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Quasi-freestanding graphene on SiC(0001) via cobalt intercalation of zero-layer graphene
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Modification of the electronic and crystal structure of zero-layer graphene grown on 6H-SiC(0001) after Co
intercalation is reported. Using a wide range of techniques including angle-resolved photoelectron spectroscopy,
x-ray photoelectron spectroscopy, Raman spectroscopy, low-energy electron diffraction, we found that zero-layer
graphene on SiC transforms into graphene monolayer as a result of cobalt intercalation. The Dirac cone of π

band characteristic of quasi-freestanding graphene is observed. In combination with high-resolution transmission
electron microscopy and atomic force microscopy data, we conclude that ultrathin silicide CoSi/CoSi2 structure
is formed between graphene and SiC substrate. Investigation of magnetic properties reveals ferromagnetic
behavior with open hysteresis loop. The results of this work are the basis for further implementation of
magneto-spin-orbit graphene on a semiconducting substrate and are important for the future application of such
graphene in spintronics.
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I. INTRODUCTION

Graphene remains to be one of the promising materials
in modern condensed matter physics. Linear dispersion de-
pendence E (k) provides an unusually high conductivity of
electrons because of ballistic transport and many other unique
electronic properties [1,2]. Being a nonmagnetic material with
a weak spin-orbit interaction, graphene cannot be considered
as an active element of spintronics. However, the giant spin
splitting of electronic states observed in graphene upon con-
tact with heavy and magnetic metals opens up broad prospects
for use in spintronic devices, in particular, in the field of
information storage and quantum computing [3–5]. One of
the most anticipated realization of graphene in spintronics
is magneto-spin-orbit graphene [3] which consists of well-
ordered graphene upon contact with the strong ferromagnetic
element (cobalt) and the heavy metal (gold or platinum).
When interacting with cobalt and gold, graphene not only
retains its unique characteristics but also partially adopts
the properties of these metals—magnetism and spin-orbit in-
teraction. For successful application of graphene in device
elements, it is necessary to use insulating substrates. The sili-
con carbide (SiC) is one of the most promising semiconductor
substrates for formation of thin nanosystems based on epitax-
ial graphene [6,7]. Thereby realization of magneto-spin-orbit
graphene on SiC substrate is an actual challenge.

For this aim, the magnetic and heavy atoms should be
intercalated underneath graphene on SiC to provide the re-
quired properties. Nevertheless, it should be noted that there
is an additional interface carbon layer between graphene and
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SiC substrate—a zero-layer graphene (ZLG). So in many
cases, intercalation of foreign atoms occurs below or between
these carbon layers [8–11]. Therefore, to obtain an interca-
lated single-layer graphene, it is necessary to intercalate the
magnetic atoms below ZLG on SiC substrate. Studying the
functionalization methods of ZLG on SiC substrate is an im-
portant area, since it will allow creating of layered structures
based on a graphene monolayer atop of semiconductor sub-
strate and impart the unique properties to it. Intercalation of
magnetic metals under ZLG will make it possible to create
single-layered graphene coatings on the magnetic metal in-
tercalate. Intercalation underneath a zero-layer graphene on
SiC was investigated previously for Sb [12], Ge [13], Bi [14],
Cu [15], and Si [16]. In these references, the transformation
of ZLG into a single-layer graphene has been observed. Re-
cently, the Co intercalation underneath ZLG was studied [17],
self-limited silicide formation was reported followed by Co
intercalation between graphene and silicide.

In this work, we will try to explain the process that takes
place at the initial stage of Co intercalation, since a question
about modification of the graphene electronic structure under
intercalation of ultrathin layer of Co still remains unresolved.
It should be noted that ARPES and Raman spectroscopy
data were not shown previously on Co intercalation under
ZLG/SiC and the formation of quasi-freestanding graphene
was not proven yet. Moreover, it is very exciting to investigate
the graphene properties on the magnetic ultra-thin silicide
layer, as it is known that cobalt silicides exhibit various mag-
netic properties, from antiferromagnetic and ferromagnetic
to paramagnetic behavior, depending on the stoichiometry,
the quality of crystal structure and the temperature of for-
mation [18,19]. Various Hall effects driven by spin-orbit and
magnetic proximity coupling are predicted in graphene, such
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as quantum-anomalous Hall effect (QAHE), valley-polarized
QAHE, quantum valley Hall effect, and circular dichroism
Hall effect [20,21].

