluxon inside a
Mobius SC strip? Then the corresponding area would need
to be A ~ 1.3 x 107! m? giving for the fluxon’s radius
R/ ~ 20 nm. Here is a possible scenario for the octane-
intercalated C fiber: In the absence of the field, the system
is described by the Little model for high: organic SC. The
spines are in theb plane (the graphite plane). When a mag-

in the octane-intercalated C fiber for magnetic fields applied normahetic field (in this caseB = 0.2 T) is applied normal to

to the C fiber at decreasing (dotted line) and increasing (continuoughe C fibers axis, the SC condensate is containing a 1/8 frac-
line) the field.
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tional fluxon. Others observed L-P oscillations in a chir@l S
nanotube|[96]. It is possible that the octane-intercald&ed
fiber contains chiral noncentrosymmetric tubular nanestru
tures. The noncentrosymmetric property is a result of mix-
ing the of the singlet and triplet states (i.e., differentifya
states)|[99]. It was also found that for W®&anotubes;,

increases with the diameter of the tube |100]. The LP effect
originate from the interference of the SC current along the
nanotube circumference and the resultant oscillations, of
Given all these, is there a more likely to consider that thg-ma
netic flux area is planar and when it extends over the fiber’'s
ple dimensions, temperature, transport current, and tigaima length! = 1.4 mm, then it must bev = A/l ~ 7.7 x 10712

tude and orientation of the magnetic field, including magnet m wide. This is quite a very small dimension, the like of
fields oriented parallel to the film plane [91]. This situatio thread bonds in molecules [97]. If the model proposed by
would suit well the C fiber, where the many graphitic planesLittle [98] is used with the polarized octane moleculesralte
have equally many orientations with respect to a field normahating on the sides of the SC spine, then the radius of the
to the fiber’s axis. We also notice tha_pBy_p ~ 11.6 thread bond is the distance between the two H atoms at the
ueV in this case z_p ~ 0.927 x 10723 J/T is the Bohr- end of two octane molecules on opposite sides of the spine.
Procopiu magneton) would be about two times the Lamb shiff he width of the SC spine i8scspine =2 X leg =2 x 1.1

for H atom for which there is the split between thg ,, and A= 2.2 A. Because the distance along relatively straight por-
2py /2 energy levels is~ 4.38 peV. The Lamb shift is related tions of the PAN-fibers graphitic network is on average not
to the coexistence of SC and magnetism, including the coeXarger thanl ~ 10 nm, the more likely situation is that the
istence with an incommensurate spin-density wave (magnompagnetic flux area ist = d x w, whered = 7.0 um is the

at a structural transition to an anisotropic phase (indhe fiber's diameter. For one fluxon, the width for the flux area is
plane). Thisl1.6 eV value is also closed to the smallest w = 10~'*m?/d ~ 1.4 nm. That is, the coherence length at
gap A(130 K) ~ 10 peV (Fig. [9). Does this mean that the T =300 K is &, ~ 1.4 nm.

spin wave survives past = 130 K to at leastl” = 300  ysing the7, ~ 440 K value estimated from the BCS
K? More importantly, the L-P oscillations were observedwit it of the gap data and the temperature depende(iEe =

the magnetic field directed along the SC cylinders axis. Hovsé0 1— (T/T,)?, we find for the zero temperature coherence
that we are observing L-P oscillations with the magnetiafiel length&, ~ 169 ;’Lm Then the electron density parameter is
normal to the axis of the octane-intercalated C fiber? Here 500/2713 ~ 18, with ap — 0.529 x 10-19 m the Bohr

