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Abstract

The recent observation of possible granular superconductivity in highly oriented
pyrolytic graphite (HOPG) has attracted significant research interest. Here we report a
novel investigation on the structural-properties of exfoliated-HOPG. We investigated
two types of exfoliation methods, involving either a full (method-1) or partial
(method-2) contact < between adhesive tape and the main HOPG. Structural
characterization was obtained by employing X-ray diffraction (XRD), Raman
spectroscopy-and electron microscopy (SEM). In particular, Raman point and
mapping spectroscopy revealed significant structural-transitions from ABA (Bernal)
to ABC (rhombohedral) stacking (stacking-faults), in those samples obtained with the
method-2. Interestingly, strained regions exhibiting structural-deformations with a
ridge-like morphology were reproducibly identified. The acquired Raman-spectra
revealed a local enhancement of the D and D’ bands-intensity together with
contributions arising from Electronic Raman Scattering (ERS) across the band-gap of
rhombohedral-graphite, at middle (~1870 cm™) and high (~ 2680 cm™) frequency.
HRTEM of the samples produced with the method-2 allowed also for the
identification of local-coexistence of ripplocation-like defects with moiré superlattices,

an indicator of non-uniform c-axis configuration.
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1 Introduction

The recent identification of possible high temperature superconductive effects in
highly oriented pyrolytic graphite (HOPG) has attracted significant scientific and
technological attention [1-9]. The grain boundaries of HOPG have been often
described using a quasi-two-dimensional model established by Burgers—Bragg—Read—
Shockley [6]. The investigation of tilted and/or rotated stacking-faults in this class of
materials contributed to the identification of unusual local superconductive effects at
high temperature [1-9]. Significant electronic contributions arising from edge-
dislocations (tilting angle 6c.axis # 0), or screw dislocations (twist-angle Owist # 0) have
been proposed [6]. The existence of a network of line defects with flat bands has been
predicted at the interfaces between slightly twisted graphene layers (Owist ~ 1°[6],
within HOPG interfaces).

The presence of insulating states, moiré superlattices and logarithmic van Hove
singularities has also been demonstrated using scanning  tunnelling
microscopy/spectroscopy (STM/S) [14, 15]. The properties of multilayer graphene,
HOPG and graphite have been reported to be strongly dependent on the local
arrangement of the graphene interfaces [4-15]. Annealing HOPG at T ~ 800 K under
experimental conditions involving both He exchange-gas and vacuum has been shown
to yield unusual ferromagnetic to superconductive-like transitions [1-2]. Furthermore,
magnetization signals, which resemble those of granular superconductors, have been
reported in samples exhibiting dislocation-rich interfaces, at temperatures as high as
~300-350K [5]. The existence of spontaneous currents, induced at specific Josephson
coupled interfaces within the graphite matrix, has also been proposed by Precker et al.
[7,8] and Ballestar et al. [9]. In these systems, the control of the relative abundance of
the rhombohedral stacking-faults has frequently been indicated as a key parameter
triggering the superconductivity [4,7,8,9].

Recently, reproducible identification of rhombohedral stacking-order within
comparable systems has also been demonstrated by Yang et al. [10], Henni et al. [11],
Shi et al. [12], Wu et al. [13] and Boi et al. [15]. Together with these findings, low-
temperature superconductive effects have been identified in other defect-rich graphite
samples [16] and in graphene devices exhibiting tuneable twisted interfaces.

Significant differences between the two systems (defect-rich graphite and twisted-
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graphene) have been detected; in particular the critical superconductive temperature
(Tc) of twisted graphene systems has been reported at T ~1-3 K [17-20]. The
coexistence of both hexagonal moiré-superlattices and rhombohedral graphitic phases
(i.e. as adjacent stacking-faults within the Bernal ABA matrix of HOPG) has been
indicated as an additional factor which may contribute in triggering localized
superconductive features (i.e. persistent currents) at high temperature [4, 6-9,13].

The presence of possible contributions arising from other category of defects has also
been proposed by Arnold et al. [16], revealing low-temperature local
superconductivity with T.~ 14K (through magnetic-field-dependent point-contact
spectroscopy) [16].

