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Carbon-based magnetic materials and structures of mesoscopic dimensions may offer unique opportunities for future nanomagnetoelectronic/spintronic
devices. To achieve their potential, carbon nanosystems must have controllable magnetic properties. We demonstrate that nitrophenyl functionalized
graphene can act as a room-temperature 2D magnet. We report a comprehensive study of low-temperature magnetotransport, vibrating sample
magnetometry (VSM), and superconducting quantum interference (SQUID) measurements before and after radical functionalization. Following nitrophenyl
(NP) functionalization, epitaxially grown graphene systems can become organic molecular magnets with ferromagnetic and antiferromagnetic ordering
that persists at temperatures above 400 K. The field-dependent, surface magnetoelectric properties were studied using scanning probe microscopy (SPM)
techniques. The results indicate that the NP-functionalization orientation and degree of coverage directly affect the magnetic properties of the graphene
surface. In addition, graphene-based organic magnetic nanostructures were found to demonstrate a pronounced magneto-optical Kerr effect (MOKE). The
results were consistent across different characterization techniques and indicate room-temperature magnetic ordering along preferred graphene
orientations in the NP-functionalized samples. Chemically isolated graphene nanoribbons (CINs) were observed along the preferred functionality directions.
These results pave the way for future magnetoelectronic/spintronic applications based on promising concepts such as current-induced magnetization
switching, magnetoelectricity, half-metallicity, and quantum tunneling of magnetization.
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he past several years have been a

golden age for carbon-based materi-

als and structures.'™” Given the in-
herent benefits of the covalent C—C bonds
in applications involving carbon-based
nanomaterials, extensive efforts have been
made toward controlling the electronic
and magnetic properties of sp>-bonded car-
bon materials and understanding the chem-
ical conditions that lead to stable, magnetically
ordered states. The interest in carbon-based
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magnetic nanostructures has also been driven
by their great potential to positively impact
the emergence of spintronic applications
based on magnetic semiconductors.®~ "3
Graphite systems display paramagnetism
due to disordered spins at irregular surfaces
and the high density of step edges in bulk
materials.'*'® Ferromagnetic and supercon-
ducting orderings have also been observed
in samples processed under various experi-
mental conditions.'®'” The ferromagnetism
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in these systems is usually attributed to physical
defects.®'>'872% For instance, in a recent study of
highly oriented pyrolytic graphite (HOPG), the origin
of the ferromagnetism was ascribed to localized elec-
tronic states at the grain boundaries forming two-
dimensional (2D) arrays of point defects; nevertheless,
this question remains open.?'?

Graphene provides a perfect platform for observing
the spectacular physical properties of 2D carbon sys-
tems without the complications that arise from elec-
tron interactions through a third dimension, as occurs
in HOPG. However, the effects from the edges and the
isolated ribbons become significant when measuring
the characteristics of the basal plane. Superparamag-
netic ordering has previously been observed in second-
and third-stage graphite intercalation compounds.?
Relatively strong paramagnetic ring currents have
been reported in alkali metal-intercalated grap-
hite.?® For example, paramagnetism has been ob-
served in graphene samples exfoliated from graphite
crystals with a high density of edges and defects,?* 2%
and ferromagnetic ordering has been observed in
reduced graphene oxide systems.?”~2° The first report
on the ferromagnetism of pure graphene systems
indicated that epitaxially grown graphene with radical
functionalization could exhibit mixed states of super-
paramagnetic, anti(ferro-)magnetic, ferrimagnetic, and
ferromagnetic behaviors from low temperature to
room temperature and above, depending on the
functional coverage of the carbon atoms.'? Reprodu-
cible results on the hydrogenation®**' of epitaxial
graphene and tetracyano-p-quinodimethane mol-
ecules deposited onto epitaxial graphene on Ru
(0001) were subsequently reported to give rise to
ferromagnetism.3? Separate studies have demon-
strated the spin-half paramagnetism and the dual
origin of magnetism in exfoliated graphene.>® How-
ever, most reports rely on volume- and surface-aver-
aged magnetometry, such as SQUID and magnetic
force microscopy (MFM), performed on the macro-
scale. Thus far, no reports that provide comprehensive
evidence for either macro- or nanoscale magnetic
phenomena for the ferromagnetism of carbon nano-
structures in chemically functionalized graphene struc-
tures have appeared in the literature.

The controlled growth of epitaxial graphene on SiC
crystals makes possible the application of covalent
chemistry for modifying the electron structure of the
chemically pure, crystalline graphene state."** In ad-
dition to the current emphasis on optimizing the
crystalline order, interest in understanding the chemi-
cal reactivity and its control has been rapidly growing.
Optimizing the covalent chemistry of graphene re-
quires the development of analytical techniques to
quantify the formation of C—C bonds®**3¢ and sys-
tematic methods for relating changes in the electronic
and magnetic properties to chemical reactions and the

HONG ET AL.

graphene characteristics.>” ~*° We previously reported
the results of macroscale volume-average and surface-
average magnetometry.'>*¢ Scanning tunneling mi-
croscopy (STM) was performed while observing the
local density of states (LDOS) in the presence of an
external magnetic field.*’ The measurements clearly
indicated the existence of magnetoelectric effects in
NP-functionalized graphene samples. The results of the
surface measurements were in agreement with the
results of the volume studies and, in addition, showed
ferromagnetically and antiferromagnetically ordered
states along the graphene orientations with attached
functionalities. Nevertheless, because of the low sam-
ple volume and surface area of the functionalized
magnetic regions, it was difficult to perform sufficiently
robust measurements. Although the results indicated that
the unpaired spins originated from the functionalized
carbon sites, the underlying physics of the magnetic state
of graphene in both its pristine and NP-functionalized
forms remains to be adequately addressed.

