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Magnetism and Superconductivity in Hydrogenated
Graphite Foils

Nadina Gheorghiu

Abstract—We have previously found magnetism and supercon-
ductivity in hydrogenated graphite [Gheorghiu, et al. (2020)].
Herein, the two phenomena are observed in hydrogenated graphite
foils. As the strength of the magnetic field is increased, the
temperature-dependent magnetization shows several transitions
between different states: from Néel paramagnetic, to antiferro-
magnetic, to ferromagnetic superconductor, to high-temperature
superconductor with the critical temperature for the dominant
phase T. ~ 50-60 K. The latter might be an orbital paramag-
netic glass ordering of 7w Josephson-coupled SC domains akin
to a macroscopic quantization of the system. The magnetization
loops show the kink feature characteristic to granular SC. The
ferromagnetism is observed up to room temperature. Thus, we
observe both magnetism and superconductivity in hydrogenated
graphite foils.

Index Terms—High-temperature superconductors, ferro-
magnetic materials, antiferromagnetic materials, paramagnetic
materials, organic compounds, graphite, hydrogen.

1. INTRODUCTION

AGNETISM and superconductivity (SC) were thought
M as mutually exclusive physical phenomena. In cuprates,
high-temperature superconductivity (HTSC) emerges from tun-
ing the charge-doping of the parent phase, an antiferromagnetic
(AFM) Mott insulator. The emergence of new SC materials like
the (iron-based) pnictides showed the important role played by
long-range magnetic spin correlations. A ferromagnetic (FM)
domain can transfer the magnetically stable spin-triplets into
the neighboring nonmagnetic domains and the latter becomes
SC. Long-range proximity effects are established at the SC/FM
interfaces. Anisotropic materials might contain magnetically
soft/hard or FM/AFM domains that are interfacially coupled,
leading to the formation of quasi-Bloch walls [2]. FM and SC can
actually coexistin graphite and other carbon (C)- based materials
[3], [4], [5], [6], [7], [8]. Can these low-weight materials reach
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higher 7., maybe even higher than the 200 K found in a specially
prepared phase of the rare-earth material YBCO [9]?

In the BCS theory [10], the attractive interactions between
electrons are explained as mediated by the lattice excitations
(phonons). For HTSC materials, it is the e-e correlations rather
than e-phonon interactions that lead to high 7. In [1], we have
proposed that HTSC in hydrogenated graphitic fibers could be
explained by the Little model for HTSC in organic materi-
als [11]. The Little model considers a molecular arrangement
consisting of two parts: a) a long chain called the spine, in
which the electrons fill various states and may or may not
form a conducting system; b) a series of arms or side chains
attached to the spine. The treatment with octane results in the
free protonation of octane at graphite’s interfaces [12], [13].
The resulted superacidic protons (H*) move freely (with no
activation energy) on the graphite surfaces, giving rise to HTSC.
Thus, when the Little model is applied to the H-C foil, one can
imagine that the spines are in the C planes with the protons as the
arms or side chains. The free protons are shared by all C atoms
in the plane to which the arms are connected thus the protons
mediate the e-e correlations. We have found that the magnetic
field leads to SC correlations in hydrogenated graphite and other
C-based materials [1], [14], [15], [16].

In this research, we are finding magnetic and SC transitions in
hydrogenated graphite foils. These results reinforce our previous
research on FM and SC properties of hydrogenated graphitic
fibers [1], [17], where the quantum phenomenon known as 2D
weak localization can turn some of the e-e interactions into
SC correlations [18]. While the o electrons are localized, the
w electrons are free to move like conduction electrons in metals
and their long-range correlations result in FM. In graphite,
there are intrinsic AFM correlations between unlike sublat-
tices (ABAB ...) and FM correlations between like sublattices
(AAA ... or BBB...) [19]. Hydrogenated graphene was pre-
dicted to be FM [20]. We have previously found both magnetism
and SC in oxygen-implanted C—based materials [14], [15] as
well as in boron-doped C—based materials [16], with 7, ~
50—80 K for the dominant SC fraction. Interestingly, the shield-
ing fraction, hence T, increases with the number of benzene
rings [21]. The results presented here are in agreement with our
previous work, thus confirming that hydrogenated graphite is a
FM HTSC.