. R K . . Ts =
is what we believe that is going on. First, let us apply the(H atom) radius. Interestingly, the produgtn* ~ 40 is the
same reasoning as the one used for the original L-P OSCi”as'ame for BSCCO, where, ~ 2 5andm* ~ 16 [92]. What

tions to find for “corresponding cylinder/fluxon radius” the could be the reason for the produgtn* to be constant? From
octane-intercalated C fibeR = Po_ ~ 56 nm.where ¢, = 2r,ap andé, = hwp /7A(0), we find A(O)QZ% <h

mBr_p

g =h/2e~21x 1075 T -m*=A x B,_pisthemag- or A(0)i& < h, wherelp = 2rag is the Bohr circumfer-
netic flux quanta. From here, the fluxon area in this case ignce in the Wigner localization limit. Not surprisingly, we
A ~ 1.0 x 10~ m2. Rather than only one fluxon, a more have recovered the Heisenberg relation Miiits /27 the re-
favorable energetic situation is to hakéfluxons, each hav- duced Planck constant. The time lapse for completing the
ing a radiusR/v/N and magnetic flux quant@,/N [89].  track at Fermi velocity or the Bohr period i = Iz /vr

In a microring of a SC with a spin-triplet equal-spin pairing , from where the angular velocity isg = 27vr/l5. Using
state, a fluxoid, a combined object of magnetic flux and circuthe values ai” = 300 Kand B = 0.2 T, vx ~ 8.0 x 10* m/s
lating supercurrent, can penetrate as half-integer medtipf  andip = 27 x 0.529 x 10'° m, we findwp ~ 1.5 x 10*°

the flux quantum|[93]. Chirality-controlled spontaneous-cu Hz, which is close to the angular frequency for the 1.6 eV

rents in spin-orbit coupled superconducting rings havenbeeexciton, wezciton ~ 2.4 x 10'® Hz. This result suggests the

FIG. 15: Fermi temperatufEr and the effective mass ™ vs. inverse
field 1/B. The effective mass:* vs. the band filling factop.
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existence of a SC condensate formed by the partial density dével, F is the strength of the electric field, is the potential

the Fermi liquid close to the shape resonance condition thatifference, andi mm is length of the fiber. Using the experi-

is coupled with the 1D generalized Wigner polaronic chargemental data for = 5.9 x 10* Q= 'm~!, V =25 x 1073 V,

density wave (GWP-CDW) like the one found in the BSCCOandd = 1.4 mm, the Fermi velocityr = /Er/2m* with

HTS compound/[92]. These results can be also correlated tihe Fermi energy¥r = kpTr with Tr ~ 397 K found from

the behavior of (the resistivity) at 7 ~ 250 K, where ei- fitting thes(T") data to the Koike formulaz ~ 5.3 x 10* m/s,

ther a I-M transition or a M-I is observed depending on thewe find . ~ 3.0 x 10* m?>.s7'.V~! andnsp ~ 1.2 x 10

excitation current 2Q.A or 1 A, respectively. m~3. Then the effective thickness per 2D conduction chan-
The evidence of L-P oscillations in the octane-intercaate nel, given by the ratiowp /nsp ~ 8.3 um, is very close to

C fiber suggests the existence of a macroscopic quantum Se fiber’s diameter~ 7 um. That is,the octane-intercalated

phase at temperatures at least 300 K. To our knowledge, thiS fiber is a topological object

is the second time time that the L-P oscillations are replorte

in a graphitic material [102]. As the macroscopic quan-

tum phase results from the condensation of quasiparticles, IV. CONCLUSIONS

we have also extimated the quasiparticles’s effective mass

m* = \/2Ep /v%, where the Fermi energy = kpTr was

found from fitting thes (T)) data (TabCll) to EqC12. The band We have continued our work on finding SC in C allotropes

- . [105], herein considering C fibers modified by intercalation
filling factor p [101] was also found. As Fid. 15 shows, the with octane. The reentrant I-M transitions are more than

i~ * 2 _
dramatic increase afv* > 10°m. suggests that the octane just anomalies in the(T). Below T ~ 50 K, the magne-

intercalated C fiber is a heavy fermion HTS. Since the plas: : L
MON'S ENergy IS\ iasmon = —Weasimirs tUSWesciton = toresistance data shows a transition from AFM to FM cor-