The detection of the response from a pure magnetic
phase on an atomically 2D structure under ambient
conditions is challenging because the generated mag-
netic signal (from a few electrons) is extremely weak,
even in the high-density magnetic configuration. The
significant surface inhomogeneity of the graphene
surface prevents long-range ferromagnetic alignment
between neighboring unpaired spins. As a result, only a
relatively small fraction of the sample can generate a
net nonzero magnetic signal. Further, the relatively
small effective size of the regions often results in super-
paramagnetism, which renders identification of the
magnetic order type (ferro-, antiferro-, or ferrimag-
netic) at room temperature even more difficult. The
current study was performed on epitaxial graphene
systems prepared through a covalent chemical
reaction3*3% One of the important goals was to
understand how the observed magnetic and magne-
totransport properties are related to the physical prop-
erties of the graphene sample. The results obtained
using a high-resolution field-dependent integrated
SPM approach, which includes MFM, electric force
microscopy (EFM), and STM modules, are emphasized
to understand the spin configurations in 2D systems of
pristine and functionalized graphene. We correlate the
results of an SPM-based surface study with the results
of anisotropic volume VSM and SQUID magnetometry
and cryogenic magnetoresistance measurements. To
the best of our knowledge, this work represents the
first demonstration of directional f-MOKE surface stud-
ies of graphene and the correlation of the results with
those from other studies. The observed spin alignment
was correlated with the preferred graphene orienta-
tions. The current methodology can potentially enable
control of the spin configurations and thus advance
the covalent chemistry of graphene for emerging
nanomagnetic/spintronic applications.
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RESULTS AND DISCUSSION

Applied-Field Scanning Probe Microscopy. The magnetic
response of pristine and functionalized graphene films
was studied using applied-field magnetic force micro-
scopy (AF-MFM) at room temperature. Figure 1 pre-
sents high-resolution atomic force micrographs of an
epitaxially grown graphene sample (A) before and (B)
after NP-functionalization. This high-resolution tech-
nique enables detection of the atomic structure of
2D carbon systems under ambient conditions. These
measurements ensure that the starting materials are
crystalline and contain no defects or impurities. The
functionalities with a characteristic size of a few nano-
meters were formed on the basal plane of the gra-
phene structure.

The relatively small coercive field of the functiona-
lized graphene layer (~100 Oe), compared to the
characteristic field of the MFM probe, which is on the
order of a few hundred oersteds, makes it difficult to
separate the magnetic information from the topogra-
phy of the surface. Another challenge is the separation
of the magnetic and electric interactions between the
probe and the sample surface; this problem is due to
the relatively low conductivity of the graphene sample
and the resulting electrostatic charge that, in turn,
induces a stray electric force between the sample
and the probe. As described below, the (apparently)
pristine areas also exhibit nonzero magnetic moments;
however, in this case, separating the relatively weak
magnetic signal from the electrostatic charge effects
remains difficult due to the low conductivity of the
sample.”>*? To differentiate between the described
side effects (topography and electric field), in addition
to MFM, field-dependent EFM and STM were performed
on the same samples. Further, we have used multiple
probe types, with different conductivities and magnetic
properties, toimage the same surface. To distinguish the
EFM signal, we used a gold-coated tip under a magnetic
field, for which we measured the layer-dependent
electrostatic charge effects*? As described below, after
the functionalization procedure, the magnetic signal
greatly overshadowed the other field effects.

Figure 1C,D shows AFM and MFM images of a
pristine region with a distinct 50 nm high ripple. For
the purpose of equivalent comparison, we maintained
the same conditions during all of the experiments. The
clear distinction between the AFM (Figure 1C) and
MFM (Figure 1D) images indicates the negligible con-
tribution of the sample topography to the magnetic
signal. However, when we conducted the same mea-
surements on the functionalized sample, the MFM
image (Figure 1E) could not be fully separated from
the AFM image (Figure 1F). To eliminate the surface
morphology effects from the magnetic image, MFM
was conducted in the presence of a variable magnetic
field, as described below.
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"Topography ~ MFMPhase

Figure 1. Ultrahigh-resolution topographical images of
pristine (A) and functionalized (B) epitaxial graphene. (C)
AFM image of pristine graphene and a 50 nm high ripple. (D)
MFM image of pristine graphene. Note that MFM did not
detect topographical effects on the 50 nm high ripple. (E)
AFM image of functionalized graphene. Note the ultrahigh-
resolution AFM with an interleave mode of functionalized
graphene. (F) MFM image of functionalized graphene. Mag-
netic phase dynamics as a function of the magnetic field (G)
at 0 Oe, (H) —60 Oe, and (I) +60 Oe of the functionalized
graphene.

