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ABSTRACT: Novel functional materials that use both the
spin and charge of an electron offer many exciting
opportunities to create new information processing and
storage devices with ultralow power consumption. The recent
discovery of magnetism in atomically thin-layered materials
could boost research in the field of light element materials
such as van der Waals magnetic nanostructures. Here, we
report intrinsic magnetization in large-area graphene grown on
Fe(100) foil structures. The optimal growth mechanisms
provide high-quality graphene samples with controllable
magnetic properties, such as thickness-dependent magnet-

Magnetic Field (Oe)

ization. Using first-principles calculations, we investigated several possible scenarios for controlling the magnetic properties.
Moreover, the independent magnetic structures induced in graphene were identified through field-applied magnetic force
microscopy (FA-MFM) followed by vibrating sample magnetometry (VSM). Our results open a new avenue for controlling the
magnetic properties of graphene structures by mediating surface growth on regular magnets for applications in large-scale

spintronics.

B INTRODUCTION

Computing using magnetic chips can reduce power con-
sumption to one millionth of the amount used by today’s
transistors. ~ Such materials could be designed with multi-
functional characteristics, including controllable magnetic
properties and superior electric, photonic, thermal, and other
physical properties. The quantum phenomena in magnetic
graphene include quantum spin Hall effects, long spin-
relaxation times, a long electronic mean free path, and ballistic
spin transport at room temperature with the potential to tune
spin—orbit interactions.*® Moreover, the spin-diffusion length
of graphene has been reported to be 1-2 ym at room
temperature.” The recently developed van der Waals 2D
magnetism indicates the need to study magnetic graphene.”
Multifunctional carbon-based 2D nanomaterials perform
information processing using spin states at the Fermi level.
The magnetic ordering and induced ferromagnetism of carbon-
based nanostructures have long been investigated in a variety
of ways.'"~"” However, due to the lack of controllability and
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the nonuniformity of synthesized structures, such magnetic
carbon properties are challenging to apply in practical
spintronic devices. For this reason, large-area magnetic
graphene is required for further practical applications.

H MATERIALS AND METHODS

Synthesis of Graphene. Graphene was grown on 100 ym
thick Fe foil (Nilaco, 99.99% purity) in a hot furnace
consisting of a 50 mm quartz tube. Fe foil was first placed in
the center of a horizontal quartz tube. After H, (100 standard
cubic centimeters per unit, sccm) and Ar (200 sccm) were
introduced as the carrier gases and the furnace temperature
reached 800 K, Fe foil was preannealed at 800 K (the Fe phase
will change above 850 K) for 30 min to remove the native Fe
oxide layer and enlarge the Fe grains in the H, and Ar
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Figure 1. Synthesis mechanisms of graphene on Fe: (A) Schematic of the synthesis scenarios of magnetic graphene. (B) Schematic illustration of
graphene growth in a chemical vapor deposition (CVD) system. (C) Optimal parameters for the synthesis of graphene on Fe using a CVD system.

atmosphere. Fe changes its phase above 800 K. Then, C,H, (5
sccm) was introduced, with the process pressure set to S00
mTorr during growth. After C,H, was introduced, the furnace
was cooled to room temperature with H, and Ar.

Raman Spectroscopy. Raman spectroscopy (Reinshaw,
RM1000-Invia) with a laser excitation wavelength of S14 nm
(2.41 eV), a notch filter cutoff frequency of SO nm™’, and a
focus spot size of 5 ym was used to measure the crystallinity
and the number of layers in the graphene films. Few-layer
graphene was synthesized with times of 1, 3, 6, and 9 min, and
a very strong 2D peak at ~2700 cm™' and a G peak at ~1580
cm™" appeared in each Raman spectrum. Additionally, the D
peak at ~1350 cm™" was observed.

Scanning and Transmission Electron Microscopy
(SEM and TEM). To inspect the exact thickness of the
synthesized graphene, high-resolution transmission electron
microscopy (HR-TEM, JEOL, JEM-2100F) measurements
were performed to estimate the number of layers of graphene.

Atomic Force Microscopy/Magnetic Force Micros-
copy. Scanning probe microscopy (SPM) was performed in
noncontact mode using a Bruker-Nano AFM system. The
MFEM measurements 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.