T 0L s i g 1 . uency Lo 3 e stengh of e magne i s ncressed
Wplasmon =~ 6.2 x 10'2 Hz. This is what might have hap- P : P

pened: An exciton s formed dt = 50 K. As the temperature oo = B85 E R0 B Ene TERTAREECE BAERRY
is increased to roorff, the extend of the exciton (electron- P P

. . . the PM regime. Superconductivity might be mediated b
hole pairs) reduces and exciton breaks into the more dynamlg,:'oth short—?ange AFI\/ﬁJcorreIations gnd I?)ng-range EM correy-
bipolarons. ForB = 0.2 T, the magnetic length isg ~ 1

! ) lations, where the latter become dominantBass increased.
mm, i.e.,rg = \/hc/eB scales with the 1.4 mm length of ' . :
the C fiber. Notice also that faB = 0.2 T, m* ~ 2m,. It Nonoverlapping AFM and FM and overlapping AFM and SC

was found thatn* ~ 2m, is the optimal value that can give a as well as FM and SC have been discussed. in [107]. The ir-

high T, in all cuprates when the Casimir effect is consideredFeverSib”ity observed in the FC vs. the ZFC data for a suf-
[103]. The Casimir effect was recently found relevant also iciently high magnetic field suggests that the system enters

o . the SC state below, ~ 50 K. Thus, the octane-intercalated
for graphene [104]. Can the Casimir effect be relevar;t iNOUk~ o appears to be an unconventional magnetic SC. In ad-
hem? A i

case? The Casimir energy is given Btasimir = =555+ dition, AFM spin fluctuations creates pseudogap stateseabov
wherec =~ 3.0 x 108 m/s is the the velocity of light in vac- T, ~ 50 K [L0g]. It is also possible thal’ ~ 50 K is a
uum, A is the area of each of the two Casimir planes dmsl  tricritical point, with the magnetic field acting as a cheatic
the small distance between the planes. We can also estimggtential that can turn the lo@-AFM into FM.

The unlikely coexistence of SC and FM was observed in
bulk insulators like SrTi@[109,/110]. Recently, a model was
01 | 2330 11.0 |o977 proposed in order to_claxpllaln.the magnetic-field dI’IVGD SC-l
02| 471 | 223 0862 guantum phasg transition in dlsordergd Josephson'cheﬂhs [1
5 | 499 | 0236 | 1.34 The SC-I transition arises naturally in I(_)W-dlmen5|ona¢-sy
9 | 278 | 0.132 | 1.60 tems (1D, 2D), as the Anderson localization precludes, in ge
eral, the emergence of an intermediate metallic phase.eLarg
DOS at the Fermi level owning to the presence of edge states
TABLE II: Fermi temperaturd’, effective massn* (in units of the ~ and topological disorder can trigger competition betwe€n S
electronic massn.), and the band filling factop in different fields  instabilities and charges density waves in these quasi-2D C
B. materials. Topologyis the key word in understanding the I-

M transitions [111] and the SC-like behavior [111, 112] ob-
the 2D carrier density for each parallel 2D conduction chanserved in these C fibers. The octane’s work on the graphitic
nel,nap = gle|Br_p/h ~~ 10~ m~2, whereg = 2 isthe  planes might favor 2D SC, with H playing an important role.
spin degeneracy;, = 1.6 x 1079 C is the electron charge, In metallic systems, the grains must be in close contact for
andh = 6.62 x 103 Js is the Planck constant. The 3D car- the field-induced percolation to be effective [113]. Eleotr
rier density is given by:sp = o/(Je|u), whereo = 1/pis  microscope studies show that the microstructure consists o
the electrical conductivity angg = vrp/E = vp/(V/d) is  wide distribution of grain sizes, with some of the grains-sur
the electron mobilityp is the electron velocity at the Fermi rounded by insulator and chains of touching grains. While

