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Vacancy-induced interfacial ferromagnetic
features in SmFeOs-filled graphitic carbon foam+
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Omololu Odunmbaku,? Shanling Wang,? Jigiu Wen® and Filippo S. Boi {2 *@

We report a novel structural and magnetic investigation of carbon foam (CFM) materials filled with SmFeOs3
crystals produced by (1) high temperature fusion between Sm,O3- and FezC-filled carbon onions and (2)
annealing of iron filled CFM with nanosized Sm,Os. Presence of a defect-rich monolayer-like CFM
arrangement characterized by sharp interfaces with a SmFeOs single-crystal phase is demonstrated
through TEM and HRTEM. Further, the presence of intense sp*-rich features with variable carbonate
content is evidenced by XPS and Raman spectroscopy. Complementary VSM, SQUID and ESR show also
presence of intrinsic magnetization features which appeared to be attributable to the interfacial vacancy-
rich regions of the graphitic CFM layers, as confirmed by Raman spectroscopy. Together with these
signals, possible ferromagnetic contributions from the SmFeOs phase and a-Fe impurities are reported.
These observations highlight therefore the presence of switchable interfacial magnetization features at
the carbon/SmFeOs interface due to the variable concentrations of vacancies at the CFM interface,
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Introduction

For many years, structural transformation phenomena
involving the transition from graphite into diamond have been
a subject of intense research and much interest in the fields of
physics and materials science.'® Early stage investigations of
such transformations were reported by employing X-ray
photoelectron spectroscopy (XPS) to demonstrate the presence
of sp® to sp” transition during sequential annealing treatments
under vacuum.® Particularly, the discovery of reversible trans-
formations of nanosized diamonds into carbon nano-onions
allowed for important breakthroughs into the dynamics of
such structural transitions.'® Reversible transformations were
demonstrated by using laser-beam techniques with wavelengths
of 532 nm and sample exposure times in the order of 20 min (for
the nanosized diamond to carbon nano onion, CNO, trans-
formation) and 40 min (for the reverted transformation into
nano-diamond).*

High pressure studies applied to other systems such as
peapods and solvated fullerenes have further demonstrated the
possibility to trigger the formation of novel carbon-based
materials with sp’rich characteristics and significant
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opening new directions towards applications in magnetic and interfacial-driven ferroelectric devices.

mechanical properties through a mechanism involving re-
hybridization of the chosen precursor-materials.">** In addi-
tion to these important studies, recent reports have shown that
creating direct interfaces between iron-based oxides and carbon
materials can allow possible rehybridization effects with
significant benefits not only for the control of sp*rich charac-
teristics of the carbon layers but also for applications in
electrical-memory devices.**™*® In this context, rare-earth
orthoferrites RFeO; (R = rare-earth ion) are a new class of
materials with a distorted perovskite Phbnm structure which
intrinsically exhibit canted ferromagnetism due to the presence
of the 4f-electrons and 3d-electrons sublattices.’ These mate-
rials have recently attracted significant attention for their
important application perspectives in magnetic, ferroelectric
and multiferroic devices. One of the most interesting features of
these materials is the spin reorientation (SR). This property has
been described as a magnetic phenomenon in which the easy
axis of magnetization changes with another one under certain
experimental conditions which are mostly related to the
selected temperature and/or applied magnetic field.'®

Interestingly, fabrication of monolayer carbon foam
(MCFM)/SmFeO; interfaces has been recently demonstrated
through a novel synthesis route involving high temperature
fusion of Fe;C filled CNOs with Sm,0O; filled CNOs and subse-
quent annealing.”

In fact, up to now, two main methodologies have been re-
ported for the creation of CFM/orthoferrite interfaces, these
consist into (1) high temperature fusion of as grown filled
CNOs" and (2) annealing of as produced metal-filled carbon

This journal is © The Royal Society of Chemistry 2020
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foam materials with chosen oxides.” In those studies, the
formation of a SmFeO; phase was investigated with major focus
on the intrinsic magnetic properties of the orthoferrite.
However, the structural and magnetic aspects of the residual
graphitic carbon layers in direct interfacial contact with the
orthoferrite phase were not investigated."”

Being interested in gaining a better understanding of the
defect-richness properties and magnetic characteristic of the
interfacial carbon layers in such CFM material, with particular
emphasis in the samples produced with method 1, we have
performed a novel structural and magnetic investigation by
employing high resolution transmission electron microscopy
(HRTEM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy (RS), vibrating sample
magnetometry (VSM), temperature dependent superconducting
quantum interference device magnetometry (T-SQUID) and
temperature dependent electron paramagnetic resonance (T-
ESR).

Presence of a monolayer-like CFM arrangement with sharp
interfaces with the SmFeO; single-crystal phase is demon-
strated. XPS and RS revealed further presence of intense sp®/
vacancy-rich features with variable carbonate content. Particu-
larly the defect components resulted to be more abundant in
the samples produced with the method 1.