Vibrating Sample Magnetometry (VSM). The conven-
tional volume averaging magnetometry measurements were
performed using a VSM 7400 from Lake Shore Cryotronics
Inc. with a 3.1-T electromagnet. The sample was mounted on
a quartz holder. The magnetic moment was measured and
averaged. The in-plane crystalline anisotropy is shown in
Figure SS. In this type of crystal structure, the domain is
randomly oriented and the sizes of the domain structures are
very large (more than a micron).

First-Principles van der Waals Ab Initio Calculations.
The calculations reported herein are based on ab initio density
function theory using the SIESTA method*® and the VASP
code.”*” The generalized gradient approximation”’ along with
the DRSLL** functional was used in both methods, together
with a double-{ polarized basis set in SIESTA and a well-
converged plane-wave cutoff of 500 eV in VASP. The projected
augmented wave method (PAW)*>?® was used for the latter
and the norm-conserving (NC) Troullier—Martins pseudopo-
tentials’” ~>* were used for the former to describe the bonding
environments for Fe and C. The shape of the NAOs was
automatically determined by the algorithms described in SI.

The cutoff radii of the different orbitals were obtained using an
energy shift of 50 meV, which proved to be sufficiently
accurate to describe the geometries and energetics. Atomic
coordinates were allowed to relax until the forces on the ions
were less than 0.01 eV/A under the conjugate gradient
algorithm. To model the system studied in the experiments, we
created large supercells containing up to 1382 atoms to
simulate the interface between the multilayer graphene and Fe
surfaces. We initially used three different facets, such as (111),
(110), and (100), to represent the Fe substrates. We used all
three at the monolayer graphene limit and the Fe(100) facet
for multilayer graphene, as a high concentration of these facets
was found in the Fe foil. To avoid any interactions between
supercells in the nonperiodic direction, 20 A was used in all
calculations. In addition, a cutoff energy of 120 R, was used to
resolve the real-space grid for calculating the Hartree and
exchange—correlation contribution to the total energy. The
Brillouin zone was sampled with a 10 X 10 X 1 grid under the
Monkhorst—Pack scheme® to perform relaxations with and
without van der Waals interactions. A few geometries required
a finer grid of 15 X 15 X 1 to fully relax the atomic forces.
Energetics were calculated using converged 25 X 25 X 1 k-
sampling. In addition, we used a Fermi—Dirac distribution
with an electronic temperature of kzT = 21 meV to resolve the
electronic structure.

B RESULTS AND DISCUSSION

Graphene was grown on 100 ym thick Fe foils in a hot furnace.
By varying the deposition parameters, such as the time and
temperature, the thickness of the graphene was systematically
controlled. Figure 1 shows a schematic of the synthesis (A)
and experimental setup (B) and a graph of the synthesis
conditions (C). As shown in Figure 1A, the well-known growth
mechanisms are described, including surface adsorption,
diffusion, and precipitation.”” Two mechanisms are considered
to govern the growth of graphene on typical catalysts, such as
Cu and Ni.”"** The extremely low carbon solubility of Cu
leads to the self-limited growth of graphene via the simple
thermal decomposition of hydrocarbons on the Cu surface, as
shown in scenario (I). In contrast, the high carbon solubility of
Ni causes carbon to dissolve into the bulk and graphene
subsequently grows through the surface segregation of carbon
upon cooling from a metastable carbon-metal solid solution
(1II). The formation of graphene on Fe simultaneously follows
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Figure 2. SEM micrographs of graphene with increasing synthesis times of (A) 1 min, (B) 3 min, (C) 6 min, and (D) 9 min. The TEM images
during the synthesis: (E) 1 min (2 layers), (F) 3 min (8 layers), (G) 6 min (10 layers), and (H) 9 min (13 layers). The estimated thickness of the
sample is as follows: 1 min of synthesis time for 2 layers, 3 min for 8 layers, 6 min for 10 layers, and 9 min for 13 layers. (I) The Raman spectra for
the increasing synthesis time: 0, 1, 3, 6, and 9 min. (J) Ratio of the 2D and G peaks and the FWHM of the 2D peaks. The estimation is based on

the Raman spectra and TEM images.