II. METHODS

Synthesis and photoemission experiments were carried out
in situ under ultrahigh vacuum conditions in the photoemis-
sion spectroscopy setup Univer-M at the Resource Center
“Physical Methods of Surface Investigation” of Saint Peters-
burg State University Research park (SPbU Research park).
The samples were investigated by x-ray photoelectron spec-
troscopy (XPS), angle-resolved photoelectron spectroscopy
(ARPES) using a VG Scienta R4000 hemispherical energy
analyzer. A narrow-band high-intensity source of ultravio-
let radiation VUV 5k with a monochromator and an x-ray
radiation source with an Al anode were used as excitation
source. The photoelectron spectra of the core levels were
deconvoluted into spectral components by fitting procedure.
The line shape of Si 2p and C 1s spectra was defined by
Gaussian/Lorentzian product formula with mixing parame-
ters of 0.5 and 0.9, respectively [22,23]. The asymmetry
parameter for the graphene peak of C 1s spectra was 0.12.
The details of the fitting procedure for C 1s core level
spectra are presented in Ref. [24] (see, also, Refs. [25–28]
therein). Accurate peak fitting of the Co 2p spectrum ob-
tained with Al Kα radiation is made in accordance with
Ref. [29]. Raw data are shown in figures by circles along with
the best-fit spectra, the corresponding components, and the
background.

The n-type and semi-insulating wafers of 6H-SiC(0001)
purchased from TankeBlue Semiconductor Co. Ltd. were used
in the experiment. The amount of deposited cobalt layers was
controlled with a quartz microbalance and varied in the range
from 4 to 20 Å. The sample temperature was determined
using Keller CellaTemp PA 20 AF 2/C pyrometer with the
emissivity set to 0.6 for 60◦ off-normal angle.

Low-energy electron diffraction (LEED), atomic force
microscopy (AFM) and Raman spectroscopy were used to an-
alyze the surface structure. AFM measurements were carried
out under atmospheric conditions and at room temperature in
the tapping mode on a NT-MDT Solver Pro-M microscope.
The Raman spectra were obtained at room temperature using
a Horiba Jobin-Yvon T64000 setup equipped with a confo-
cal optical microscope. A solid-state Nd:YAG laser with a
wavelength of 532 nm served as an excitation source. The
laser beam was focused on the sample using a 100× ob-
jective lens (NA = 0.9) into a spot ∼1 μm in diameter. To
avoid damaging the sample, the laser beam power was limited
to 4.0 mW.

High-resolution transmission electron microscopy
(HRTEM) measurements were performed with the use of
Zeiss Libra 200FE microscope equipped with detectors
of high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive
x-ray spectroscopy (EDX) at the Interdisciplinary Resource
Centre for Nanotechnology of SPbU Research park. The
accelerating voltage of 200 kV was set for measurements.
Sample preparation was carried out using a lift-out technique
in a Zeiss Auriga focused ion beam scanning electron

microscope (FIB-SEM). PtC amorphous capping material
was deposited to prevent the damage to the top surface during
FIB processing.

Measurements of magnetic properties were carried out at
the Resource Center “Center for Diagnostics of Materials
for Medicine, Pharmacology, and Nanoelectronics” of SPbU
Research park using a SQUID magnetometer with a helium
cryostat manufactured by Quantum Design. The experiments
were performed in a pull mode in terms of temperature and
magnetic field. The magnetic measurements were carried
out by applying the magnetic field parallel to the surface
(⊥ c axis).