Given the small coercive field of the graphene
surface and the contribution of the magnetic tip, the
in-plane magnetic configuration must depend on
the distance between the tip and the surface (as we
observed). One of the most critical problems with the
use of MFM in imaging graphene is its relatively low
spatial resolution (~>10 nm). For comparison, the
characteristic separation between adjacent carbon
atoms in graphene is below 0.15 nm.

Furthermore, even low-moment probes can gener-
ate a local field of higher than 100 Oe, which would
overwhelm any periodic magnetic superlattice that has
characteristic exchange and anisotropy fields smaller
than this value. Therefore, it was not surprising that the
graphene samples under study acted as a soft mag-
netic material relative to the field generated by the
CoCr-based MFM probe (approximately 0.5 kOe). Variable-
field-environmental scanning probe microscopy
provides a good alternative to exclude the topological
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and electrical effects from the MFM measurements via
signal differentiation approaches. This technique al-
lows for an investigation of the local effects and field-
dependent dynamics of the phase induced by the mag-
netic ordering, which, in turn, helps improve the magnetic
image quality. For example, the field-dependent dy-
namics of the magnetic configuration on the functio-
nalized graphene surface are shown in Figure 1G, H,
and I. It can be seen that a 100 Oe field indeed can
change the magnetic state of the sample. Ideally, the
phase shift A, as measured via dynamic mode MFM,
should be proportional to the magnetic field gradient
F/dz, which depends on z~> = (h + 0) >, where h is the
preset scanning distance between the tip's apex and
the sample surface and ¢ is the distance between the
apex and the effective position of the magnetic mo-
ment in the tip. During MFM measurement (magnetic
phase response A¢g(h)), we could estimate that 6 ~
100 nm. Given this value, the estimated maximum
magnetic moment observed by the tip is meg ~ 6 X
107> Am? for the area with the largest magnetic
moment. The d depends on the magnetic properties
of the measured surface onto the functionalized sites.
Therefore, the magnetic moment m, at the presence
of m; extracted from the MFM data should only be
considered as a rough estimate in dynamic mode MFM
technique. Assuming that the magnetic moment mea-
sured by MFM corresponds to a region with a surface
area of ~5 nm? and a depth of ~10 nm (as estimated
by AFM topographs), we can roughly estimate the total
saturation magnetic moment, as measured via con-
ventional magnetometry, to be m; ~ [6 x 107> x
4% (5% 1077)%/(5 x 107 '8)] x 103°emu~~4 x 10 % emu,
which is in agreement with the results of the m-H loops
measurement. If a 60 Oe field were swept, a flip in
the magnetic phase would indicate the presence of
antiferromagnetically coupled regions in the out-of-
plane component. The overall MFM signal demonstrates
the inhomogeneous distribution of the magnetically
divided domains in the nitrophenyl-functionalized epi-
taxial graphene.

Magneto-Optical Kerr Effects. Volume- and surface-
averaging methods such as VSM and SQUID lack a
controllable metrology of the transition from a non-
ferromagnetic material to a ferromagnetic functiona-
lized nanocarbon structure. When the sample is
transferred into a deep Dewar flask, it can become
contaminated through contact with the interior wall of
the Dewar. X-ray magnetic circular dichroism (XMCD)
microscopy, including soft X-ray techniques using a
synchrotron, could provide strong evidence of ferro-
magnetism in carbon structures on the nanometer
scale; however, carbon contamination during the mea-
surement is a serious limiting factor. Noninvasive
localized optical measurements could provide an alter-
native by significantly reducing the likelihood of un-
wanted Fe-based impurities and other deteriorating
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factors. A locally focused light source can track the
regional characteristics of 2D systems, especially by
controlling the magnetic properties of the chemical
functionality.

Recent progress in the Faraday effect of pristine
graphene structures has indicated a large rotation due
to the resonances that originate from the cyclotron
effect and inter-Landau level (LL) transitions.** More-
over, a recent ab initio calculation indicated the pre-
sence of nonzero off-diagonal components and thus
predicted Kerr and Faraday effects in functionalized
graphene systems.** The Faraday effect is the rotation
of light polarization that arises as light passes through a
medium in a magnetic field; this phenomenon is the
optical analogue of the Hall effect and combines a
sensitivity to the carrier type with access to a broad range
of energies. The purpose of magneto-optical Kerr effect
(MOKE) microscopy is to detect changes in the intensity of
light reflected from magnetized media. Both the polariza-
tion and reflectivity of a laser beam can be altered by the
magnetized surface. Both effects result from the nonzero
off-diagonal components of the dielectric tensor.

