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Al stract

The recent observations of unusual .1perconductive effects in highly oriented
pyrolytic graphite (HOPG) and tw sted bi-layer, tri-layer and multilayer graphene
materials have attracted an im»yci.at attention. In this work we present a novel
investigation on the relations!.i;, hewtween structural ordering and magnetism in HOPG.
Orientation dependent X-r«y Jiffraction and temperature dependent magnetometry
allowed for the identificaticn of those HOPG samples exhibiting a long-range
ordering along the c-axis. 7!'C and FC magnetic curves acquired from T~ 2K to 300K
revealed a significan ten perature-dependent variation of the diamagnetic component.
By analyzing the ~“(/FC magnetic-curves (through magnetic moment subtraction
methods) we identil the presence of a weak magnetic transition in the T range from
200K to 2K. The possible origin of the observed magnetization-trend is interpreted in
relation to contributions arising from 1) disorder-rich locally-twisted-interfaces and 2)
those internal graphitic sublattices exhibiting negative thermal expansion.
Interestingly, magnetization against field measurements acquired at T~50K (max.
field of 150 Oe) revealed the presence of a weak ferromagnetic-like hysteresis.
Disappearance of the unusual ZFC/FC signal-splitting was instead found in those
magnetic curves acquired from other HOPG samples with higher degree of disorder
(short-range-ordering along the c-axis). This second category of samples was found to
exhibit a disorder-mediated re-entrant spin-glass-like ferromagnetic behavior.






1 Introduction

The recent observations of unusual superconductive and magnetic effects in highly
oriented pyrolytic graphite (HOPG) [1-9] and twisted bi-layer, tri-layer and multilayer
graphene materials [10-16] have attracted a lot of attention in several research areas
(i.e. physics, materials science and chemistry).

HOPG materials have been frequently described by referring to a system of
dislocations (on the basis of the Burgers—Bragg—Read—Shockley dislocation model)
consisting of rotated and/or tilted graphitic grains, with q 2si-two-dimensional (2D)

characteristics [4,5,17]. Noticeably, the tilting angle of tl e g.aphitic-grains (0;_ais) In
crystalline HOPG has been reported to have values < 0.1° for the highest oriented

grain-configuration [4,5]. Appearance of moiré s.»eclattices and logarithmic van
Hove singularities in this type of complex syste a h.: been recently demonstrated in
presence of certain twisted-configurations (.« t'.e quasi-two-dimensional interfaces),
namely for 1° < By < 10° values (4,",9,10-16,18]. Hexagonal moiré superlattices
can be carefully identified by emrnloying scanning tunnelling microscopy (STM) and
high-resolution transmission elsct ¢n microscopy (HRTEM) techniques [10,17,18].
Identification of the twist-anzle —alue has been shown on the basis of the equation
a/2D=sin(# /2), with a being, the basal lattice constant of HOPG (~ 0.247 nm), D the
period of the moiré surer,~*.ice and & the twisting-angle [4,5,18].

Presence of high is, .ation densities in HOPG has been also shown to generate
anomalous magnetic effects, under the application of an external magnetic field. A
reversible splitting of zero field cooled (ZFC) and field cooled (FC) magnetization
curves was interestingly reported by Scheike et al. [4], together with an unusual
T-dependent enhancement of the diamagnetic behavior. The conditions for
superconductivity in these materials have been described by referring to an interplay
of edge dislocation (if O.4xis # 0) and screw dislocations (if Oy # 0) parameters [4,5].
The presence of interfacial contacts between Bernal (ABA) and rhombohedral
(ABCA) phases has been indicated also as an important factor that could trigger

superconductive ordering in these systems [6-8].






Together with these observations, the recent findings on the negative thermal
expansion phenomena, at low temperature, in HOPG materials exhibiting
long-range-crystalline-ordering, are of importance [17,18]. However, the relationship
between such an unusual thermal expansion effect and the magnetic properties of
these systems remains not fully understood and it requires further investigations.
Recent analyses performed by employing STM/STS (scanning tunnelling
spectroscopy) and HRTEM have demonstrated the possible coexistence of multiple
sublattice components within the multilayered structure of HOPG [18]. Modification
of those interfaces has been further demonstrated in evtoncted systems, with an
unusual distortion of moiré superlattices [18].