First-principles calculations in the framework of the
density functional theory (DFT) were performed at the Com-
puting Center of SPbU Research park. The band structure
calculations were conducted within the pseudopotential lo-
calized pseudoatomic orbital basis approach, as implemented
in the OPENMX software package [30,31]. The basis set used
in our work contains five basis functions (s2p2d1) for C and
Si atoms as well as three basis functions (s2p1) for H atom,
which is sufficient for accurate description of the electronic
structure. To describe the exchange-correlation energy, we
applied the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof exchange-correlation potential
[32]. Because the inclusion of the full symmetry of the silicon
carbide substrate and graphene, as in the (6

√
3×6

√
3)R30◦

reconstruction, would require the use of 1648 atoms [33],
we used the most stable structure of the (

√
3×√

3)R30◦ SiC
reconstruction, which can capture the most important features
of zero-layer graphene [34]. We constructed the model of
SiC substrate with six SiC layers, which was utilized to de-
posit a 32 atom 4×4 graphene unit cell. The C terminated
side was saturated with H atoms. For the self-consistent field
(SCF) cycle, a k-point grid of 3×3×1 was used to sample
the Brillouin zone (BZ) of the unit cell. The band structure
unfolding from a supercell to a primitive cell BZ of zero-
layer graphene was performed according to Ref. [35]. The
structural optimization was done using the full potential (FP)
“augmented-plane-wave+local orbitals” method (APW+lo)
[36] implemented in WIEN2K code [37]. The parameter
determining the accuracy of the calculations within the
APW + lo method, RMT × Kmax was set to 3.0, where RMT
is the smallest atomic sphere radius and is the plane wave
basis set cutoff. The atomic sphere radii were set to 1.65 a0

for silicon, 1.34 a0 for carbon, and 0.72 a0 for hydrogen,
where a0 is a Bohr radius. The atomic positions in each unit
cell were relaxed within the scalar relativistic approximation
until the forces on each atom were less than 1 mRy/bohr
(3×10−2 eV/Å).

III. RESULTS AND DISCUSSION

A. Zero-layer graphene on 6H-SiC(0001)

The well-established approach of graphene synthesis is
thermal graphitization of SiC surfaces under ultrahigh vacuum
(UHV) conditions [7,38–43]. Prior to graphitization process,
several atomic reconstructions of SiC surface can be obtained:
(3×3), (

√
3×√

3)R30◦, and (6
√

3×6
√

3)R30◦. For synthesis
of the intercalated graphene monolayer on SiC, it is more
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FIG. 1. LEED patterns of (a) initial surface of 6H-SiC(0001), Ep = 50 eV, (b) (
√

3×√
3)R30◦ reconstruction of SiC surface after annealing

at temperature of 950 ◦C, Ep = 57 eV, and (c) (6
√

3×6
√

3)R30◦ reconstruction of SiC surface (zero-layer graphene) after annealing at
temperature of 1150 ◦C, Ep = 89 eV.

appropriate to use (6
√

3×6
√

3)R30◦ reconstruction of SiC,
that is called a ZLG. It is a carbon layer with graphene-like
hexagonal arrangement but about 1/3 of these carbon atoms
are covalently bonded with Si atoms of the SiC substrate
[38,39]. As the result, no linear dispersion of the π band
typical for the graphene Dirac cone can be detected in the
electronic structure of ZLG.

The method of high-temperature annealing of 6H-
SiC(0001) surface was employed for ZLG synthesis [43].
The first step is degassing of the sample in UHV at
around 600 ◦C. Every annealing step is limited by 15 min.
Figure 1(a) shows the bright LEED patters of (1×1) struc-
ture with reciprocal vectors (s1, s2) for the clean surface of
SiC(0001). The same LEED image is observed for anneal-
ing at temperatures below 900 ◦C. Next step of annealing
between 970 ◦C and 1100 ◦C leads to formation of the
(
√

3×√
3)R30◦ structure of SiC [see diffraction pattern in

Fig. 1(b)]. Such a wide range of temperatures is due to the
averaging of data for several samples. At around 1150 ◦C
the reconstructions “(

√
3)” and “(6

√
3)” coexist. Finally,

annealing at T = 1150-1170 ◦C reveals a (6
√

3×6
√

3)R30◦
structure or ZLG on SiC. The typical LEED pattern of ZLG
on SiC is presented in Fig. 1(c) [7,38–43]. The homoge-
neous LEED pattern of ZLG is observed throughout the
sample.