T-ESR evidenced presence of differential absorption features
compatible with presence of interfacial vacancy-rich regions
within the sample and therefore spontaneous defect-induced
magnetic ordering below 300 K. In addition, magnetic contri-
butions arising from encapsulated SmFeO; crystals and
residual a-Fe could be detected by using VSM and SQUID
magnetometry. The presented results imply presence of
switchable interfacial magnetization features at the carbon/
SmFeO; interface due to the existence of variable concentra-
tions of defects in the CFM. Comparative analyses performed on
vacancy-rich turbostratic and pyrolytic (doped/undoped)
graphite samples further confirmed the above conclusion and
underline the crucial role of vacancy defects towards creation of
intrinsic magnetism in graphitic materials.**>

Experimental

SmFeO; filled CFM hybrid structures were prepared following
the fabrication method reported in ref. 17 and 18. Room
temperature XRD measurements were performed with an
Empyrean Panalytical diffractometer (Cu Ka1, Ka2). SQUID and
VSM measurements of ZFC and FC curves were performed with
Quantum Design systems from 300 K to 55 K (VSM) and from
300 K to 10 K (SQUID). TEM measurements were performed
with a 200 kv American FEI Tecnai G2F20. T-ESR measurements
were performed with a JEOL JES-FA200 at 300 K, 150 Kand 77 K.
XPS analyses were performed with an Escalab 250Xi, spot size of
500 micron. The Raman spectra were collected 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 100x 0.90 NA objective (Olympus, Japan).

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

The structural characteristics of the as annealed SmFeO; filled
CFM samples were firstly revealed by TEM and HRTEM
measurements, as shown in Fig. 1-3. These analyses evidenced
presence of a single-crystalline-like arrangement in the encap-
sulated crystals, as shown in Fig. 1A by FFT (which shows an
individual set of reciprocal lattice spots) and in Fig. 2 and 3.

Fig. 1 HRTEM analyses of CFM type 1 revealing the presence of
encapsulated SmFeOs single crystalline features (see FFT of crystal
lattice in (A)-inset). In (C) and (D) the red arrow indicates a high detail of
the SmFeOs lattice. In (B) the purple star indicates the presence of
monolayer-like carbon features with a defective (vacancy-rich)
arrangement.

Fig. 2 HRTEM analyses of CFM type 1 revealing the presence of
encapsulated SmFeOs single crystalline features in additional areas.
The high detail of the SmFeOs/C interface in D and profile analyses
indicate the presence of vacancy-like defects in the carbon layers.

RSC Adv, 2020, 10, 9878-9883 | 9879
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Fig.3 HRTEM analyses (A and B) of CFM type 1 revealing the presence
of vacancies in different regions of the carbon layers. Presence of
these defect features can be considered the origin of the observed
ferromagnetic components in the ESR spectra.

Existence of variable monolayer-like features with a defect rich
arrangement was also found, as indicated by the purple star in
Fig. 1B and the profile analyses in Fig. 3A and B. Presence of
SmFeO; crystal-phases with space group Pbnm within the CFM
was further confirmed by XRD analyses, as shown in Fig. 4.
Investigation of the sp*/sp> characteristics of the CFM graphitic
carbon layers was then sought by XPS. As shown in Fig. 5,
measurements performed in CFM samples produced with
method-1 (Fig. 5A) and method-2 (Fig. 5B) revealed the presence
of sp’rich characteristics together with a variable level of
carbonate (C-O rich) content. Interestingly, the level of C-O
content was found to decrease especially in the CFM produced
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Fig. 4 XRD measurements (red crosses) and Rietveld refinement
analyses (green line) of CFM type 1 and 2 revealing the presence of
lattice reflections compatible with SmFeOs.
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Fig. 5 XPS analyses showing the presence of sp*-rich features in both
CFM type 1 and CFM type 2 ((A) and (B) respectively).

with method-2, implying possible variation in the carbon layer
defect-concentration. Both the XPS samples analyses shown in
Fig. 5A and B for CFM type 1 and 2 respectively revealed a high
sp>-rich content possibly resulting from the annealing stage.'®
However, the larger C-O content observed in the type 1 CFM
may be attributable to a higher quantity of structural defects in
the produced CFM.

