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Abstract
We report a novel investigation on the relationship between magnetic-ordering and
graphitic-structure in highly-oriented-pyrolytic-graphite (HOPG). By employing
orientation-dependent-X-ray-diffraction,
Raman-spectroscopy
and
temperature-dependent-superconductive-quantum-interference-device (T-SQUID) we
examined the presence of ferromagnetic- and superconductive-ordering in HOPG
systems with 1) disordered (HOPG1, containing carbon-vacancy-rich
weak-Bernal-stacking and Moiré-superlattices with θmisfit ~ 0.5o) and 2) ordered
(HOPG2, containing higher-degree of Bernal-stacking and Moiré-superlattices with

θmisfit ~ 0.5o, 0.8o, 11o) graphitic-layer-arrangement. A perfect-HOPG is expected to
exhibit a diamagnetic-response to an applied-magnetic-field. Instead, additional 1)
ferromagnetic-signals presenting a characteristic width-enhancement with the field
increasing in HOPG1 and 2) complex butterfly-shaped ferromagnetic signals in
HOPG2, are demonstrated. Temperature-dependent-magnetometry evidenced further
the presence of randomly oriented ferromagnetic clusters originating from topological
disorder in both HOPG1 and HOPG2. These magnetic signals were explained on the
basis of the percolative-type model.

Understanding and controlling the intrinsic magnetic characteristics of carbon based
materials has recently become an important research topic in materials science,
chemistry and physics. This could lead to development of functional devices for
technological

applications,

such

as

magnetic

tunnel

junctions

and

superconductive/ferromagnetic systems. Previous studies have indicated the presence
of lattice defects as important factors which can induce a spontaneous magnetic
ordering in graphite and graphene [1-6]. Ferromagnetic ordering has been
demonstrated in presence of vacancies and 2D networks of point defects [1,4,6].
Existence of superconducting ordering has been reported in highly oriented pyrolytic
graphite (HOPG) under certain conditions of thermal annealing [2]. Granular
superconductive features at room temperature have been demonstrated for
commercially available HOPG samples and attributed to the high dislocation density
within certain interfaces [7-9]. The stacking between the graphitic layers and the layer
orientation with respect to the c-axis (rotational orientation) have been also indicated
as some of the critical factors which can influence the formation of intrinsic
magnetization features in HOPG [10-12] and bilayer-graphene [13-15]. Particularly,
the recent observation of negative thermal expansion effects in dislocation-rich
(HOPG) samples suggests that relative graphitic layers rotation has significant
influence on the intrinsic physical properties of these systems [12].
In this letter, with the aim of investigating further the properties of HOPG materials,
we considered a possible correlation between magnetic ordering and graphitic layers

orientation in two types of commercially available HOPG systems. By employing
orientation dependent X-ray diffraction (O-XRD) and temperature dependent
superconductive quantum interference device (T-SQUID) we have investigated the
presence of magnetic ordering in 1) disordered and 2) ordered HOPG materials
(namely HOPG1 and 2).
Ferromagnetic-signals with a characteristic hysteresis-width enhancement with the
field increasing were detected in HOPG1. Observation of these unusual features is
attributed to an antiferromagnetic-coupling effect between ferromagnetic multilayers,
in presence of both rotational misorientation and vacancy defects (as confirmed by
Raman spectroscopy). Differently, complex butterfly-shaped ferromagnetic signals
are shown in HOPG2.
Temperature-dependent-magnetometry evidenced the presence of a magnetization
M(T,H) irreversibility in both HOPG1 and HOPG2 possibly arising from topological
disorder [24]. These signals evidence the presence of magnetic contributions from
randomly oriented ferromagnetic clusters that can be explained on the basis of the
percolative-type

picture

reported

in

ref.

[24-31],

together

with

possible

antiferromagnetic correlations competing with the ferromagnetic ordering [24].
Experimental details, additional structural and compositional characterization analysis
are given in the electronic supplementary information (ESI). The layered arrangement
of the HOPG samples was firstly confirmed by XRD as shown in Fig.1A. Data were
collected with the HOPG c-axis oriented parallel with respect to the used substrate.
Significant layer-misorientation characteristics could be detected in the HOPG1, as

indicated by the weak 100 reflection in Fig.1A and by the appearance of Moiré
superlattice features (i.e. fringes) in TEM investigations (on exfoliated-lamellae) in
conditions of electron beam parallel to the sample c-axis (Fig.1B). As an additional
indicator of the disorder in the sample, a vacancy rich lattice-arrangement could be
probed by Raman spectroscopy, this is shown in Fig.1C, where the ratio ID/ID’ was ~
6. Instead, a highly oriented arrangement characterized by an intense 100 reflection
could be found in HOPG2 (Fig.1D) [12,16]. Presence of ferromagnetic hysteresis was
revealed by magnetization vs field measurements of HOPG1 with the c-axis
perpendicular to the applied field (Fig.2A-C). The as measured signals were found to
exhibit a characteristic diamagnetic background, as shown in Fig.2A. In Fig. 2B, a
characteristic hysteresis width enhancement with the field increasing was found. By
comparing

the

observed

signal

to

the

one

reported

by

ref.