B() | Tr(K)|m"(me)| p
0.01|23200 110 [0.998
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bulk SC and FM are vanishing abruptly below the percolationin a topological insulator coupled to FM and AFM insula-
threshold, an individual grain can retain SC if its size rgéa  tors [124]. The pairing strength also increases with ingirea
than the coherence lengfh [114]. Likewise, the many new Fermi momentum, in agreement with previous studies in the
interfaces created by octane within the turbostratic velwih  limit of high chemical potentiali. The pairing strength de-
the C fiber can host SCI[8]. Magnetization measurements ooreases ag moves towards the gap and completely vanishes
heptane-treated high-quality graphite powders suggesith  wheny is inside the gap. If a quadratic term is present in
istence of granular SC at certain interfaces, which areiplgss the Lagrangian, the pairing is instead BCS type up to a cer-
created after the treatment of graphite with the alkane@8le  tain value ofu. In the AFM case, the BCS pairing occurs
guestion is whether the alkane is creating 2D grain bouadari when the FM coupling between magnons on the same sublat-
that are normal to the graphite planes and perhaps the H ionice exceeds the AFM coupling between magnons on different
(HT or protons) in the alkane are responsible for the observedublattices. Outside this region in parameter space is the A
phenomena. For instance, experiments found that the tregberean pairing leading to SC.

ment with octane can lead to free protonation of the grajshite

Perhaps relevant for this work is the prediction thatoped
interfaces|[115] and the observation of HTS in C fib P P P

_IS [117]'hydrogenated graphene (or graphane) is an electron-phonon
pC with a7 larger than 90 Kli[126]. The main difference

with the energy gap data as obtained from nonla@als, betweezn graphene and g(aphane is that, yvhile thg former is
measurements. An excitonic mechanism is likely driving thefU!ly Sp* bonded, the latter is Sfponded, as diamond is [127].
system to a SC state below the saffiev 50 K, where the Since graphane is the 2D counterpart of diamond, which is
gap is divergent. The temperature-dependent 44P) as SC wher)p—doped, calqulatpns show that d_oped graphane is
obtained from nonlocafz,;s¢(V') experimental data for the & potential HTS material [126]. Graphane is also one of the
octane-intercalated C fiber suggest possible transitm&et most stable hydrocarbons. It is possible that the octaee-int

including HTS states occurring in a multiple-gap systenmwit calation results in the _formation of graphane domains withi
critical temperatures estimates above room temperature. T € sample, thus making possible HTS. The DC magnetiza-

HTS phases are likely surface SC states formed locally atgon measurements that we have conducted on other octane-

the grain boundaries of the octane-intercalated fiber, -simintércalated graphitic samples, such as graphite powdgr an
larly to what has been found at the Cu-CuO interface|[116]the HOPG-Kapton tape-HOPG composite, have confirmed the

Thus, the magnetoresistance and the conductance measuf¥istence of SC properties in these hydrogenated graphites

ments here show that either a magnetic or an electric field can One important question is the nature of the SC-like behav-
drive this hydrogenated graphitic system to a SC state belovor in these C fibers. For a BCS-type SC, fhds given by Eq.

T. ~ 50 K. The temperature dependence of the SC gap foldl: With theTp = 2430 K, room-T" BCS-like SC in graphite
lows the flat-band energy relationship. We have also founds achieved forfV(0)A ~ 0.45. A BCS SC like Pb, for which
that the flat band gap parameter has a linear increase with witl', = 96 K, has N(0)A ~ 0.39 and7. = 7.2 K. The re-

the temperature abovE. ~ 50 K. The Delta-function-like lation between the Fermi temperatdfe = Er/kp and the
peak observed & ~ 50 K in the energy gap\(T') for the  Debye valuelp plays a more subtle role. In the theoreti-
octane-intercalated C fiber is a sign of soliton formation. | cal approach for HTS material&ir is considered a variable.
was suggested that topological HTS, which can be found als®n the contraryFEr is not a variable in the BCS theory due

in organic compounds, occurs due to the formation of solito the assumption thafr > kgTp, or Tr > Tp [125].