We performed MOKE microscopy to confirm the
results of our other magnetometry measurements
(VSM and SQUID). Local noninvasive magnetometry
is important for confirming magnetic properties be-
cause a change in the local region offers an extreme
mechanism to prevent possible impurities and demon-
strates the systematic characteristics of the sample in
different functionalized regions. Due to the relatively
large material transparency, to demonstrate the out-
of-plane characteristics at room temperature, we mea-
sured the polar Kerr effect in the transmission mode
(Faraday effect) with a focused light source (~1 um in
diameter). Experimental schematics are shown in Figure 2.

The data for the pristine sample were subtracted
from the data for the functionalized graphene, and
a linear relationship was observed at room tempera-
ture. The subtraction process is described in detail in
Figure S3. After subtraction of the pristine loops from
the functionalized signals, the final products of the m-H
loops from the MOKE were obtained. The measured
magnetic moment was removed via subtraction to
yield the characteristics of the chemical functionaliza-
tion of graphene. From these measurements, we ob-
served antiferromagnetic alignment in perpendicular
directions. Figure 2C shows the magnetic moment of
the functionalized samples as a function of the mag-
netic field with the different locations. A diamagnetic
background is characteristic of epitaxial graphene and
has been observed in other carbon materials."* The
subtracted result reflects the properties of the chemi-
cally functionalized graphene and demonstrates a
clear hysteresis with a coercive field, H, on the order
of 100 Oe, as shown in Figure 2. These results are in
agreement with the results of previous VSM and SQUID
measurements.
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Figure 2. (A) Schematic of the focused polar magneto-optical Kerr effects in the transmission (Faraday effects) experimental
setup. (B) Micrographs of a focused light source and a picture of the graphene sample (left) with a silicon chip (right) for
comparison. (C) Three typical results of the m-H loops of different regions for the out-of-plane component.

Table S1 shows the exchange bias field for different
regions of the functionalized graphene sample. The
spin exchange bias is an indication of an antiferromag-
netic coupling in the out-of-plane component; this
bias field indicates that the magnetic moment of the
magnetically hard portion of the antiferromagnetically
coupled region causes a shift in the magnetization
curve of its magnetically soft counterpart. The spin
exchange bias field provides the ability to fix the
magnetization direction through dipole coupling. This
property could account for the GMR-like effect of
negative magnetoresistance observed for the functio-
nalized graphene at lower temperatures, as described
in the next section. In summary, the described functio-
nalized graphene nanostructures exhibited Kerr and
Faraday effects, which in turn reflected a long-range
magnetic order in these samples.

Volume- and Surface-Averaged Magnetometry. We per-
formed cryogenic magnetometry measurements of
the functionalized graphene using VSM and SQUID.
Figure 1 shows AFM micrographs of epitaxially grown
graphene before and after functionalization at ultra-
high resolution. To trigger the magnetic characteristics
in the macro-level epitaxial graphene samples, we
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measured m-H loops using SQUID and VSM measure-
ments. Again, the characterization of magnetic proper-
ties in a single graphene layer of these samples is a
significant challenge when using conventional meth-
ods for magnetization measurements, such as SQUID
and VSM, and the diamagnetism of graphene is not
expected to be observable in the presence of the SiC
wafers. To obtain a pure signal arising from the func-
tionalization, we measured and subtracted the dia-
magnetism of the pristine epitaxial graphene samples
on the SiC, —13 x 10> emu/mol; to investigate the
change in magnetic properties of the epitaxial gra-
phene resulting from the chemical reaction, we sub-
tracted measurements of the pristine sample from
identical measurements obtained after the reaction.'?

As shown in Figure 3, the m-H loops from the VSM
and SQUID measurements indicate the presence of
both ferromagnetic and antiferromagnetic regions in
the samples. The in-plane measurements show hyster-
esis loops, which are characteristic of either a ferro-
magnetic or an antiferromagnetic material with some
remnant magnetization and an easy axis normal to the
plane. However, the out-of-plane measurements dis-
play a smaller remnance, instead showing the double
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Figure 3. m-H loops of the out-of-plane component (A) over four different temperature ranges. (B) In-plane case acquired
through SQUID measurements. (C) m-H loops of the out-of-plane component obtained from VSM measurements. (D) VSM
measurement of the in-plane component. Temperature dependence of the coercivity (E) and magnetization (F) in the out-of-

plane and in-plane directions.

loops that are typical of antiferromagnetically coupled
materials with the easy axis normal to the plane. This
result is in agreement with the out-of-plane data from
the MOKE analysis.

We provide a schematic illustration for the mechan-
ism of the spin switching in the hysteresis loops that is
observed in the antiferromagnetic case. Note that the
anisotropy field required to rotate the magnetization
by 90° is on the order of 1 kOe at room temperature.
The similarity in the shapes of the two curves indicates
the presence of a relatively small out-of-plane anis-
otropy field. Figure S4 provides a schematic diagram that
explains one possible route for the spin switching in
the hysteresis loops in the antiferromagnetic case. The
relatively “noisy” opening in the in-plane case is likely
due to the hysteresis in the exchange coupling process
when the spins are rotated with respect to each other
as the field is applied normal to their axis. Similarly, the
two symmetric openings in the out-of-plane case can
be explained by the hysteresis in the exchange cou-
pling dynamics because the field along the axis flips
one of the two spins. Based on this model, the char-
acteristic field in the two cases is defined by the
exchange-coupling field (~100 Oe).