[17]

for

antiferromagnetically-coupled ferromagnetic multilayers, the possible presence of
antiferromagnetism within a portion of the HOPG interfaces can not be excluded.
This observation agrees also with a previous work in ref.18 where a gradual
antiferromagnetic transition was reported.
Weak magnetization signals were further measured when the sample orientation was
rotated and positioned with the HOPG1 layers perpendicular to the applied field, in
Fig.2D. In this latter case, presence of a much weaker hysteresis with a squared like
shape was found. Possible influences of rotational disorder and therefore non-uniform
c-axis orientation within HOPG1, cannot be excluded (see ref.[12] for example of
rotational disorder on lamellae extracted from surface regions of HOPG).

Comparative measurements were then sought on HOPG2 which exhibited a higher
degree of Bernal stacking (see 100 reflection in Fig.1D). The result of these
measurements performed with the magnetic field approximately perpendicular to the
HOPG2 layers is shown in Fig.3. The as measured signal at the temperature of 250 K
is evidenced with an increasing level of detail in Fig.3A-C and after diamagnetic
background subtraction in Fig.3D-F. Note the presence of a complex ferromagnetic
butterfly-shaped hysteresis signal in Fig.3F, indicating possible coexistence of
multiple magnetization components. By comparing this signal with those reported in
ref.19-20, multiple contributions arising from possible onion-vortex spin states (black
arrows in Fig.3F) can not be excluded. It is important to notice that the observed
hysteresis can be explained on the basis of the percolative-type picture reported in
ref.[24-31], with the presence of pre-existing ferromagnetic clusters. No
superconductive components were detected, implying possible absence of
superconductivity in HOPG2 [2,16].

In order to confirm the origin of the butterfly

shaped signal shown in Fig.3F, additional analyses were performed on µm-sized
lamellae exfoliated from the inner regions of the HOPG2 structure. In Fig.4A, a
typical XRD pattern of an inner exfoliated lamellae is shown; note the presence of an
intense 100 reflection which is an indicator of the high degree of Bernal ordering
within the lamella. Interestingly, magnetization measurements of the individual
exfoliated lamellae (field orientation perpendicular to graphitic layers) revealed only
ferromagnetic signals, as shown in Fig.4B,C and Fig.4D (after background subtraction)
where the evolution of the ferromagnetic signal as the temperature is increased from

2K to 300K is shown. Most importantly note the presence of Moiré superlattices with

θmisfit ~0.5o (see ESI Fig.S10) in analogy with HOPG1 (Fig.1B). The variation in the
values of coercivity and saturation magnetization is shown in Fig.4E,F. These results
suggest a non-uniform distribution of the magnetization states observed in Fig.3F in
HOPG2. In further investigating presence of dislocations as the origin-factor of the
butterfly-shaped signal in Fig.3, additional rocking curve measurements were
acquired from as exfoliated lamellae (from HOPG2), as shown in Fig.5A,B (see ESI
Fig.S8,S9 for Moiré superlattice analyses revealing θmisfit ~0.8o and ~11o). Note the
presence of non-monotonic features (Fig.5B) which are a clear indicator of rotational
misfit between the graphitic layers. ZFC and FC measurements of as exfoliated (i.e
not yet exposed to magnetic field) dislocation rich inner lamellae from inner regions
of the sample were then considered. As shown in Fig.5C and Fig.5D a spin-glass-like
behaviour was found [21,22,24]. This observation highlights the existence of
non-trivial spin arrangements in the sample and seems to exclude presence of
superconductive

transitions

[23].

In

particular,

the

magnetization

M(T,H)

irreversibility shown in Figs.5D and Fig.5F evidences the possible presence of
topological disorder in both HOPG1 and HOPG2 [24].
According to the percolation-type picture reported in ref.[24-31], uncorrelated
ferromagnetic clusters are formed below a temperature T∗, leading to finite values of
Ms(T,H), Mrem(T,H), and ∆M(T,H) [24,25]. As the temperature decreases,
ferromagnetic correlations develop on a larger scale, and eventually a long-range
ferromagnetic order emerges. It is possible to identify the T≈150 K for HOPG1 as a