tons [118) 119]. Unlike the electrons from conventional SC,While not included with this work, estimates of the Fermi en-
the Cooper electrons in cuprates and some other unconverrgy E for the octane-intercalated C fibers will be the topic
tional HTS are pairs of soliton-like excitations. Solitgslay  for a follow-up paper. The HTS mechanism in unconven-
a fundamental role in the charge-transfer doping mechanisntional materials such as the cuprates and the C-based cannot
Bisolitons, i.e. electron-hole excitations or polaroraitens,  be entirely phonon-based, as it needs long-range electroni
might lead to the HTS mechanism in ceramic oxide mate-correlations that are not phonon-mediated. In cuprates)-1o
rials like YBCO with the SC generated by quasi-1D chainsrange phase coherence results from the interplay between th
(molecular-like) of alternating Gt and &~ ions [120/ 121]. lattice and spin fluctuations. In C-based SC, as the octane-
The polaronic (or bipolaronic) mechanism is fundamental tantercalated C fibers here, SC might arise via the excitonic
the formation of Cooper pairs in HTS materials [122,1123].mechanism [98, 128, 129]. The indirect exciton at 50 K is the
The bisolitons, which are Bose-particles with zero spinand driving force for the boson condensation and the BKT transi-
double electric charge, form a Bose-condensate usualywat | tion below 50 K. High-temperature superfluidity with indite

T. The moderately strong, nonlinear electron-phonon ictera excitons in van der Waals heterostructures have been stud-
tion is responsible for electron pairing in the cupratesergh ied beforel[130]. As shown by this work, the observed SC-
the perturbation theory becomes invalid. Thermal vibregio like features of alkane-intercalated C fibers hint to an unde
of the lattice atoms lead to an increase2iA(0)/2kpT, to  lying excitonic mechanism that can be explained within the
values that might exceed the BCS one §.53), in accor- framework of FB energy bands. Inside the spin-triplet exci-
dance with experiments. At the same time, consider the cagenic phase and at finite chemical doping, a pairing interac-
of a long-range phase coherence, like the magnon-induced Son, conducive for SC order, may arise from AFM fluctua-

We have further corroborated the magnetoresistance sesu
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tions [131]. Ginzburg considered the possibility for thérpa of SC materials and heterostructures. If nothing else si al
ing of electrons in metal layers sandwiched between pelariztells us that the bees are right. In bulk systems, the griaphit
able dielectrics through virtual excitations at high eyedgpn =~ domains should be twisted with respect to each other in order
graphene, excitonic resonances are a signature of Coulontb form the FB in electronic spectrum. The topological ori-
(Amperean) couplind [132], seemingly the SC mechanism irgin of the FB can be also understood in terms of the pseudo-
FMSC, i.e., spin-triplet SC [133]. Contrary to the Cooper magnetic field created by strain [141]. On a more fundamen-
pairing, the Amperean pairing is attractiveinteraction be- tal level, finding SC in C-based materials should not come
tween fermions with parallel momenta that occurs wheneveas a surprise. London was first to suggest quantum behavior
the effective Lagrangean for the magnetic fluctuations does the form of superfluidity in organic matter [142]. Com-
not contain a quadratic term [134]. The Amperean mechanisrpounds with aromatic rings such as anthracene and napatalen
for SC has been already proved in the case of magnon-inducedight exhibit a current running freely around the rings unde
SC in a topological insulator coupled to FM and AFM insu- a charging magnetic field. The formation of a Cooper pair ap-
lators [124]. The FM and the excitonic signatures observegroximately 40 eV above the double-ionization threshold in
with the octane-intercalated C fibers are a hint for possibléoenzene, naphthalene, anthracene, and coronene aftdr-the a
Amperean coupling in this system. sorption of a single photon was also observed [143]. Little