Both the in-plane and out-of-plane measure-
ments showed a relatively low value for the saturation
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magnetization of the pristine samples at room tem-
perature (less than 2 emu/cc). Functionalization in-
creased this value by a factor of approximately 50 at
room temperature. The m-H loops for the in-plane and
out-of-plane measurements of the functionalized sam-
ple are shown in Figure S2A and B, respectively. The
room-temperature value for the saturation magnetiza-
tion of approximately 100 emu/cc corresponds to
approximately 0.1 ug (Bohr magnetons) per carbon
atom for the NP-EG samples. Considering that there are
approximately five carbon atoms per nitrophenyl
group, we estimated that each functionalized site
contributed approximately 0.5 ug (the saturation mag-
netization of iron is ~2.2 ug per atom), as we reported
previously.'?

Magnetometry of Chirality. One of the most significant
aspects of this research is the anisotropy examination
of complete 2D structures. Magnetization intrinsically
prefers to lie along an easy axis. Anisotropy is displayed
in a number of properties. For example, anisotropy
helps reduce the magnitude of thermal fluctuations
and can modify the current flow. It also can induce
relatively new phenomena, such as quantum tunnel-
ing of magnetization and the ultralow spin switching
with relatively long spin relaxation time.*>¢ Systema-
tic measurements of graphene samples with large
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Figure 4. (A) Possible scenario for the presence of chemically isolated graphene nanoribbons (CINs). Rotation of the m-H
loops (in-plane rotation by 30°) and temperature-dependent coercive field (B) and saturation magnetization (C) as a function
of temperature. (D) Field-applied STM image from 4100 Oe to —100 Oe along the y-direction.

areas can provide plane-dependent magnetization. If
sufficiently strong, magnetic anisotropy can prevent
rotation of the magnetization from the in-plane to the
perpendicular direction due to the 2D features that
arise from functionalized epitaxial graphene.

To observe the effects of chirality, we performed in-
plane measurements with a rotation from 0 to 180° (in
increments of 30°) using a vibrating sample magnet-
ometer. As shown in the SI, the addition of products 3
and 4 is preferred: product 4 itself is expected to be
ferromagnetic. Product 3 (formally spin-paired (anti-
ferromagnetic) Kekule products) is expected to be
diamagnetic, but is considered to be antiferromagnetc,
and products 3 and 4 form graphene nanoribbons
along an axis.3® If product 3 is considered to have
antiferromagnetic ordering, we could expect both
antiferromagnetic behavior and ferromagnetic nano-
ribbons. These results support the idea that the inten-
sity of the magnetic moment differs for different
functionality orientations. The magnetization amplifi-
cation for temperatures up to 400 K indicates the
presence of chirality, which results from isolated car-
bon atoms surrounded by functionalities, as shown in
Figure 4A—C. The subtraction data at 0° display the
directional effects of the functionality on the basal
plane of the graphene. The results indicate that the
favorable addition of a functionality results in the
presence of isolated nanoribbon-like carbon structures
surrounded by a radical functionality. In our previous
communication, we reported 2D nanoribbon struc-
tures, which indicate that 2D nanoribbons result from
isolated carbon structures surrounded by radical func-
tionalization. The Curie temperature predicted for the
structure is much higher than room temperature, as
shown in Figure 4C. The arrangement of the function-
ality can result in isolated nanoribbons, and these 1D
nanoribbons play a significant role in amplifying the
magnetic moment throughout the entire temperature
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range. This effect makes a significant contribution to
the ferromagnetic behavior from the in-plane compo-
nent. One possible scenario is that the symmetry is
broken by the functionalized sites, which could result
in an amplification of the ferromagnetism in a specific
direction. The applied field STM measurements show
clear magnetization along the 1D CINs, as shown in
Figure 4D.

As shown in Figure 4A, the isolated nanoribbons
surrounded by the radical functionality formed in
specific directions. These isolated nanoribbons amplify
the magnetization by a factor of 10. Due to their
potential half-metallicity, energy gap, and ferromag-
netism, 1D zigzag nanoribbons have recently attracted
much attention. In contrast, the isolated, functiona-
lized graphene nanoribbons could behave as 1D che-
mically isolated zigzag nanoribbons. The rotation
measurements indicate that the aryl radical function-
ality acts as an isolated ferromagnet.'®'" As shown in
Figure 4A, the possible functionality on the carbon
atoms may represent the formation of isolated nano-
ribbons in specific directions, and this formation could
result in flipping caused by the field applied during
STM. Similar results have been recently reported by
different groups.>' With a favored direction, this phe-
nomenon might only occur in isolated graphene with
H-, N-, or O-atoms onto the basal plane of the graphene
structure. The results indicate that chemically isolated
nanoribbons (CINs) are present in preferred graphene
directions, as shown in Figure 4A. In the pristine
graphene case, we did not observe this amplification.
Therefore, the origin of the ordered states along the
preferred graphene orientations is affected by the
functionalization along these orientations.