Step by step high-temperature annealing in UHV chamber
allows us to define the accurate parameters to reach high-
quality ZLG on SiC by analyzing LEED, XPS, and ARPES
data obtained in situ. After that it is possible to synthe-
size ZLG on SiC by one-step high-temperature annealing at
1150 ◦C with preliminary degassing of the sample.

One of the distinctive features of LEED pattern for ZLG
is the evolution of the reflexes inside the rhombus marked
by yellow dash line on Fig. 1(c) [39–41,43]. At T = 1150 ◦C
there are two reflexes inside the rhombus, and the structures
“(

√
3)” and “(6

√
3)” coexist. The first reflex (in the lower half

of the rhombus) corresponds to the (
√

3×√
3)R30◦ structure

and the other one (in the upper half of the rhombus)-the quasi
(5×5) structure, that is connected with the (6

√
3×6

√
3)R30◦

reconstruction [41]. At T = 1150 ◦C–1170 ◦C only one
bright reflex in the upper half of the rhombus remains
[Fig. 1(c)] that corresponds to ZLG formation on the surface
[39,41].

The valence band of synthesized ZLG on SiC is measured
by ARPES mapping in a wide range of binding energy and
momentum. In Figs. 2(a)–2(e), the electronic structure of ZLG
on 6H-SiC(0001) measured along and orthogonal to the �K
direction of the surface BZ is shown. Typical for graphene π

states do not contribute to the band structure, while the clear
graphene-like σ states are resolved. A strong hybridization of
ZLG electronic states with the states of SiC-substrate can be
distinguished below the 3 eV of binding energies that leads to
the avoided-crossing effects and energy gaps in the crossing
points. Other distinctive features of ZLG are the two localized
states g1 and g2 at binding energies of 0.4 and 1.6 eV that
are observed near the Fermi level [16,38,42,44]. To verify
our ARPES data measured at photon energy of 40.8 eV, the
first-principles calculations in the framework of the density
functional theory (DFT) were performed for the relaxed unit
cell [Figs. 2(g) and 2(h)]. Despite the fact that similar calcu-
lations have already been published earlier [45,46], the band
structure calculated for the wide energy range of 0–17 eV
is presented here for the first time. Calculation results show
that the graphene Dirac cone band dispersion is indeed absent,
leaving a large band gap of 1.5 eV and strong n-doping state
caused by the strong covalent bonding between ZLG and the
Si atoms of the SiC substrate. The flat band just below the
Fermi level is due to the unsaturated Si dangling bonds at
the interface [45]. For easy reference, when comparing the
ARPES data with the calculated band structure [Figs. 2(g) and
2(h)] we marked the main features 1 , 2 , 3 that have a
clear coincidence. Of particular interest is the presence of the
energy gaps in the crossing points of graphene σ and substrate
states in the 6–10 eV energy region both in theory and ex-
periment that indicate interaction between them [denoted by
dashed rectangle in Figs. 2(d) and 2(g)].

XPS data analysis also supports our conclusion of success-
ful ZLG synthesis. Figure 3(a) shows the XPS spectrum of C
1s for ZLG on SiC(0001), the characteristic shape of which
is explained by the presence of three components: peak at
283.6 eV corresponds to carbon atoms in SiC, and two compo-
nents S1 (284.7 eV) and S2 (285.5 eV) correspond to carbon
atoms in ZLG [17,38,39]. Component S2 is related to the
in-plane bonding of the reconstructed layer and component S1
is due to the out-of-plane bonding of the reconstructed layer
to the topmost Si atoms of the substrate.
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(d)

(g)

(a)

(f)

(b) (c) (e)

(h)

FIG. 2. [(a) and (c)] ARPES intensity maps of ZLG on 6H-SiC(0001) measured in the direction along and orthogonal to the �K direction
of the surface BZ, the photon energy is 40.8 eV (HeIIα). (b) Energy distribution curves (EDC) for momenta along cuts indicated in (a).
[(d) and (e)] ARPES data presented as the second derivative by energy to discern the main features more clearly. (f) Ball-and-stick model of
ZLG arrangement on top of 6H-SiC(0001) substrate. [(g) and (h)] Calculated band structure of ZLG on 6H-SiC(0001) in the direction along
and orthogonal to the �K direction in the same energy range.