We believe that our results and their interpretation are con[98, 144] was the first to suggest the possibility for ro@m-
tributing to the mounting evidence of unconventional SC lo-organic SC with a maximurfi, ~ 2200 K. Charge carriers
cated at graphite’s interfaces, in particular after theglaen  moving along a conducting spine are bound via the virtual
were brought in contact with alkanes. This work is among theelectronic excitation of polarizable side groups. Inténegy,
few reporting on HTS-like states in hydrogenated graphitesboth living forms of organic matter (mostly conjugated hydr
We are also inquiring on the possible coexistence of surfacearbons, i.e., C and H atoms) and oxide HTS have unpaired
SC and magnetism [135] at interfaces of graphite that had urspins and own their function on the presence ¢f O addi-
dergone certain modification processes. It is suggestédhtha tion, while thes electrons are localized close to the nuclei and
order to reach roori: SC, one must search for or artificially thus do not differ much from the ordinary atomic electrons,
create systems that experience the nontopological FB in thihe 7 electrons move collectively in the field created by the
bulk or topologically protected FB (zero-energy bands)tent former. Hence, the electrons’ behavior as conduction elec-
surface or at the interfaces of the samples|[136]. The largdrons is making their host, the hydrocarbon molecules,laimi
than in the bulkT, is due to its proportionality to both the to metals. Moreover, it turns out that the hydrocarbons with
coupling constant and the area of the FB. Recently, uncenvereven number of C atoms are small SC |145]. The pair corre-
tional SC belowl, = 1.7 K was found in 2D superlattices lation, which takes place in a number of Fermi systems, can
obtained by stacking two graphene sheets at a 'magic’ twisiead to SC in metals and in electronic systems also leads
angle 1.9 [137]. Simple calculation finds that approximately to Josephson-like phase coherence. Thus, the occurrence of
~ 330 graphene layers would be needed to accomplish a conboth pair correlation and the field-induced metallic states
plete360° twist, amounting to~ 57 nm thick sample. Per- the octane-intercalated C fibers suggests similarity betwe
haps more than just coincidentally, in bulk HOPG samples dhe system here under investigation and the family of mietall
semiconducting-metallic transition occurs at a minimum-sa nanoclusters, with the latter considered potentially HT& m
ple thickness of~ 50 nm [138]. Another more than just a terials [146]. The pairing in the nanoclusters is similatttat
mere coincidence is that the magic anglé’ by which the in the atomic nuclei [147]-[148].

raphene layers need to be twisted with respect to each other . A
?or gC to arige is close to the one related to approblem that has We have found evidence of sqperconductlwty n hydro_-
fascinated researchers from Kepler, to D’Arcy Thompsod, an genated graphenes. Recent studies ShOV\.’ the V|ap|I|tye)f lif
Hales[139]. Kepler asked: What is the most efficient pariitio in Hp-dominated exoplanet a.tnjospher_es ~1.49]' Thuap-
of space into equal volumes? Hales reformulated the pro pears that bqth superconductivity ar?d."f,f thrive on hyeg
lem as: Any partition of the plane into regions of equal area aybe that life needs superconductivity:
has the perimeter at least that of the regular hexagonad tili ACKNOWLEDGMENTS
[140]. l.e., the honeycomb tiling is the most packed tilirfg o
all. D’Arcy Thompson gave a twist to the problem: Imagine This work was supported by The Air Force Office of
a hexagonal prism, open at one end and sealed at the oth8cientific Research (AFOSR) for the LRIR #14RQ08COR
by three rhombuses. What is the apex angle that minimize& LRIR #18RQCOR100 and the Aerospace Systems Di-
the total surface area of the cell? It turns out that thateanglrectorate (AFRL/RQ). We acknowledge J.P. Murphy for the
is aboutl®. What all this diversion tells us is that the under- cryogenics. First author's special thanks go to Dr. G.Y.
standing of the packing of the honeycomb structure is no lesBanasyuk for his continuous support and inspiration.
important than the honeycomb symmetry itself for the class
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