Cryogenic Magnetotransport Measurements. Cryogenic
magnetotransport measurements were conducted, in
which the electrons in the graphene undergo a quan-
tum mechanical interference. This interference renders
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Figure 5. Magnetoresistance measurements: (A) out-of-plane and in-plane components in functionalized graphene. (B) GMR
effects in the out-of-plane component at 10 and 200 K. (C) Anisotropic magnetoresistance (AMR) induced by the rotation of
functionalized graphene at 100 and 300 K and pristine at 300 K. (D) AMR effects in pristine graphene at 100 and 300 K. (E) AMR

effects in functionalized graphene at 100 and 300 K.

the two atoms in the graphene unit cell inequivalent
with respect to the electronic transport, although no
known chemical consequence occurs from this weak
localization (WL) effect. In low magnetic fields, the
effect of WL can be observed at low temperatures
through a negative magnetoresistance with a peak at
B=0,as shown in Figure 5A.In higher magnetic fields, a
positive magnetoresistance is observed; this magne-
toresistance has been described as a weak antilocaliza-
tion effect.*’”*® This positive magnetoresistance effect
has been reproduced by many other research groups
and is often reported as a linear MR (LMR) at room
temperature. A quantum LMR effect is a signature of 2D
magnetotransport behavior.*>>°

After functionalization with a nitrophenyl group, a
large negative magnetoresistance is observed at low
temperatures and becomes positive above T = 20 K
over the entire magnetic field (Figure 5A). In super-
paramagnetic films below the blocking temperature,
most carrier transport pathways are forbidden because
the adjacent domains freeze in the oppositely polarized
magnetic states, causing an increase in the resistivity.
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The application of a magnetic field then aligns the
magnetic domains, and a negative magnetoresistance
is observed. Recently, a large negative in-plane magne-
toresistance was observed in graphene nanoribbons;
this magnetoresistance was tentatively ascribed to
edge effects on the electronic confinement.' Pristine
epitaxial graphene exhibits a relatively small negative
magnetoresistance, which increases marginally after
functionalization with nitrophenyl (Figure 5A).'%3¢

The observed positive and negative MR effects
were associated with weak antilocalization (WAL) and
WL, respectively. The WAL effect, a signature of isospin-
conserving transport, was suppressed by the WL effect
in temperature ranges from 0 to approximately 150 K
and from 0 to above room temperature in the pristine
and functionalized samples, respectively. The suppres-
sion temperature echoed the temperature at which the
slope of the temperature dependence on the zero-field
resistance changed from negative to positive. This WAL
effect was investigated in a tilted magnetic field at
room temperature. The long-range scattering indi-
cated a strong spin—orbit interaction.
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A large negative magnetoresistance was observed
with WL at reduced temperatures. This observation
indicates a transition from the Anderson localization to
a WL, and this transition is caused by giant magne-
toresistance effects. Out-of-plane antiferromagnetic
coupling could result in the GMR effect, although the
GMR ratio is small compared to that of most efficient
spin transport studies on epitaxial graphene.>® How-
ever, the spin valve effect was observed, as shown in
Figures 5B and S4C. The shifts in the negative magne-
toresistance strongly indicate a typical antiferromag-
netic coupling of the out-of-plane component at lower
temperatures (observed up to room temperature).
Because the contribution of the 2D segments is domi-
nant in the perpendicular direction, the out-of-plane
component behaves as an antiferromagnetic, ferro-
magnetic, or mixed state, although the antiferromag-
netic state is dominant across the entire temperature
range.

The anisotropic MR (AMR) reflects spin—orbit cou-
pling. For the ferromagnetic exchange coupling, the
conductance strongly depends on the magnetization
direction and results in the AMR. For the functionalized
sample, the AMR s perfectly fitted by a theoretical graph
at 100 and 300 K, as shown in Figure 5C. For the pristine
sample, the AMR is shifted left from the theoretical
graph at 100 K, as shown in Figure 5D. The observed
phenomenon is summarized in Figure 5E. This effect is
found in ferromagnets, and the AMR effects of the 3D
alloys are typically smaller than 5%.

The magnetotransport experiments indicate that a
radical chemical functionalization might substantially
increase the number of interacting unpaired local
spins. Additionally, this negative magnetoresistance
implies the prevention of ferromagnetic coupling be-
tween neighboring atoms; spins in relatively small 2D
regions are aligned antiferromagnetically.