B. Deposition of Co on “cold” and “heated” substrates

To select the most optimal mode, Co intercalation under
ZLG was carried out in two ways. In the first stage (I), 10 Å
of cobalt were deposited on the substrate at room temperature

with subsequent annealing during 3 hours at temperature of
550 ◦C. Since ZLG intercalation was incomplete under these
conditions, in the second stage (II), 14 Å of Co were deposited
during ∼1.5 hours on the heated substrate at 450 ◦C.

FIG. 3. XPS spectra of C 1s core level for (a) ZLG on 6H-SiC(0001), (b) after intercalation of 10 Å Co by deposition on the substrate at
room temperature with subsequent annealing (stage I), and (c) after intercalation of 14 Å Co by deposition on the heated substrate (stage II).
The photon energy is 1486.6 eV. All spectra are normalized on the maximum of intensity.
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Figures 3(b) and 3(c) show the C 1s photoelectron spectra
measured after two intercalation stages. Upon intercalation
of Co under ZLG on SiC, the S1, S2, and the SiC spectral
components decrease in intensity. A new peak (Gr) appears at
the binding energy of 284.6–284.8 eV, which is characteristic
for graphene [10,38,39]. The intensity of graphene compo-
nent is significantly higher after additional intercalation on
the heated substrate. It indicates a larger-scale coverage of
the surface with graphene monolayer [Fig. 3(c)], while for
the stage (I) [Fig. 3(b)], the phases of ZLG and graphene
coexist on the surface and the complete transformation of
ZLG into the graphene monolayer cannot be reached. The
LEED image accompanying the stage (I) in Fig. 3(b) shows
that reflexes of ZLG and graphene coexist (see Sec. II in
Ref. [24]). Moreover, the intensities of graphene and S1, S2
components were analyzed after 10 Å Co deposition and
intercalation by two described methods on different samples
(see Sec. II in Ref. [24]). It claims that transformation of
ZLG into the graphene monolayer occurs ∼1.4 times more
efficiently in case of cobalt deposition on the heated sub-
strate than in case of cobalt deposition at room-temperature
substrate with subsequent annealing. The efficiency of in-
tercalation during metal deposition on the heated substrate
was previously shown for graphene/SiC system [47], but this
finding for intercalation underneath ZLG/SiC is reported for
the first time.

C. Quasi-freestanding graphene by Co intercalation

Based on the results of the previous section, we inter-
calated cobalt on the heated substrate. For this purpose,
20 Å of Co were deposited during 1 hour on ZLG/SiC
substrate heated at 450 ◦C. Under these conditions, Co in-
tercalation occurred directly during the deposition of metal
atoms.

1. XPS data analysis

In Fig. 4, the changes in the XPS spectra of C 1s and Si
2p core levels after cobalt intercalation are shown. Decon-
volution of the photoelectron spectra into components by a
fitting procedure is presented. The C 1s spectrum of ZLG on
SiC has a characteristic shape, as described in the text for
Fig. 3(a). For this sample, three components are also detected:
two components S1 (284.60 eV) and S2 (285.45 eV), corre-
sponding to the carbon in ZLG, and the component of bulk
carbon in the SiC compound (283.69 eV). The Si 2p spectrum
[Fig. 4(b)] represents one broad peak at the binding energy of
101.66 eV with a full width at half maximum (FWHM) equal
to 1.4 eV, which is in accordance with the previous results
[17,39,41,43,44,48,49]. However, the Si spin-orbit coupling
doublet (2p1/2 and 2p3/2) is not resolved in case of using an
Al-anode x-ray tube, so the one asymmetric peak is obtained
in the spectrum. The asymmetry parameter and the width
of the bulk Si 2p component were kept fixed for all fitting
procedures.