II. EXPERIMENT

Graphite foil (Graphtek) square samples with dimensions
2 mm X 2 mm X | mm have undergone hydrogenation via
doping by a hydrocarbon (octane, CsH;g). The graphite foil
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Fig. 1. ZFC (in blue) and FC (in red) low-field data for the H-C foil.

was soaked in octane for seven months and at room temper-
ature. The resulted sample is referred as H-C foil. Here, the
mass was 7.8 mg for the C foil and 7.7 mg for the H-C foil,
respectively. The mass difference can be explained as follows:
The H-C foil is chemically different than the C foil, as the
octane is molecularly broken at the graphite surface. This results
in the formation of molecular hydrogen, methane, and ethane,
hence the protonation of the basal graphite surface by octane.
In addition, even a gentle handling of the sample leads to a
small loss of mass. Using the vibrating sample magnetometry
option of the Physical Properties Measurement System (PPMS)
model 6500 (Quantum Design), magnetization measurements
were carried out in the 1.9 K-300 K temperature (7)) range and
for magnetic fields of induction B up to 9 T applied perpendic-
ularly to the graphite layers. The PPMS sensitivity was at least
0.5 x 107° emu, while samples’ magnetization was 50-100%
larger. While usually, though not always, both transport and mag-
netization experiments are done in order to probe SC signatures
in SC samples, here we have chosen to consider only results
from magnetization experiments. The superconducting interpre-
tation of the observed magnetic-field hysteresis is supported by
the observation of thermomagnetic hysteresis that can differ-
entiate a ferromagnetic from a superconducting behavior. The
results from transport measurements can be found in an earlier
publication [22].

III. RESULTS AND DISCUSSION
A. Temperature-Dependent Magnetization

The magnetization m(7T) data is shown in Fig. 1. Upon incre-
mentally increasing the strength of the magnetic field H from 0
to 150 Oe, several important magnetic transitions occur in the
H-C foil: from reversible to irreversible PM (Fig. 1(a)-(c)), to
slightly irreversible PM-AFM Néel transition (Fig. 1(d)—(f)), to
reversible diamagnetism (DM) (Fig. 1(g)), and to irreversible
DM (Fig. 1(h)—(i)). The Néel transition temperature is Ty =
44 K (Fig. 1(d)—(f)). Significantly, in high H, the Meissner
fraction becomes dominant and the H-C foil becomes SC below
T. =~ 57 K (Fig. 1(h)—(i)). The initially trapped magnetic flux is
expelled. In addition, we observe a low-T upturn of the zero-field
cooled (ZFC) and the field-cooled (FC) curves. This reentrant