In this work, we present a major focus on the characteristic role of exfoliation in the
controlled deformation of HOPG lamellae, with a discussion on the structural
properties of these materials. Structural characterization was obtained by employing
X-ray diffraction (XRD at T~ 300K), Raman mapping spectroscopy and electron
microscopy (SEM). We investigated two types of exfoliation methods, involving
either a full (method-1) or partial (method-2) contact between adhesive tape and the
main HOPG. Raman point- and mapping- spectroscopy revealed a significant
stabilization of rhombohedral stacking-order in those samples obtained with the
method-2, with a clear structural-deformation and nucleation of ridge-like defective
morphologies, as revealed by both SEM and Optical microscopy acquisitions.
Significant band-contributions arising from electronic Raman scattering (ERS) across
the band-gap of rhombohedral-graphite (acquired from those regions exhibiting
structural ridge-like deformations) were observed, with a dependence on the intensity
of the D and D’ components. In addition, further characterization of the sample’s
produced with method-2, with TEM, HRTEM and SAED evidenced the nucleation of
ripplocation-like low-dimensional defects, also in local coexistence with moiré
superlattices. SAED characterization revealed a non-uniform arrangement of the c-
axis within the analysed regions.

2 Experimental
HOPG samples with variable dimensions of grade A (purity >99.99%) were
purchased from XFNANO, INC China. The dimensions of each sample were of 5 x 5

x 1 mm (mosaic angles of 0.5° £ 0.2°, according to manufacturer specifications).
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Exfoliated lamellae were prepared by employing two different tape-exfoliation
methods, involving a full (method-1) or partial (method-2) contact of the tape with
HOPG, see Fig.2. The thickness of the produced lamellae was in the order of 15-20
um. The XRD measurements were performed (at room temperature) by employing a
PANalytical Empyrean powder X-ray diffractometer (Cu K-az, A =0.15406 nm),
equipped with a primary Johansson monochromator, an Oxford Cryosystems PheniX
cryostat operating under vacuum below 107 Pa, and a X'celerator linear detector.
Point Raman Spectroscopy acquisitions were carried out in a custom-built Raman
system using a triple grating monochromator (Andor Shamrock SR-303i-B, EU) with
an attached EMCCD (ANDOR Newton DU970P-UVB, EU), excitation by a solid-
state laser at 532 nm (RGB lasersystem, NovaPro 300 mW, Germany) and collection
by a 20x0.28 NA objective (Mitutoyo, Japan). Raman mapping measurements were
performed by employing a Raman system, HR Evolution, Horiba Jobin Yvon and a
LabRAM Soleil, from HORIBA FRANCE SAS (laser wavelength, A~ 638 nm) with a
laser spot diameter of 0.65 microns.

TEM, HRTEM and selective area electron diffraction (SAED) characterization of
manually exfoliated thin lamellae (method-2 in Fig.2) were performed by employing a
200 kV American FEI Tecnai G2F20. The sample was inserted into a double folding
copper grid, equipped with a formvar support film stabilized with carbon (purchased
from the company EMCN, Henan Zhongjingkeyi Import and Export Co., Ltd) for the
analyses of the lamella’s top section. Fourier transform analyses (performed with the
software Digital Micrograph) allowed to identify the unusual super-periodicities
observable in some of the analysed interfaces. SEM acquisitions were obtained by
employing a JSM-7500F at 5-20 kV.

3 Results and Discussion

XRD analyses of the pristine as purchased HOPG revealed intense 002 and 004
reflections which originate from the multilayered hexagonal structure of the sample,
observable in Fig.1A-B, while no contributions from rhombohedral stacking-order
were identified at 43 and 46 26 degrees (Fig.1C). Typical Raman spectroscopy point-
acquisitions are shown in Fig.1D.

The lamellae were then prepared by employing the two methods of tape-exfoliation,

involving a full or partial tape-contact with the HOPG surface, as shown in the
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schematic of Fig.2. Insights on the morphological and structural properties of the
lamellae were obtained by employing Raman point and mapping spectroscopy and
electron microscopy (SEM). In particular, the contrast between the lamellae
morphologies obtained with the method-1 and -2 are shown in Fig.3-4 and Fig.5-8
respectively.