transition temperature below which an enlargement of pre-existing ferromagnetic
cluster contribution takes place [24].
The ZFC-FC magnetization irreversibility shown in Fig.5F for HOPG1, together with
the ferromagnetic hysteresis loops measured at T = 250 K in Fig. 2 provide evidence
that 1) ferromagnetic clusters may exist up to T ~ 300 K and 2) an enlargement of
pre-existing ferromagnetic clusters takes place below 150K.
Similarly, the enhanced ZFC-FC magnetization irreversibility below T ~ 150 K in Fig.
5D evidences existence of randomly oriented ferromagnetic clusters for T < 150 K in
HOPG2, in agreement with the observed ferromagnetic hysteresis at 250K in Fig.3.
Further, it is important to note that the random orientation of the magnetic moments
associated to different ferromagnetic clusters can be stabilized in presence of
competing antiferromagnetic correlations, leading to a spin-glass-like behaviour [24].
In conclusion, we have investigated the relationship between magnetic ordering and
graphitic layers orientation in HOPG systems with a disordered and ordered
graphitic-layer
characteristic

arrangement.

Presence

of

hysteresis-width-enhancement

ferromagnetic
with

the

hysteresis

field

with

increasing

a

was

demonstrated in HOPG1 and attributed to antiferromagnetic-coupling between
ferromagnetic multilayers. A butterfly-shaped ferromagnetic hysteresis was instead
evidenced in HOPG2. Temperature-dependent-magnetometry revealed presence of a
magnetization M(T,H) irreversibility in both HOPG1 and HOPG2, evidencing
presence of magnetic contributions from randomly oriented ferromagnetic clusters
together

with

possible

antiferromagnetic

correlations

competing

with

the

ferromagnetic ordering.
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Fig.1: XRD patterns of HOPG1 and 2, performed with c-axis orientation parallel to the
substrate and parallel to the beam. In A I002/I100 = 7.54. In D I002/I100 = 0.82. See ESI for
EDX analyses of the sample 1 shown in A revealing presence of C and O elemental species.
In B and C TEM and Raman spectroscopy measurements of HOPG1 are shown. By using the
equation a/2D= sin(θ/2) where a is the basal lattice constant corresponding to 0.247 nm, and
D is the periodicity of the Moiré pattern, a θ twist of approximately 0.53 degrees can be
extracted. See also Fig.S1,S2 in ESI.

Fig.2: In A-C ferromagnetic hystereses measured in HOPG 1 at 250K showing the presence
of a magnetization pinning feature. Note that the surface layers of the sample were removed
before the measurement, in order to avoid possible influence from superficial impurities. In
addition, notice that no metal-traces could be detected in the sample by EDX measurements
(see ESI). In D, presence of weak ferromagnetic hysteresis for magnetic field orientation
perpendicular to the HOPG layers (c-axis parallel to field) is shown.

Fig.3: As measured butterfly-shaped hysteresis at 250K in the HOPG2 before (A-C) and after
(D-F) background subtraction. Due to the sample dimensions (compared to the measuring
capsule) only a tilted orientation with respect to the applied magnetic field could be achieved
(field approximately perpendicular to graphitic layers). Note the significant difference with
respect to the hysteresis shown in Fig.2. The possible coexistence of multiple signals
components can not be excluded [19,20]. The observed hysteresis can be explained on the
basis of the percolative-type picture reported in ref.[24-31], with the presence of pre-existing
ferromagnetic clusters [24].

Fig.4: In A typical O-XRD analysis of a lamellae exfoliated from inner regions of HOPG 2.
In B-C magnetization signals revealing the presence of ferromagnetic hystereses in the
temperature range from 2K to 300K for c-axis parallel to the applied field (field perpendicular
to graphitic layers). In D the signals are shown after diamagnetic substraction. In E,F plots
showing the variation in the coercivity and saturation magnetization with temperature. See
ESI Fig.S10 for TEM analyses of lamellae analysed in C,D where a θmisfit~ 0.5o could be
extracted. See also ESI Fig.S7, for Raman spectroscopy analyses of the same lamellae.

Fig.5: In A,B rocking curve measurements revealing presence of misfit rotational features
between graphitic layers in as exfoliated lamellae from inner and inner/central regions of
HOPG2. In C,D additional ZFC and ZFC-FCmeasurement performed in two as exfoliated
lamellae with field orientation perpendicular to graphitic layers (see ESI Fig.S8,S9 for TEM
analyses of the lamellae, revealing rotational misorientation θmisfit ~ 0.8o and ~11o). The
magnetization M(T,H) irreversibility shown in Figs.5D and Fig.5F indicates presence of
topological disorder in both HOPG2 and HOPG1 and may originate from randomly oriented
ferromagnetic clusters. The random orientation of the magnetic moments associated to
different ferromagnetic clusters can be stabilized in presence of competing antiferromagnetic
correlations, leading to a spin-glass-like behaviour [24].
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