In this work, in the attempt of gaining a better und- -stauding of the relation between
structural characteristics and magnetic/superco. 1uciive transitions in those HOPG
materials exhibiting long-range-ordering ale~; the c-axis, we performed an in-depth
investigation by employing orientation lependent X-ray diffraction (XRD) and
superconductive quantum interference Jdevice (SQUID) magnetometry. Preliminary
XRD analyses allowed the identi"~ation of the long-range ordered HOPG (HOPG
with grade A,B), with structura. caaracteristics comparable to those analyzed in Ref.
[17,18]. Temperature depew.'ent zero field cooled (ZFC) and field cooled (FC)
magnetometry acquisitio.® from T~ 2K to T~300K revealed an unusual
temperature-depende 1t \ ariation of the diamagnetic component with the decrease of
the temperature. We . ighlight the discovery of an anomalous splitting of the magnetic
curves below T~200K. The observed transition is not compatible with a spin-glass
behavior and instead resembles the anomalous trend reported by Scheike et al. in
dislocation rich HOPG, in Ref.[4]. By analyzing the ZFC/FC magnetic-curves
(through magnetic moment subtraction methods, namely mFC-mZFC) we identify the
presence of a weak magnetic transition in the T range from 2 to 200K. Also, through
re-interpretation of the temperature dependent 20-dataset reported in Ref. [17], we
discuss the origin of the observed magnetic transition and the possible contributions
arising from the internal Bernal (untwisted) and other twisted-graphitic-sublattices of

HOPG. Interestingly, magnetization vs field measurements allowed for the






identification of a weak ferromagnetic hysteresis, after subtraction of a dominant
linear diamagnetic background. The origin of the observed magnetization signal is
further interpreted in relation to possible contributions arising from disorder-rich
locally-twisted  interfaces. Disappearance  of  the  anomalous
magnetic-curve-splitting was instead observed in those HOPG samples exhibiting a

short-range ordering (i.e structural disorder).

2 Experimental

HOPG samples of grade A and B (purity >99.99%) with d mensions of 5 x 5 x 1 mm
(mosaic angles of 0.5° and 0.8°, + 0.2°) were purchased from XFNANO, INC China.
TEM, HRTEM investigations were performed on exfr liaw. d lamellae by employing a
200 kV American FEI Tecnai G2F20. Fourier transi.~m analyses were performed by
using the software Digital Micrograph. SQUID ~7_/FC and magnetization vs field
signals were acquired with a MPMS-XTL-5 C u~.n um Design instrument.

The T-XRD measurements were perf.. med by employing a PANalytical Empyrean
powder X-ray diffractometer (Cu K-u., A =0.15406 nm), equipped with a primary
Johansson monochromator, an Ovfo, 1 Cryosystems PheniX cryostat operating under
vacuum below 107 Pa, and a Y'ce!~.ator linear detector, varying the temperature from
12 K to 298 K. Room ter nera‘ure XRD characterization was further performed by

employing an Empyrea. PA lalytical diffractometer (Cu Ko radiation).

3 Results an Lis_ ussion

The structure of ten as purchased HOPG samples was firstly analyzed using room
temperature XRD measurements performed with the c-axis perpendicular to the
substrate-stage, as indicated in Fig.1A-C. The number of samples was chosen to gain
an explicit correlation between structure and magnetic properties. It is noticeable the
presence of preferred (002) and (004) reflections of graphitic carbon with space group
P63/mmc. The analyzed signals could be divided into two main categories, namely a
first one (category 1, long range order) exhibiting a long-range-ordering along the
c-axis (iL.e. intense 004 and 100 reflections see Fig.1 and Fig.S1-S2, see ordered

HOPG-1,2,3) and a second one (category 2, short range order) exhibiting instead a






shorter range-ordering, with significantly weaker 100 and 004 diffraction signals.

The ordered HOPG samples shown in Fig.1A-C were found to exhibit particularly
intense 002 and 004 reflections, indicative of a long-range structural Bernal ordering
along the c-axis. This interpretation was confirmed by orientation dependent analyses
(performed with the c-axis parallel to the substrate) which revealed the presence of
preferred 100 and 110 reflections (see ESI Fig.S1).

An unusual splitting of the 004 diffraction-peak into multiple components was also
found. A two-component splitting of the 004 peak-reflection was identified in the
ordered samples (see Fig.1B,C and Fig.S2). Instead, splitting (~to 3 to 5 components
was observed in disordered HOPG, as shown in F:z ..-C and Fig.S2,S3. This
observation indicates the presence of multiple cc: xisung sublattices with varying
unit-cell parameters.