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 35, NO. 5, AUGUST 2025

PM was observed in other high-7', systems [23]. The Meissner
fraction depends strongly on the strength of the applied field. In
the high-field limit, the trapped flux fraction can be comparable
to and eventually can cancel out the DM shielding fraction. This
kind of Meissner effect, PM by nature, is due to the trapping
of magnetic flux [24]. On decreasing 7, the magnetic flux
captured at the third (surface) critical field inside the SC sheath
compresses into a smaller volume, thus allowing extra flux to
penetrate at the surface [25]. The PM Meissner effect is a general
property of a small SC, being enhanced in a plate geometry such
as our graphite foil here. From all the evidence, HTSC occurs in
the H-C materials at the interfaces, i.e., weak SC links are formed
across the grain boundaries and/or across defect surfaces within
the grains. Flux trapping and not pinning is the main mechanism
for hysteresis in granular HTSC. At the SC/FM interfaces, the
spin-orbit coupling induces spontaneous vortices (in H = 0)
that are pinned along the edges of the FM and is reinforcing
the SC state [26]. Moreover, in granular SC (type II SC), the
occurrence of the PM Meissner effect proves the existence of
7 Josephson-coupled SC domains. The PM Meissner effect,
known also as the Wohlleben effect [27], [28], was found to be in-
herent to granular SC [29]. In small topological (unconventional)
SC, granular SC in particular, the intrinsic inhomogeneity can
result in PM because of the odd-frequency Cooper pairs at the
surface of the small SCs that are accompanied by zero-energy
surface Andreev bound states [30]. Indeed, as we have found
in [1] for hydrogenated graphitic fibers, the excitonic gap at 7',
= 50 K suggested interference of chiral asymmetric Andreev
edge states and crossed Andreev conversion. The reentrant PM
can be clearly seen to dominate over DM below a temperature
T, < 20 K. Also, when Andreev bound states appear at the
interface, the direction of the induced magnetization is opposite
to that without Andreev bound states [31]. A singlet-triplet spin
conversion results in sign change for the magnetization. The spin
structure of the dominant Cooper pair determines the direction
of the induced magnetization. Notice also that in magic-angle
twisted bilayer and trilayer graphene there is a superposition
of singlet (s-wave) and spin-triplet (p-wave) pairing [32]. The
reentrant SC is observed in the trilayer case as well as in the
hydrogenated graphite here. Moreover, spontaneous misfit of
graphite’s interfaces leads to a nearly flat energy band. The topo-
logical origin of the flat band, which can host both FM and HTSC
states, can be understood in terms of the pseudo-magnetic field
created by strain [33]. Deintercalated KCg showed 7', anomalies
even above room-7 and FM above 400 K [34]. Those findings as
well as ours [1], [14] confirm that disordered C-allotropes with
grain size 50-100 nm can show both FM and a relatively small
fraction Meissner SC.

The PM is actually metastable. At a second run under the
same H, m < 0, and a cusp left from the Néel point can still be
seen, though at a higher value 7' = 49 K (Fig. 1(f)). The cusp can
be attributed to blocked superparamagnetism (SPM) and a FM
order instead. The change in the sign of m from + to — shows
that the trapped magnetic flux was removed from the system,
which is now being driven into the SC state, as a more stable
state than the PM one.

Upon further increasing H, m becomes again positive and
the PM-AFM N¢éel transition reemerges at the same transition
temperature T ~ 44 K (Fig. 2). Several magnetic transitions
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Fig. 2. ZFC (in blue) and FC (in red) high-field data for the H-C foil. For

comparison with Fig. 1, the H = 150 Oe data was also included.
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Fig. 3. The H-C foil is not a conventional glass system, as H2/3(T) is not an
Almeida-Thouless line. The reentrance of PM followed by more PM-AFM Néel
transitions suggests that the H-C foil might be an orbital PM glass HTSC, where
orbital PM order and SC order coexist without the meissner effect.

are observed: irreversible DM (Fig. 2(a)), to irreversible PM-DM
(Fig. 2(b)), to practically reversible PM (Fig. 2(c)), to slightly
irreversible PM-AFM Néel transition (Fig. 2(d)—(f)). Fig. 2(b)
shows the Wohlleben effect mentioned before. An increase
in H has a direct effect on the intergranular currents, which
contribution to m is either PM or DM. Thus, at high H, areentrant
PM order emerges alongside the SC order. As Fig. 3 shows, this
spin-glass system’s irreversible temperature 7;,,., does not vary
linearly with H*? accordingly to the Almeida-Thouless scaling
law. While the competition between the FM and AFM orders
leads to magnetic frustrations and thus spin glass behavior, the
nonlinear H*3(T};,,) suggests that we are possibly dealing with
something different than a conventional long-range spin-glass
behavior in a mean-field system. The behavior for H ~ 150 Oe
(upper line above T, =~ 57 K) is similar to the H — T, line
in [23] for a granular SC. The reentrance of PM and of the
PM-AFM N¢el transition can be explained by considering that
the H-C foil is an orbital PM glass HTSC, where orbital PM
and SC orders coexist without the Meissner effect [35]. After
all, interlayer interaction in graphite can lead to enhanced PM
orbital effect. The crystal-like orbital PM glass has chaotically
distributed circular currents that can decrease and increase in
time or even change direction (i.e., have orbital moment flips).
The rate of change for these currents will depend on the local
dissipation in the weak links that is due to impurities and the
local H, which in turn will depend on the values of other orbital
currents. The SC regions form thick rings of Josephson junctions
and the magnetic flux going through the interior of the SC rings
is a chaotic line (linear, circular, other), i.e., it is a topological
object. Thus, the system is an orbital PM glass and a SC at the
same time, moreover, it can be a HTSC. In addition, granular