Raman point/map acquisitions from the samples produced with the method-1 revealed
a dominant Bernal graphitic arrangement (within the layers of the lamellae), with a
dominant smooth-morphology. This is observable in the Raman point- and mapping-
spectroscopy analyses presented in Fig.3A,B and Fig.3C-E respectively, and in the
SEM micrograph presented in Fig.3F. Interestingly, we notice also the appearance of
defective-regions (see optical micrograph in inset of Fig.4A), which are observable
within local regions of the sample, as demonstrated also i F1g.S3. The Raman point
and map-acquisitions presented in Fig.4A,B and Fig.4C-E (scale bars correspond to 2
um) provide a typical example of the structural characterization of these defects. The
Raman maps in Fig.4C-E present the spatial variation of the areas of the D, G+D’ and
2D bands. Interestingly, it is possible to identify an enhancement of the contribution
from the left-shoulder of the 2D band, in proximity of the defect-boundaries, as
shown also in the Raman map (inset) of Fig.4B where the spatial variation of the ratio
of the two component’s areas (of the 2D band) is presented. The morphological aspect
of the defective-region is observable also in the SEM-micrograph presented in Fig.4F.
A significantly different effect was then found in the samples produced with the
method-2 (see Figs.5-8), with a structural-deformation resulting from the exfoliation
process, which is clearly visible in Figs.5A,B with optical micrographs and in Fig.6
with SEM. The Raman spectroscopy maps in Fig.5C,D illustrate the spatial-variation
in the height of the G-band. Examples of weak D-band signals detected in these
regions are shown in Fig.5E,F by employing point-spectra acquisition. It is of
particular importance the identification of local structural transitions from ABA to
ABC stacking, observable in those sample-regions exhibiting ridge-like defect-
morphologies which possibly result from the shear-deformation imposed by the
exfoliation in the method-2 (see Figs.7,8). Such a structural modification of the
lamella has analogy with previous results reported by Freise et al. in presence of
compressive shear-deformation [22], indicating an important role of the shear-

parameter [22,23]. Previous investigations of structural deformations in molybdenum
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disulphide through nanomechanical-cleavage, reported by Tang et al. [24], have also
revealed the nucleation of kinks (during bending) as a consequence of competing
effects between the bending-strain-energy and the interfacial energy on interlayer-
sliding [24]. Interestingly, the analyses of the Raman spectra acquired from those
sample regions exhibiting a structural-deformation (Fig.7) show a significant local
enhancement in the intensity of the D and D’ bands together with the appearance of
middle (~1870 cm™) and high (~ 2680 cm™) frequency signals, attributable to
electronic Raman scattering (ERS) across the band gap of rhombohedral ABC
graphite. The intensity of the ERS band was found to be strongly dependent on the
amplitude of the D and D’ signals from those multilayered regions exhibiting ridge-
like defect-morphologies (see Fig.7A-C). This interpretation was also verified by
examining those signal contributions arising from the left-shoulder of the 2D band, as
shown in Figs.7E,F and Fig.8. The observed contributions arising from the
rhombohedral stacking-faults were reproducibly observed in tens of acquisitions, in
the frequency range from 1000 to 2000 cm™ and 2000 to 3000 cm™. The Raman maps
in Fig.8B,C evidence the spatial variation of the ratio of the areas of the rhombohedral
and Bernal components and highlight the coexistence of the two phases in the
produced lamella.

Additional morphological and cross-sectional analyses of this type of lamella’s
layered structure are shown in Figs.9-11, which show the results of the TEM/HRTEM
characterization. In Fig.9C we point out the observation of anomalous doubled SAED
patterns appearing within specific regions of the exfoliated sample. Fig.9D,E evidence
also the presence of fringes with possible super-periodicities. Interestingly, previous
observations of non-hexagonal superlattices have been ascribed to a non-uniform
arrangement of the c-axis within the layered structure of the lamella, in presence of
local misorientation and stacking disorder between the graphitic-layers [21].

In the attempt to accurately identify the period of the observed fringes, extended
interpretation was sought by employing both HRTEM/profile analyses and Fourier
transform methodologies. As shown in ESI Fig.S1,2 multiple super-periodicities with
period d~ 0.815 nm, d~1.004 nm, d~1.246 nm, d~1.571 nm, d~2.409 nm, d~ 4.171
nm, were identified. An unusual coexistence of wrinkle- and ripplocation-like defect-
structures with moiré superlattices was also observed in those thin regions of the
lamella observable through HRTEM, as shown in Fig.10,11. SAED analyses of these

sample-regions confirmed further the presence of the anomalous doubled diffraction
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patterns, as shown in Fig.10G-I and ESI Fig.S2, which we interpret as an indicator of

non-uniform c-axis distribution in the analysed sample’s areas.

Conclusion

In conclusion, we presented a novel investigation on the structural-properties of
exfoliated-HOPG. We investigated two types of exfoliation methods, involving either
a full (method-1) or partial (method-2) contact between tape and the main HOPG
sample. Structural characterization, obtained by employing XRD, Raman
spectroscopy and SEM revealed significant differences between the two
methodologies. In particular, Raman point and mapping spectroscopy revealed
structural-transitions from ABA (Bernal) to ABC (rhombohedral) stacking (stacking-
faults), in the samples obtained with the method-2, with the formation of strained-
regions exhibiting structural-deformations, with a ridge-like defective morphology.
HRTEM analyses of sample’s produced with the method-2 revealed also the
nucleation of low-dimensional defects with a ripplocation- and wrinkle-like
morphology. Additional work is however needed to obtain a statistical information on
the structural properties of the observed ripplocation-like defects. This aspect will be