Extended investigations were then sought Ly employing SQUID magnetometry.
Temperature dependent zero field cooled ZFc ) and field cooled (FC) measurements
of the magnetization performed on ti.~ c.dered-1 sample (see Fig.1, for XRD analyses
of the ordered-1-sample) fron. T~ 2K to T~300K revealed an unusual
temperature-dependent variatior. ¢ ¢ 1ae diamagnetic component (Fig.2A, applied field
of 150 Oe), which resembl~. the behavior previously reported by Tang et al. in low
dimensional superconductc-s | 20] and by Boi et al. in sulfur doped HOPG [23].

By analyzing the te np.-ature dependent variation of the ZFC and FC signals, an
anomalous reversiblc splitting of the magnetic curves was found below T~200K.

The observed signal splitting-transition appears to be not compatible with a spin-glass
behavior and instead resembles the superconducting-like trend previously reported by
Scheike et al. in dislocation rich-samples (see Ref. [4]). The field dependent variation
of the ZFC magnetic-curves is further presented in Fig.2B (ZFC-susceptibility) and
Fig.3A-C (field-dependent, magnetic-moment vs temperature, ZFC curves).

By analyzing the splitting of the ZFC/FC magnetic-curves (signals in Fig.2A,
analyzed through magnetic moment subtraction methods, namely mFC-mZFC [4,19])
in Fig.4A, we were able to identify a weak magnetic transition in the T range from

200K to 2K.






The origin of the observed weak irreversibility, may possibly be ascribed to intrinsic
contributions which arise from a small fraction of the sample’s volume. This
interpretation is sensible, given the weak nature of the observed signal, when
compared to the strong diamagnetic contribution presented in Fig.2A.

By comparing the mFC- mZFC analysis presented in Fig.4A with those reported by
Kopelevich et al. [19] (for ferromagnetic/antiferromagnetic spin-glass-like systems), it
is possible to note the presence of a significantly different temperature-dependent
trend. This observation seems to suggest a different origin of the signal reported in
this work.

Noticeably, in another work reported by Lehtinen et al [2%, .ne presence of spins and
magnetic moment contributions (in graphitic sys“'ms, was theorized to occur in
presence of dangling bonds, which relate to va anc es and other structural defects.
Together with these possibilities, other effect- ~rising from diamagnetic responses can
not be excluded. In an attempt to gain urwuer insights on the observed magnetic
transition, extended characterizatio. v.as sought through re-interpretation of the
temperature dependent 26-dataser “eported in Ref. [17], in those category-1 HOPG
samples exhibiting negative ther.r 1l >xpansion.

The variation in the 26-po-1.n of the 004 reflection with temperature in Fig.4B-E
evidences a structural tra. siuon involving a saturation effect in the T-range from
180K to 50K and i1 i.~gative thermal expansion from T~50K to T~12K. It is
interesting to notice “hat the observed structural-transition happens in a comparable
temperature range to that presented in Fig.4A (mFC-mZFC). Instead, no contributions
from rhombohedral phases were found (Fig.4F).

Together with these observations, it is of importance to comment on possible
additional magnetic contributions from locally twisted sublattices, which have been
recently identified through both STM/STS and HRTEM (see Ref.[18]).

In particular, typical examples of frequently observed hexagonal superlattice
periodicities are shown in Fig.5A-F, where the coexistence of D ~ 12.1 nm and D ~
1.8 nm is presented. In Fig.5B, the Fourier transform analyses confirm the presence of

the two coexisting super-periodicities of the superlattice. A local variation in the D






(period) value is also shown, as demonstrated in Fig.5A with D~15.8 nm, Fig.5C with
D~15.9 nm, Fig.5D with D~ 13.7 nm, Fig.5E with D ~ 14.7 nm and Fig.5F with D ~
15.7 nm. Additional analyses of locally twisted interfaces with variable periodicity are
further shown in Figs.6,7. The twist-disorder parameter within the moiré superlattice
was investigated through profile and Fourier transform analyses by employing the
software Digital Micrograph [18,22,23].