The shape of C 1s and Si 2p spectra in Fig. 4 changes after
20 Å Co intercalation at sample temperature of 450 ◦C. S1 and
S2 components are no longer visible in the C 1s spectrum, but
an intense component corresponding to graphene appears at
the binding energy of 284.4 eV [10,38,39]. The shape of Si 2p

FIG. 4. XPS spectra of C 1s (a) and Si 2p (b) core levels mea-
sured for ZLG on SiC (bottom row) and after 20 Å Co intercalation
underneath ZLG on SiC (top row). The photon energy is 1486.6 eV.

spectrum provides important information about the processes
occurred. After intercalation of cobalt, the Si 2p spectrum
already has a complex multi-component shape (Fig. 4). In ad-
dition to the main bulk component in Si 2p spectrum, two new
components appear to the right and left of the main peak. A
component (A) at 102 eV is located at higher binding energies
relative to the bulk component and may be related to the CoSi
compound. The presence of a high-energy component relative
to the bulk component in the Si 2p spectrum corresponding
to the CoSi compound was also noted in Refs. [10,50]. The
low-energy component (C) at the binding energy of 99.5 eV
can be attributed to the CoSi2 compound with a lower Co
concentration [50]. There are considerable contradictions in
the published works regarding the energy position of Si 2p
components in Co-Si compounds [10,49–52]. This is primar-
ily due to the sensitivity of Co-Si compounds to the synthesis
conditions: the amount of cobalt, the reaction temperature,
and the crystal structure of the substrate surface. Therefore,
for interpreting Si 2p components, we use several experi-
mental methods, including angle-resolved XPS and Raman
spectroscopy, and also check the data agreement with the cited
references. The spectral components corresponding to Si and
C atoms in the bulk SiC [denoted by (B) and (SiC) in Fig. 4]
are both shifted by 0.7 eV towards lower binding energies.
This effect can be explained by different surface band bending
for cobalt silicide formed on top of SiC [53].

Thus, based on the XPS data, it can be concluded that
cobalt atoms interact with the substrate during intercalation
and two surface Co-Si compounds are formed, which are close
in stoichiometry to the CoSi and CoSi2.

However, to study the localization of the underlying layers,
it is necessary to carry out additional analysis of the XPS data
with angular resolution, in which photoelectron spectra are
taken at different angles of emission. Analyzing the angular
dependences of XPS core level intensities of the elements, it
is possible to determine the relative positions of the layers in
depth (see, for example, Supplemental Material of Ref. [54]).
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FIG. 5. Angle-resolved XPS spectra measured at emission angles of 0◦ and 60◦ relative to the surface normal for (a) C 1s, (b) Co 2p, (c) Si
2p core levels, after Co intercalation underneath ZLG on SiC. The photon energy is 1486.6 eV. (d) The Iangle/I0◦ intensity ratios of selected
components, normalized by the Si 2p bulk component, depending on the photoemission angle. (e) The structure model of near-surface layers
after Co intercalation based on angle-resolved XPS spectra analysis, it is not drawn to scale.

The experimental data of angle-resolved XPS are shown
in Fig. 5. Figures 5(a)–5(c) shows the changes in the C 1s,
Co 2p, and Si 2p spectra measured at photoemission angles
of 0◦ and 60◦ relative to the surface normal. The intensity
ratios of the selected components for these two angles gives
us an understanding of the relative depth location. A larger
photoemission angle gives us a more surface-sensitive spec-
trum. Therefore, comparing the I60

◦ /I0◦ intensity ratios for
the C 1s graphene component, Co 2p3/2 main component
and Si 2p bulk component (the numerical values of the ratios
are shown in Figs. 5(a)–5(c) in the insets), we conclude that
graphene is located above the cobalt silicides, while the latter
are localized between graphene and SiC substrate. It proves
the intercalation of Co underneath ZLG on SiC.