both mechanisms I and II. The experimental results show that
graphene can also be synthesized using the intrinsic carbon
contained inside the iron substrates (III), which could be a
unique mechanism for growing magnetic carbon.”’ The
detailed synthesis conditions and experimental parameters
are shown in the Materials and Methods section. It is very
challenging to grow bulk graphene on Fe substrates. We
developed a combined synthesis technique to achieve high-
quality graphene on Fe using an acetylene (C,H,) feedstock,
even if the Fe drastically dissolved carbon. Layer-controlled
graphene films were successfully synthesized on the substrate
in selective growth windows with a finely tuned C,H,, Ar, and
H, gas ratio and growth time, which make it possible to prove
thickness-dependent magnetization, as shown in Figure 1C.

Figure 1B shows a schematic of the CVD systems with the
graphene sample for the optimal synthesis. First, 30 min of
preannealing and plasma sputtering was performed to clean the
surface, as shown in Figure 1C. During the preannealing
process, Fe-based oxides and impurities on the Fe surface
could be removed. By controlling several parameters, such as
the temperature range, gas composition, and flow rate,
graphene could be synthesized in a controllable layer on Fe
by changing the synthesis time, as shown in Figure 1C. The
quality of the samples was monitored using high-resolution
photoemission spectroscopy (HRPES) at the 10D beamline of
the Pohang Accelerator Laboratory (PAL) and commercially
available X-ray photoelectron spectroscopy (XPS). Sharp C 1s
core-level spectra indicated that the quality of graphene grown
on ]2F73e2is comparable with that of graphene grown on Ni and
Cu.™

To inspect the quality and exact thickness of the synthesized
graphene, scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HR-TEM)
measurements were performed to estimate the number of
layers of graphene, as shown in Figure 2A—H. The formation
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of wrinkles is a well-known phenomenon caused by the
difference between thermal expansion coeflicients of Fe and
graphene, and wrinkles are generated when the foil is rapidly
quenched or a growing flake starts to overlap with another
nearby flake. Defects and edges are observed in multilayer
graphene films. The detailed synthesis, characterization
process, and following results are described in the Materials
and Methods section. The number of graphene layers can be
clearly identified as 2, 8, 10, and 13 based on the interlayer
spacing of graphene (0.34 nm). As also shown in our previous
reports, the synthesis time can precisely control the number of
layers.”* >

Raman spectroscopy is a powerful yet relatively specimen-
specific measurement used to characterize the crystalline
quality and number of graphene layers, as shown in Figure 21.
The D peak depends on the breathing mode of the 6-fold
aromatic ring (sp*), is independent of the number of graphene
layers and is activated by disorder. The G peak is due to the
doubly degenerate zone in the center E,; mode. Since the
generation of the 2D peak is a process allowing symmetry, the
band of the second-order Raman process appears with no
relation to any defect or disorder. The 2D peak even provides a
count of the number of graphene sheets in a specimen. Other
criteria used to measure the number of graphene layers are the
full width at half maximum (FWHM) and the position of the
2D peak. Additionally, the intensity ratio of the 2D to G peaks
(Ip/Ig) is dependent on the number of layers. As shown in
Figure 2], the ratio of I,p/I; was approximately 1.61, 1.24,
0.75, and 0.55, for 1, 3, 6, and 9 min of synthesis time,
respectively. In the bottom spectrum in Figure 2], the intensity
ratio is 1.61 and the peak position of the symmetric 2D band is
2700 cm™! with a FWHM of 35.5 cm™, which is in accordance
with the parameters of bilayer graphene.