Further investigations were then sought by Raman spec-
troscopy experiments. As shown in ESI Fig. 1f Raman
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Fig. 6 Magnetization analyses of CFM type 1 (A) and CFM type 2 (B-D)
revealing the presence of a significant magnetic transition in both the
type of samples at approximately 150 K. In D the large values of the
measured saturation magnetization are attributable to the presence of
residual a-Fe within the CFM type 2 sample.The transition 1 at about
140 K in CFM type-1 sample appears to be due to FesO4 (high ferri-
magnetic phase) with Verwey transition expected in a wide tempera-
ture range 120-140 K.#*3*° However, XRD measurements do not
support the presence of such iron oxide phase in the present samples.
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Fig. 7 ESR spectra acquired from different portions of the CFM
powder (portion 1 in A-C and portion 2 in D of the same powdered
sample). Note the presence of 4 peak features which may be attrib-
utable to (1) SmFeOs magnetic moments (feature 1), (2) t-electrons of
the CFM, (3) defect induced ferromagnetic-components and (4)
antiferromagnetic transition occurring in some portion of the encap-
sulated SmFeOs phase due to enhanced contribution of Sm magnetic
moments. Note that no additional iron oxide phases were detected in
the XRD and Rietveld refinement analyses.?*3°

spectroscopy analyses of CFM type 1 revealed presence of
significantly intense D band features and absence of G band in
agreement with the XPS analyses in Fig. 5. Further analyses were
then performed by using magnetometry and ESR spectroscopy,
in an attempt to estimate the nature of the components
involved in the magnetization signals within CFM samples. As
shown in Fig. 6A, ZFC and FC measurements of CFM type 1
revealed the presence of a gradual increase in the magnetization
with the decrease of the temperature, together with a significant
transition at the temperature of 150 K. Interestingly a similar
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Fig. 8 ESR spectra at 77 K acquired from CFM type 1, turbostratic
graphite powder and water doped turbostratic graphite powder. A
significant overlap in the defect-induced ferromagnetic feature is
observable in all the three samples, allowing to conclude the presence
of vacancy induced ferromagnetism in the CFM type 1 in analogy with
the graphite samples.
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transition could be probed in the CFM type 2 (Fig. 6B and C),
with a magnetization peak at approximately 150 K, which could
be ascribed to a transition in the magnetic structure of the
SmFeO; phase induced by the Sm magnetic moments (antifer-
romagnetic exchange interaction between the two magnetic
sublattices)."”*® On the basis of the XRD measurements in
Fig. 4, no contribution was detected from other iron oxide
phases. In addition, magnetization vs. field analyses revealed
presence of another magnetic component attributable to the
residual o-Fe phase within the CFM sample.™®
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Fig. 9 ESR measurements of vacancy-rich HOPG flakes: undoped
(black), wine doped (red) and water doped (blue). Note the presence of
a dominant differential absorption feature for g-values of ~4.22
attributable to vacancy induced ferromagnetism.
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Further insights on the overall components involved in the
magnetization process were then sought by ESR analyses of the
CFM produced with the method 1. As shown in Fig. 7A-C,
measurements performed in different portions of the CFM
powder (Fig. 7A and D) revealed a temperature-dependent
signal characterized by m-electron related features (feature 2
in Fig. 7A-D) with variable intensities and possible ferromag-
netic components (feature 3) which appeared to enhance in
intensity as the temperature decreased from 300 K to 77 K. In
addition to these observations, another feature (feature 4)
possibly representing the magnetic transition observed in Fig. 6
was found at 150 K. The presence of a variable intensity of the
feature 3 in Fig. 7A-D can be possibly ascribed to local variation
in the concentration of magnetism-related defects in the
interfacial regions of the CFM sample. In the attempt to further
confirm this interpretation, the CFM signal measured at 77 K
was further compared to those measured in graphite and water-
treated graphite samples which have been reported to contain
ferromagnetic components in recent reports.”*>* As shown in
Fig. 8 it seems clear that the obtained signal from graphite
powder and water doped graphite powder significantly overlaps
with that of the CFM measured in this work. This observation
unambiguously confirms the presence of defect-induced ferro-
magnetic features in the produced CFM sample.

In an attempt to further verify the origin of the aforemen-
tioned intrinsic magnetic signals, additional comparative ESR
measurements were then performed in highly oriented pyrolytic
graphite samples (HOPG) characterized by vacancy-like defect-
rich features as shown in Fig. 9.2*** Typical ESR measure-
ments obtained in HOPG flakes before and after doping
through intercalation methods (see ref. for the used intercala-
tion methods based on water and wine doping®*>*) revealed
a similar trend, with the appearance of a common differential
absorption features compatible with vacancy induced ferro-
magnetism for g values of ~4.22 at temperatures below 200 K (it
is important to notice that the vacancy signals resulted
approximately unmodified by the doping method).

Conclusion

In conclusion we have reported a novel investigation on the
magnetic properties of SmFeO; filled CFM materials. Presence
of a vacancy-rich CFM arrangement with sharp SmFeO;/C
monolayer-like interfaces was revealed, as demonstrated by XPS
and Raman spectroscopy analyses. ESR particularly revealed
presence of multiple magnetization features which appeared to
be attributable to (1) the interfacial vacancy-rich regions of the
CFM layers (2) the canted ferromagnetism of the SmFeOj; phase.
These findings were further supported by comparative T-ESR
and SQUID measurements performed on vacancy rich undo-
ped and doped pyrolytic graphite samples.
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