Brief Comparison with Other Organic Ferromagnets. There
have been a number of reports on organic ferromag-
nets; however, their Curie ordering transitions typically
occur far below room temperature.>® In 1991, the first
reproducible experimental observations of magnetism
in p-block compounds were reported, in which mag-
netic ordering was observed in crystalline p-nitrophe-
nyl nitronyl nitroxide (p-NPNN). The Curie temperature
was 0.6 K for the molecular crystals of this ferromag-
netic ordering. Each molecular radical unit bore a
single, uncompensated electron spin.>**> The first
charge transfer ferromagnet, [Fe(CsMes),][TCNE], had
a Curie temperature of T, = 4.8 K and a coercivity of
H = 1000 Oe (at 2 K);>® this ferromagnet was followed
by (TDAE)os6(Ceo), With T, = 16.1 K and a saturation
magnetization Mg, = 0.1 ug/mol,>” and (BBTDA)(GaC}4)
with T, = 7 K and M, = 0.1 s15/mol.>® Ferromagnetic
neutral radicals have also been detected; for p-NC-
CeHa-CNLS5 Te = 36 K and Mgy = 1.5 x 1072 pg/mol
(at 0K).>° A series of ferromagnetic main-group radicals
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was discovered by Oakley and co-workers,°~%? who

characterized the compound C;HsCNsSe4 and found
T.=17 K, H.= 1370 Oe (at 2 K), and Mgy, = 1.03 ug/mol.

A study of the ferromagnetic defects at the grain
boundaries in graphite yielded in-plane results of T, >
300 K, Mye = 5.4 x 1078 ug/C, and H. = 7.7 Oe (at 5 K).?°
Recently, partially hydrogenated EG exhibited Mg, =
0.2 ug/C and H. ~ 40 Oe at room temperature.®® In
contrast, NP-EG exhibited Mg, = 0.1 ug/C (0.5 ug/NP
functionality), with H. ~ 200 Oe in-plane and 40 Oe
out-of-plane. Graphite-based ferromagnets are char-
acterized by high Curie temperatures because of the
strong coupling present in the s-system. Based on a
variety of m-H loop measurement techniques, the
expected Curie temperature was found to be higher
than that of nickel at approximately 500 K.

CONCLUSIONS

The main objective of this study was to reconfirm the
presence of magnetic order in NP-functionalized gra-
phene nanostructures through a new set of experi-
mental data and attempt to correlate the new findings
with our previously reported results. In particular, we
presented five new findings to shed light on the origin
of magnetism in graphene: (1) the field dynamics of
microscale graphene acquired through AF-MFM mea-
surements, (2) MOKE measurements indicating mag-
netic ordering along the primary graphene directions,
(3) the presence of chemically isolated nanoribbons
(CINs) observed by macroscale measurements (through
VSM) with a 30° rotation and microscale (through STM)
measurements, (4) GMR effects supporting antiferro-
magnetic ordering, and (5) AMR effects reflecting the
2D nature of nanostructures in a mesoscopic system.
The main results and implications are summarized as
follows.

To the best of our knowledge, this is the first study to
demonstrate MOKE effects in graphene nanostructures.
In addition, focused transmission MOKE (Faraday effect)
measurements confirmed the presence of antiferro-
magnetic ordering in the out-of-plane component,
which is in agreement with our VSM and SQUID results.
Field dynamics measured via AF-MFM (applied-field
MFM) also confirmed antiferromagnetic coupling and
indicated a nonzero remnant magnetization and, con-
sequently, long-range magnetic order.*’ One of the
most significant observations was the presence of
chemically isolated nanoribbon structures (CINs) based
on angle-dependent measurements through VSM and
field-applied STM. The presence of CINs was also
evidenced by angle-dependent measurements. We
hypothesized that the symmetry could be broken by
the functionalized sites in certain orientations (3,4
functionalities), which resulted in an amplification of
the ferromagnetism along these specific orientations.
Specifically, conjugation of the six-membered ring
structure of graphene would be disrupted when
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functional groups were introduced to the carbon
structure due to electron transfer to sp>-bond forma-
tion. The conversion of the sp? carbon hybridization to
sp> rehybridization would break the symmetry, caus-
ing a breathing mode of the six-membered sp*-carbon
rings to be activated, which would give rise to a
delocalized spin in the graphene s-system and would
be expected to occur through spin alternation due to
the presence of half-filled s-orbitals in the sp>-bonded
bipartite lattice of graphene. Note that, according to
this hypothesis, the magnetism of functionalized gra-
phene is not derived from a single layer of functionality
or hydrogen atoms but instead from radical function-
ality with carbon atoms on the graphene structure.

We developed a systematic method for characteriz-
ing the field dynamics through field-dependent mag-
netic force microscopy. The AF-MFM measurements
indicated that magnetization switching in the functio-
nalized structures could be observed with a remnant
magnetization of over 10 emu/cc.

The combination of aryl radical functionalization and
epitaxially grown graphene is advantageous because it
provides a large area and employs a gentle chemical
process. Therefore, structural investigations ranging from
the atomic level to the wafer level are feasible. We can
also build systematic devices based on the position and
coverage of the functionality. This nondisruptive process
with the advantages of large area and gentle processing
could be beneficial for engineering next-generation
nanomagnetoelectronic/spintronic devices.

Our results demonstrated that large-area graphene
with magnetic properties comparable to those of
pristine graphene can be produced by epitaxial gra-
phene processes. Hydrogenated graphene and other
types of graphene exhibit similar magnetic properties.
Aryl radical functionalized graphene can be used to
build a 2D organic molecular magnet above room
temperature. The exact values of the Curie and Neel
temperatures were not determined, but the results
implied that they could be near 500 K, which would be
higher than that of nickel, a typical magnetic material.