Raman spectra are sometimes ambiguous in estimating the
number of layers of graphene, especially few-layer graphene.
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Figure 3. Magnetic imaging characteristics. (A) Magnetic force microscopy (MFM) image of the magnetic domains of graphene on Fe(100) foil,
which shows the different domain structures of Fe(100). The MFM images show the increasing thicknesses: (A) 2, (B) 8, (C) 10, and (D) 13. The
brighter and darker regions represent the changes in the magnetic phase. The images are 3 X 3 ym”. (E) m—H loop of graphene after transfer to the
SiO, substrate. The presence of mixed antiferromagnetic (AFM) and ferromagnetic (FM) behaviors was observed.
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Figure 4. First-principles simulations of graphene on Fe(100). (A) Schematic of the spin transfer from Fe to multilayer graphene. The polarized
spin states at the interface induce a finite spin moment in the carbon states. To avoid spurious artifacts from the difference in the lattice mismatch
between graphene and Fe(100), the graphene layers are modeled in terms of nanoribbons with H-saturated edges, as shown in the inset in (D). A
finite spin moment is observed at the zigzag edges, which can be separated from the bulk carbons where no spin moment is initially present before
making the interface with Fe. (B) Spin polarization £ versus energy for different numbers of graphene layers on Fe(100). £ is defined in terms of £ =
n%® — pdovn /P 4 pdovn wwhere n9°™ and n"P are the densities of states of the spin-up and spin-down states, respectively. The spin polarizations for
different numbers of layers are highlighted in different colors. The Fermi level is set to zero in all curves. Interestingly, the first layer close to the Fe
surface is magnetically coupled to Fe in an opposite way than the others. That is, if Fe is ferromagnetic, the first graphene layer in contact with Fe is
antiferromagnetic, and vice versa. (C) Magnetization AM (Bohr magneton per carbon) of the nanoribbons as a function of the number of graphene
layers on Fe(100). The value of AM is defined through AM = M, — Mgrapheney Where Mg pene is the net spin moment present at the graphene
ribbons, and M, is the magnetization of the system. Gray, blue and faint brown curves correspond, respectively, to Fe(100)/nL-graphene systems,
isolated nL-graphene layers and the variation in the magnetization per layer for Fe(100)/nL-graphene relative to the immediate previous layer
number. The inset shows a molecular schematic of the graphene layers on the Fe(100) surface with AB stacking. The magnetic moment at the
carbons linearly increases with the number of sheets (blue curve) due to the finite moment at each individual layer but is substantially enhanced
when the nanoribbons are combined with Fe(100). This indicates that the Fe surface has a clear effect on the magnetization of defects/edges once
the interface is created. This result is in sound agreement with the experiments shown in Figure 2. (D) Local magnetic moment (Bohr per carbon)
versus the number of graphene layers at some of the carbon atoms on the Fe(100) substrate. Carbon atoms near defects or imperfections (e.g.,
vacancies) tend to be easily polarized as the number of layers increases but suffer strong reduction in thinner systems due to competition with
charge transfer.
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The HR-TEM results agreed well with the Raman results and
clearly showed that the number of graphene layers increased
with increasing synthesis time. As a result, Raman spectra
together with HR-TEM and SEM images confirm the different
numbers of layers and defects in the samples.

Our study of field-applied (FA)-MFM with X-ray magnetic
circular dichroism (XMCD) provides strong confirmation that
this technique can be used to probe the magnetic domain
structure of materials in local regions. The FA-MFM image
shown in Figure 3A indicates similar domain patterns for the
graphene grown on Fe foil, which are very different from those
of bec Fe(100) bulk structures. The domain structures of the
Fe crystal changed from a randomly oriented large domain to a
smaller domain pattern after the synthesis of graphene. The
magnetic stripe domain structures could be an indication of the
dominant crystalline structure after the synthesis process. As
shown in Figure 3A—D, small domain structures can be
observed in the graphene on the Fe sample. The orientation of
the magnetization in the plane is shown in the SI. The domain
structures change as the layer number increases. The results
confirm that controllable magnetic properties are observed in
the domain patterns. The image contains topographical
information and magnetic phases together because of the
nonuniform nature of large-area graphene. However, FA-MFM
can observe the phase change from a fully saturated magnet
underneath. Thus, the systems probe the magnetic properties
of carbon, which indicate simultaneous independent domain
formations from the Fe substrate.