investigated in the future work.
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Figure 1: XRD signals acquired from as-purchased HOPG exhibiting typical 002 and
004 reflections (A,B). No contributions from rhombohedral graphite were identified
in the pristine sample as shown in C. This interpretation was confirmed by point-
Raman spectroscopy measurements, typical examples are shown in D.
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Figure 2: Schematic of the methods used for the lamella exfoliation, from the main
HOPG sample. Note in the method-1, a full contact is present between the tape and
the HOPG surface. Instead in the method-2, the process of exfoliation involves a
partial tape contact and is assisted through the use of flat-tipped tweezers
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Figure 3: Raman point- (A,B), mapping-spectroscopy (C-E) and SEM (F)
characterization of a smooth lamella produced with the method-1, with full tape-

contact.
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Figure 4. Additional Raman spectroscopy point and map acquisitions performed in
proximity of the defective region (see inset in A) created by the method-1 of
exfoliation (point spectra in A,B and maps in C-E, B-inset). Examples of this type of
defects are shown in the inset in A by optical microscopy and in F, by SEM. The
maps presented in C-E (scale bars correspond to 2um) show the spatial variation of
the areas of the D, G+D’ and 2D bands. It is noticeable a weak enhancement of the
contribution from the left-shoulder of the 2D band in proximity of the defect-
boundary region. This local transition is visible in the inset in B, where the spatial
variation of the ratio of the two component’s areas (of the 2D band) is shown.
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Figure 5: In A, B examples of an irregularly-stacked lamella resulting from manual
exfoliation (by employing method-2, with the aid of flat-tipped tweezers). Note the
appearance of unusual ridge-like deformation-defects which result from the
exfoliation process. In C, D typical Raman spectroscopy spatial maps, evidencing the
presence of a spatial-variation in the G-band peak-height. In E, F examples of the
point-spectra acquisition See B for typical example of the ridge-like deformation
resulting from the method-2 of exfoliation (red arrow).
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Figure 6: Scanning electron micrograph (SEM) of a typical lamella produced with the
method-2, evidencing the formation of ridge-like structures as a consequence of the
exfoliation process. The black patches identify regions of local oxidation.
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Figure 7: Raman spectra-acquisitions (A-D) revealing a significant local enhancement
of the D and D’ bands together with the appearance of electronic Raman scattering
across the band gap of rhombohedral graphite (D) in those sample regions exhibiting
structural-deformation (ridge-like morphologies). In (E,F) note the enhancement of
signal contributions arising from the left-shoulder of the 2D band.
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Figure 8: Additional Raman mapping acquisitions in A-C, evidencing the local
stabilization of rhombohedral phases in the ridge-like defect-structures observed in
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the lamella produced with the method-2. The maps in B,C evidence the spatial
variation of the ratio of the areas of the two components of the 2D band identified in
D,E resulting from contributions of rhombohedral and Bernal phases (typical
examples in D,E). Note the presence of multiple peak-components on the left shoulder
of the 2D band-signal, indicative of rhombohedral stacking order in coexistence with
the standard Bernal one.

Figure 9: TEM analyses in A,B revealing a variable cross-sectional thickness in the
manually exfoliated. thin famella (i.e. method-2, thickness of hundreds of nm). In C,
selective area electron diffraction (SAED) analyses revealing the appearance of
doubled diffraction patterns which resembles those reported in ref. [21] and possibly
indicative of a disordered arrangement of the c-axis. In D, E unusual formation of
super-periodicities. A super-periodicity d varying from 4.1 to 5.2 nm could be
detected in E.
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Figure 10: HRTEM analyses revealing the presence of multiple ripplocations and
wrinkle-like structures in the lamellae produced with the method-2 of exfoliation.
Typical examples are shown in A-C and E,F. The FFT analyses in D evidence the
presence of hexagonal super-periodicities (see B and E) compatible with moiré
superlattices in coexistence with the ripplocation-like and wrinkle-defects produced
by the exfoliation process; with the superlattices periods being D ~ 7.44 nm and D
~21 nm respectively. By employing the equation, a/2D=sin (¢ /2), with a being the
basal lattice constant of HOPG, the following local twisting angles could be identified,
namely Guist ~1.9° and Gyist ~0.67° respectively. The SAED analyses in G-I evidence
the presence of anomalous doubled diffraction signals in this category of lamellae,
indicative of a disordered arrangement of the c-axis.
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Figure 11: HRTEM analyses of the lamella obtained with the method 2, evidencing
the presence of additional wrinkle-like marphologies with a diameter in the order of ~
5 nm resulting from the exfoliation process.
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