This work also introduced well-developed comprehen-
sive techniques for studying weak and nonuniform mag-
netic properties of transition states from paramagnetic to
(anti)ferromagnetic behavior in 2D structures.

MATERIALS AND METHODS

Scanning Probe Microscopy Measurements. The SPM study was
performed in noncontact mode using a Bruker-Nano AFM
system (Santa Barbara, CA, U.S.A.). The EFM and MFM measure-
ments were conducted in a dynamic lift mode with a lift
distance of 30 nm. The dynamics were measured in the
presence of a magnetic field by sweeping the field range
between —60 and +60 Oe.

Magneto-Optical Kerr Microscopy (MOKE). The Kerr measurements
were performed with a focused MOKE system in transmission
mode. The light source was directed toward the sample, which
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Finally, this study indicated the occurrence of spin
transfer with a relatively long spin relaxation time. CINs
can thus be used for extremely low energy spin switch-
ing. For example, one of the possible approaches
would include spin transfer to CINs using well-devel-
oped nanoMTJ structures, as shown in Figure 57.%

It is important to note that the current comprehen-
sive methodology could allow for magnetism control
in the described functionalized 2D organic molecular
magnets at high Curie temperatures. Both the spin-half
paramagnetism and superparamagnetism were great-
er than those of the surface- and volume-averaged
magnetometry with nonuniform or weak magnetic
responses in graphene systems.'>?® In addition, the
epitaxial graphene systems functionalized with aryl
radicals demonstrated two advantages for the con-
trollability of magnetic properties: (1) chemical func-
tionalization can provide more predictable results than
systems with physical defects because the functional-
ity attaches to the carbon atoms in a gentle manner,
and (2) reduced graphene oxides and exfoliated gra-
phene systems cannot create smooth surfaces at the
macroscale. Graphene structures with large areas, such
as CVD and graphene epitaxially grown on SiC, could
allow for systematic measurements of changes in the
planes. Moreover, the chemistry plays a significant role
in demonstrating the systematic characteristics of the
density and location of functionalities on the basal
plane of the graphene. Optimization of the chemical
functionalization of the EG wafers could yield long-
range anti/ferromagnetic ordering and could form the
basis for advanced spintronic devices.>®*~®® The ap-
proach taken in the present work does not generate
physical defects in the graphene lattice? but leads to
systematic carbon—carbon bonds, which results in
unpaired spins for engineering 2D magnetic devices
such as energy-efficient current-induced magnetiza-
tion switching with the advantage of long spin relaxa-
tion time in an organic macromolecule. This gentle
“chemistry” approach (functionalized graphene) differs
from physical approaches, which usually involve force
factors (defective graphene), and could open a route to
overcome the fundamental limitations of silicon-based
microelectronics with the use of spintronics in a con-
trollable way.

was located between the poles of an electromagnet that could
reach 3.3 T (GMW Associate, San Carlos, CA, U.S.A.). A standard
two-mirror setup allowed for adjustment of both the position of
the light source and the angle of incidence.

Vibrating Sample Magnetometry (VSM). The m-H loop measure-
ments were performed with the VSM option of a Quantum
Design cryogenic physical property measurement system
(PPMS) with a 9-T superconducting magnet. The samples were
mounted on a quartz paddle with regular disk holders, and
GE-7031 varnish was used to withstand the thermal cycling.
To optimize the approach, the samples were mounted with a
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35-mm upward offset. To check the background signal, each
sample measurement was preceded by measurements of
empty sample holders and silicon carbide substrates. After
subtraction, the SiC wafers generated a negligible magnetic
signal. The magnetic field was swept at a rate of 10.139 Oe/sec.
Superconducting Quantum Interference Device (SQUID). To measure
the DC magnetization in an MPMS system with a reciprocating
sample option (RSO) adapter, the EG-SiC samples were loaded
into plastic straws. In all measurements, the length of the
graphite RSO transport rod was reduced by replacing the last
segment with a straw. We found that the presence of the
graphite rod close to the sample affected the measured signal.
Cryogenic Magnetotransport Measurements. To perform four-
point resistance measurements, four in-line gold contacts
(30 nm Pd, 100 nm Au) were deposited with an electron beam
evaporator (Temescal BJD 1800 System) on the C-face of an EG
substrate at room temperature. Then, the samples were wired
with silver conductive adhesive paste (from Alfa Aesar). Indium
wire (1 mm diameter and 99.999% purity) was used to connect
the EG and bridge contacts. Cigarette paper was used to elec-
trically isolate the sample from the user-printed circuit board.
Functionalization of the Epitaxial Graphene. The epitaxial gra-
phene (EG) substrate was immersed in a solution of 10 mM
4-nitrophenyl diazonium (NPD) tetrafluoroborate and 0.1 M
tetrabutylammonium hexafluoro-phosphate ([Bu4N]PF]) in de-
gassed acetonitrile (ACN) for 20 h in a glovebox in the dark.
Then, the substrate was removed and washed with ACN and
acetone.>*
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