disordered HTSC might have the sign of some of their Josephson
loops reversed when m-contacts are being created between SC
grains via magnetic impurities. In the H-C foil here, itinerant FM
is introduced in the system by octane with its freely moving H*
(protons) on graphite’s interfaces. Thus, the Josephson junction
SC (JISC) loops might have 7m-contacts. The formation of orbital
PM glass is conditioned as follows: a) the JJSC rings with
an even number of 7-contacts give constant negative magnetic
susceptibility, i.e., conventional Meissner response, while b) the
JJISC rings with an odd number of 7-contacts give (positive) PM
susceptibility, which is proportional to 1/H. Clearly, x,, — 0
as H — 0 (abnormal response). At any number of JJSC rings,
there will exist a small H for which the rings will give the main
contribution to ,, which will be PM. The systems behavior is
of a magnet with local orbital magnetic moment. On the other
hand, the magnitude of the anti-Meissner signal decreases with
increasing H and, for sufficiently large H, x, < 0, i.e., there is
a DM Meissner effect. As Figs. 1-2 show, SC dominates over
PM for 100 Oe < H < 200 Oe. The rather small m observed
for H ~ 175-200 Oe (Fig. 2(c)) suggests a possible clustering
of SPM order for field strengths smaller than needed for the
reentrant PM that eventually will coexists with a SC order for H
~ 300 Oe. An intermediate SPM order can be seen as transitory
form of magnetism proceeding the reentrance of orbital PM
glass coexisting with SC. A persistent AFM/FM background for
temperatures up to 50-60 K [1], which are coming from the free
H* protons, might favor the occurrence of different magnetic
orders, as well as the orbital glass behavior.

For moderate field strengths H > 200 Oe, the PM dominates.
We observe both reentrant PM and more PM-AFM Néel tran-
sitions in the H-C foil, the latter occurring at the same Ty =
44 K (Fig. 2(d)—(f)). To our knowledge, these are completely
new features, for which a new mechanism would be needed to
explain both the coexistence of SC and orbital glass PM as well
as the reentrant features observed in the H-C system. In high
magnetic fields, the SC and the PM orbital glass are decoupled
when the field direction is reversed and either DM (x, < 0) or
PM (X1, > 0) wins (Fig. 1). Important, 7. found here is close to
the mean-field 7, for SC correlations in metallic-H multilayer
graphene or highly oriented pyrolytic graphite, 7. ~ 60 K [36].

High-field magnetization loops m(B) at temperatures 7 =
2.5 Kand T = 300 K are shown in Fig. 4. In order to separate
the SC/FM response from the huge DM background, the sample
DM response to a high field (B = 1 T, inset) was subtracted from
the initial data (see inset). In high magnetic fields, the m(B)
loops are lines and show practically no hysteresis, reflecting
the internal DM of the graphite samples. Thus, the linear m(B)
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data for high values of B was subtracted from the m(B) data
for low values of B. Several important features we observe with
these m(B) loops: a) they have both FM and DM trends for T
< 300 K, suggesting that the Curie temperature for these H-C
foils is higher than the room temperature; b) after the subtraction
of the DM background, they have an oscillatory dependence on
the field, confirming the existence of the PM Meissner effect
and surface SC, the latter showing metastability that is due to
the coexistence of multi-quanta vortex states (L®y, ®o = h/2e,
L > 1) and single quantum (L = 1, or Abrikosov) vortices [37];
c) as T goes up, the FM component increases at the expense of
the PM component.