Possible antiferromagnetic and/or ferromagnetic contributions arising at low
temperature from the observed twisted sublattices cannot be excluded and may
depend on the regularity of the twisted interfaces [13]. A rvev ~us work by Khalaf et
al. [21] has indeed investigated theoretical predicti~=< _u possible shifts in the
magic-value (G.:sr ~1.1°) of the twist-angle with the incicase of the sample thickness.
This was done by employing a system-model w. h n, sequences of twisted interfaces

[21]. By multiplying the value of the magi- ~ngle to ~ 2cos (mxk/ n+1) (with k =
l,.....,n.) a shift of the expected twist ~ng > towards v/2 forn=3 and 2 asn — o

was reported [21]. This observation appears to imply that existence of orbital
magnetic components and/or supercooductivity may be linked to the regularity as well
as to the thickness of the ar~ly.~d twisted sublattices, in absence of twist angle
disorder [13,21]. A sign’ icau® fragility within correlated states in presence of
twist-angle disorder “as veen indeed shown [13]. Noticeably, presence of
ferrimagnetism kas heer recently shown by our group in exfoliated samples, in
presence of twist-ang! :>-disorder [29].

In an attempt to verify the possible presence of ferrimagnetic contributions in the
analyzed sample, additional characterization was sought through hysteresis-loop
acquisition (magnetization vs field measurements) at T~50K, with the max applied
field value of 1500e. As shown in Fig.8, these measurements revealed the coexistence
of two type of magnetic signals, consisting of 1) a significant diamagnetic
contribution, in agreement with the ZFC/FC measurements in Fig.2 and 2) an
extremely weak ferromagnetic hysteresis, which could be identified after subtraction

of a linear diamagnetic component, as shown in Fig.8A-C.






A disappearance of the reported unusual ZFC/FC splitting was then found in those
HOPG samples exhibiting shorter range c-axis ordering (see Fig.9A). In this latter
case, SQUID magnetometry analyses of the susceptibility parameter revealed a
different type of irreversibilities compatible with a re-entrant spin-glass-like
behaviour, in analogy with the interpretation of Kopelevich et al. [19]. An analogous
susceptibility trend was interestingly found also in exfoliated lamellae (Fig.9B),
possibly a consequence of structural transitions caused by changes in the stacking
order [22,23]. Further, it is important to highlight the observation of comparable ZFC
and FC spin-glass-like irreversibilities in other disclinatie»-r.ch conductive graphite
films (grafoil, see Fig.9C-F). In the latter case, we indi-~tc Lie additional presence of
oxygen-rich regions which seem to enhance the feriomagnetic response of the
samples, with possible contributions arising fro.» C-0O and C=0 rich interfaces (see
ESI Fig.S4-7) [24]. Interestingly, the obser—.1 magnetization results acquired from
the grafoil sample differ also from thosc recently reported on superconductive-like

oxygen-rich graphite [25-27].
Conclusion

In conclusion, in this wor'~ 1\~ investigated the relation between structural
characteristics and magn~ic .rdering in HOPG materials exhibiting long-range
ordering. Orientation c~nen ient XRD and T-SQUID magnetometry allowed for the
identification of *ho.e s: mples with long-range ordering (HOPG with grade A,B).
Temperature depende .t ZFC and FC magnetometry from T~ 2K to T~300K revealed
an unusual temperature-dependent variation of the diamagnetic component with the
decrease of the temperature. We highlighted the discovery of an anomalous splitting
of the magnetic curves below T~200K. By analyzing the ZFC/FC magnetic-curves
(through magnetic moment subtraction methods) we identified the presence of a weak
magnetic transition in the T range from 200K to 2K. The possible origin of the
observed magnetization-trend was discussed in relation to contributions arising from 1)
disorder-rich locally twisted interfaces and 2) those internal graphitic sublattices

exhibiting negative thermal expansion. Interestingly, magnetization vs field






measurements revealed the presence of a particularly weak ferromagnetic hysteresis
(which appears to support the presence of a disordered-mediated magnetism) in
coexistence with the dominant diamagnetic response. Disappearance of the unusual
ZFC/FC signal-splitting was then found in magnetic curves acquired from HOPG
samples with shorter-range ordering. A comparable spin-glass magnetic trend was
also detected in exfoliated lamellae (as a consequence of structural disorder caused by

the exfoliation process) and in disclination-rich conductive graphite films (grafoil).
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Figure 1: X-ray diffractograms acquired from ten as purchased HOPG samples and revealing a
significant variation in the structural regularity and ordering of the c-axis parameter. Note in B,C the
presence of an enhanced 004 reflection for the ordered-HOPG samples, indicative of the presence of an