After we transfer the sample to nonmagnetic substrates, we
can still observe small magnetization, which confirms that the
effects are intrinsic. Using a stamping method, we selectively
transferred graphene from Fe to SiO, substrates. Then, we
carefully checked the X-ray spectra using synchrotron radiation
at ALS. The results indicated that the aligned carbon edges and
defects play a critical role in increasing the magnetic moment
of graphene. As shown in Figure 3E, m—H loops indicate the
presence of ferromagnetism (FM) and antiferromagnetism
(AFM), which have already been previously reported.'>'*~"”
The XMCD at the 1s C-edge confirms magnetic moment of
carbon as shown in the SI. Another important note is that light
element magnetism usually comes from proximity effects
resulting from hybridization between the transition metal and
graphene. This is partly true, but the contribution could be
smaller than that in the case of Fe foil because of the lattice
mismatching. If we manipulate the systematic controllability,
spin devices can be created.

We performed a theoretical validation of the experimental
results. The model structure of graphene grown on Fe is shown
in Figure 4A, and the spin-polarized interface is highlighted.
Once graphene is formed on the Fe surface, the proximity
effect polarizes the carbon states near the Fermi level, and only
one spin channel is observed to be pinned at the Fermi level
(Figure 4B). The Fe surface is the main source of spin-
polarized carriers because the number of states per eV for one
spin channel, e.g., spin down, is substantially higher than that
for spin up (Figure S3A in the Supporting Information). We
also observed that the number of polarized states in graphene
increases with the layer thickness, and a transition from one
spin state to another occurs as we cross from monolayer (1L)
to bilayer (2L), that is, from spin up to spin down. The strong
interactions between the nearest graphene layer and the Fe
substrate make the exchange interactions favorable for this
antiferromagnetic coupling by 15.4 meV (Figure S3B). Figure

4C shows that the magnetization in the first layers is also
smaller than that in the thicker systems, which can also be
observed locally at each individual C atom in each layer
(Figure 1D). This difference indicates an enhancement in the
magnetic properties with the growth process. However, the
enhancement saturates with approximately 15 carbon sheets on
Fe, and the increment of the magnetic moments begins
decreasing thereafter. One of the main reasons for this
thickness dependence can be observed in the amount of
charge transfer from the Fe substrate to graphene (Figure
S3C), which is substantially larger for the layers near the Fe
and exponentially decays throughout the system. The amount
of charge transfer is closely related to the position of the Fermi
level at the interface, which shows an oscillatory-like behavior
with the layer thickness (Figure S3D) until it reaches a
constant value at approximately 9 layers. Then, as more layers
are deposited, the magnetic moment tends to decay. Four
possible cases were considered for the observed ferromagnet-
ism: defects, layer dependence, proximity effects, and Fe
intercalation. Ideal defect and/or edge states in graphene show
0.4 Bohr, which is in close agreement with the experimental
magnitudes of ~0.46 Bohr from magnetization. One of the
main reasons for this thickness dependence is the number of
defects in graphene, which is substantially larger for the layers
near the Fe and exponentially decays throughout the system.
Therefore, as more layers are deposited, the magnetization
initially increases but decays as thicker carbon is achieved.
From our experimental data with the support of theoretical
calculations, layer-controllable graphene samples grown via
CVD can provide controllable magnetic properties. The
magnetic properties of the graphene samples were measured,
and significant changes resulting from defects through the
graphene plane were confirmed. Moreover, MFM confirmed
the change in the domain patterns, which resulted from the
large magnetic moment in pure graphene structures (Table 1).

Table 1. Calculated Bohr Magneton Results for the Possible
Factors that Could Generate a Magnetic Moment on
Graphene

factors 1st layer 2nd layer
proximity 0.012 0.008
intercalation 0.026 0.021
defects 0.4 0.008 (no defects)

B CONCLUSIONS

We have demonstrated a new way to synthesize large-area
magnetic graphene with controllable magnetic properties. The
estimated magnetization of 0.4 Bohr was observed through
calculations performed on a carbon site. The magnetic
properties remained after transfer from metal substrates, as
shown in the SI. The controllable magnetic properties of a
large-area carbon nanostructure would be an excellent building
block, such as a spin-polarized electron source at the Fermi
level, for future energy-efficient spintronic devices. The results
pave a new avenue for light element-based spintronics
applications.
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