B. Magnetization Loops

Low-field m(B) loops are shown in Fig. 5. There are several
important features: a) At low 7, the loops are not hysteretic, a
characteristic of soft materials such as graphite foil; b) both the
FM and the SC, or the FMSC, are pronounced in the H-C foil
as compared to the C foil; ¢) the m(B) loops show the “fishtail
anomaly” (kink) feature characteristic to granular SC [38]; d)
the hysteresis increases with the temperature and the FMSC
becomes more evident beyond the low-7 PM.

A couple of low-field m(B) loops are shown in in Fig. 6. The
known conversion factor was used: 1 emu = 107> A-m?>. At T =
300 K, the sample clearly is both DM and FM. The absence of
points on the m(B) loops that should correspond to B.; and B2
is due to the fact that the SC DM was subtracted, thus leaving
out the FM behavior. Magnetic hysteresis comes mainly from
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Fig.8. Difference between the magnetic moment of the C foil and the magnetic
moment for the H-C foil at 7= 2.5 K (left) and at 7= 300 K (right), respectively.

the DM component (including the SC component). For the inner
loop, the critical values for the magnetic induction of this type
II SC is of the order of few tens of mT, B.; =~ 10 mT and B,y =~
30 mT. We use these values to estimate the penetration depth A ~
250 nm and the coherence length £ ~ 100 nm. The ratio k = A/€
=~ 2.5 > 0.42 tells us that there is a SC surface layer for which
a third maximum field B.3 can be defined [39] such that B.3 =
2.4KkB¢1 = 1.7B.s. Here, B.3 ~ 51-60 mT. For ideal samples, the
nucleation of SC regions is energetically favored to start from
the samples’ surface. In non-ideal samples like the ones here, the
nucleation of SC regions in decreasing field is rather initiated
from volume defects. It is possible that a bulk SC state (hugely-
gaped) is found at 7. =~ 50-60 K, while surface (topological) SC
states (weakly-gaped), which are protected by the time-reversal
symmetry, are found at all other temperatures. The hugely gaped
(bulk) excitonic state at 7= 50 K and the 7-dependence of the SC
gap found in [1] showed that the hydrogenated graphitic system
can host both bulk (characteristic to Bernal stacking) and flat-
band surface states (characteristic to rhombohedral stacking).

In order to separate the SC component from the total DM
component, the m(B) data was replotted in two ways: 1) The
difference between the magnetic moment at 7 = 2.5 K and the
one at 7= 300 K for both the H-C foil and the C foil (Fig. 7).
While both the H-C foil and the C foil are more DM at T =
2.5 K than at high 7'= 300 K, only the H-C foil shows a SC-like
m(B) loop and also the kink feature. The loop also starts from
the origin, suggesting that the offset seen with the m(B) loops is
T-independent, thus FM. On the contrary, the offset in m(B) is not
canceled for the C foil, which is PM in a field. 2) The magnetic
moment of the C foil was subtracted from the magnetic moment
of the H-C foil (Fig. 8). Notice that at 7= 2.5 K, the H-C foil
is more DM than the C foil, while at 7 = 300 K the H-C foil
is more FM than the C foil. Thus, the H-C foil is a FMSC, as
already shown by Fig. 5.

IV. CONCLUSION

The results presented here on hydrogenated graphite foil are
in agreement with our previous research, thus confirming HTSC
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in hydrogenated graphitic materials with a 7. ~ 50-60 K for
the main phase. By strengthening the magnetic field, the 7-
dependent magnetization reveals several important transitions:
from a Néel PM-AFM transition, to a FMSC state, to an orbital
PM glass HTSC. The magnetization loops show the kink feature
characteristic to granular SC, in addition, FM extending up to
room temperature. Long-range magnetic spin correlations favor
the coexistence of magnetism and SC on the mesoscopic scale.
Moreover, the topologically protected flat energy bands in H-C
materials [1], [40] promote surface SC with T, significantly
higher than in the bulk. The magneto-structural phase transitions
that we have just found [41] might indicate that the phase slips
are cancelled by the high conductivity in the bulk graphite, thus
leading to HTSC in the H-C materials. From the discovery of
SC by Onnes in Hg with a T, =~ 4.19 K [42], the continuous
quest for finding new HTSC materials and their likely spectrum
scale many uses goes on.
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