enhanced long range ordering along the c-axis of the analyzed samples.
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Figure 2: In A ZFC and FC magnetic curves (magnetization curves) acquired at the applied field of
1500e from the ordered-1 HOPG sample (in Fig.1). In B, field-dependent ZFC-susceptibility curves.
Noticeably, the signals presented in A evidence an unusual temperature dependent enhancement of the
negative magnetization component together with a reversible signal splitting (A). The latter is

indicative of a magnetic transition in the sample.
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Figure 3: ZFC magnetic curves (magnetizations curves in A,B,C) evidencing the variation of the
unusual temperature dependent negative magnetization component as the field value was increased

from 1500e to 5000e (measurements acquired from ordered-1 HOPG sample).
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Figure 4: In A, analvses »f Zi C/FC magnetic-curves (through magnetic moment subtraction methods,

namely mFC-mZFC of .. = signal in Fig.2A), revealing the presence of a weak magnetic transition in

the T range from 200K to 2K. In B-D re-investigation of the temperature dependent XRD dataset

reported in Ref. [17] in those categories of HOPG samples exhibiting negative thermal expansion

(category 1, long-range-ordering). Noticeably the variation of the 004 26-position with temperature

(B-D) evidences a structural transition involving a saturation effect in the T-range from 180K to 50K

and negative thermal expansion from T~50K to T~12K. Note that the observed transition-trend in A

happens in a comparable temperature range. The enhancement in diamagnetism shown below 50K in

Fig.2,3 may possibly relate to the observed negative thermal expansion effect from T~50K to T~12K.

In E the structural regularity and the long-range ordering of the analysed samples is evidenced by the

sharpness of the 004 reflection and absence of signal-splitting. In F no contributions were found to

arise from rhombohedral phases.
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Figure 5: In A-F typical examples of frequently observed hexagonal superlattice periodicities (resulting
from locally twisted sublattices), by employing HRTEM. The frequent coexistence of D ~ 12.1 nm and
D ~ 1.8 nm periodicities was revealed by Fourier transform analyses in Fig.5B. It is also important to
highlight a local variation in the D (period) value, as demonstrated in Fig.5A with D~15.8 nm, Fig.5C
with D~15.9 nm, Fig.5D with D~ 13.7 nm, Fig.5E with D ~ 14.7 nm and Fig.5F with D ~ 15.7 nm

(twist-angle-disorder possibly a consequence of the exfoliation process).
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Figure 6: In A-F additional examples of frequently observed hexagonal superlattice periodicities
(resulting from locally twisted sublattices), acquired by employing HRTEM. Noticeably, the
coexistence of D ~ 39.1 nm and D ~ 4.8 nm periodicities was revealed by Fourier transform and profile

analyses performed with the software Digital Micrograph.






d~41.2 nm

Figure 7: In A-F additional HRTEM and Fourier transform analyses revealing the frequent coexistence
of D ~ 39.1 nm and D ~ 4.8 nm super-periodicities. The significant variation in the observed

superlattice periodicity is indicative of twist angle disorder in the sample.
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Figure 8: Magnetization vs applied-field signal, acquired at T~50K, revealing the coexistence of
diamagnetic and ferromagnetic components. In B,C the signal subtracted from A with an increasing
linear diamagnetic component is shown. The final subtracted signal in C evidences a weak

ferromagnetic ordering in the sample.
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Figure 9: Extended SQUTD magnetometry analyses acquired from a category 2 HOPG sample (weak
004 reflection, short-range-ordering) in A and revealing a re-entrant spin-glass-behaviour. In B and
C-E, additional magnetic analyses performed on an exfoliated lamella (B) and in a highly conductive
graphite film sample (grafoil, C-F). A re-entrant spin-glass behaviour was found in all the three cases
shown in A-D. Particularly it is important to consider also possible contributions from C-O and C=0
rich interfaces, which have been reported to generate spin-glass-like magnetization components in a

recent report by Boi et al. [24] (see also Fig.S4-7 for additional characterization performed on grafoil).
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Highlights

We present a novel investigation on HOPG samples exhibiting a long-range ordering
along the c-axis.

ZFC and FC magnetic curves from T~ 2K to 300K revealed a temperature-dependent
variation of the diamagnetic component.

We identify the presence of a weak magnetic transition in the T range from 200K to
2K.

Disappearance of the unusual signals-splitting was founi in HOPG samples with
higher degree of disorder.
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