In Fig. 5(d), the values of Iangle/I0◦ ratios for more angles
and for main components of the Si 2p spectrum are shown.
In order to avoid the change in the x-ray radiation density in
the analysis area with a change of the photoemission angle,
we normalized the intensity of all components at a given
angle to the intensity of the Si 2p bulk component at this
angle. The intensity of the bulk component remains constant
for all angles after normalization, and the fastest growing
component belongs to the overlying layer, while the slowly
growing - to the underlying layer. It is clearly visible that
intercalation of Co leads to formation of the near-surface Co-
Si alloys. According to Ref. [55], the formation of CoSi alloy
on Si(100) surface takes place after annealing at 450 ◦C, and
then, CoSi2 phase is formed at the triple points of the two CoSi
grains and the silicon surface with the increase of anneal-
ing temperature. It agrees well with our experimental data,
which show CoSi compound directly underneath graphene
and CoSi2 compound below. In Fig. 5(e), a schematic struc-
ture model of the underlying layers after Co intercalation is
presented, considering them as flat and having a homogeneous
composition. The supposed model gives us information on

the process of cobalt intercalation and on the formed Co-Si
compounds.

2. HRTEM and AFM study

To obtain information about the crystal structure of CoSi
and CoSi2 layers in detail, the HAADF-STEM and HRTEM
measurements were performed. Figures 6(a) and 6(b) show
Z contrast of the surface cross-section cut. The intermedi-
ate layer between SiC substrate and PtC capping layer has
predominant thicknesses ranging from ∼4 to ∼10 nm. EDX
profile proves the presence of Co atoms in this layer and
decrease of Si atoms concentration from the SiC substrate to
the capping layer. TEM and HRTEM images [Figs. 6(c)–6(e)]
have an inverse contrast compared to the HAADF-STEM
images. An enlarged view of the layer structure is presented
on Fig. 6(d). Nanometer range steps between different lateral
structures are well-resolved. The smallest interlayer spacing
observed in HRTEM images is ∼1.7 Å that coincides with
STM measured height of each CoSi layer [56], while structure
underneath has a higher interlayer spacing of ∼2.1 Å. Zone
axis search in the 40◦ angle range of sample rotation around
the normal allows us to find the second zone axis which
is 15◦ away from the first one. For the second zone axis
[Fig. 6(e)], SiC unit cell is well-resolved, and the structure
of the buried cluster is reproduced with CoSi2 single crystal
structure. We associate clusters formed at the interface with
CoSi2 covered by residual CoSi layer. The growth mech-
anism has similar behavior as for high-temperature CoSi2

formation on Si(100) wafers when CoSi2 starts to form at
the interface of CoSi and Si [55,57,58]. Notably, that orien-
tations of CoSi2 clusters relative to the substrate differs on
the panels (d) and (e) of Fig. 6 by 90◦ rotation (follow the
rotation of CoSi2 [222] vector shown in the figure). It means
that different crystal growth directions of CoSi2 are possible.
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FIG. 6. [(a) and (b)] Cross-sectional HAADF-STEM images with EDX profile measured along the black line shown on (b). (c) Cross-
sectional TEM image. [(d) and (e)] Cross-sectional HRTEM images measured for two different rotation angles around the surface normal
(0◦ and 15◦, correspondingly). The inset in (e) includes the cut of CoSi2 single crystal structure for the reference.

The atomic structure of the CoSi layer is poorly resolved in
HRTEM, and together with the absence of LEED diffraction
spots these data indicate a misorientation in the atomic CoSi
layers.

The surface topography of the same sample was measured
by AFM. Figure 7(a) demonstrates the topography of the
sample region covered with a metal mounting part. Figure 7(b)
shows surface topography of the central region after Co
intercalation. In the inserts on the right, one can see en-
larged areas of AFM images as well as profiles along the red
lines. The covered region presents a stepped surface, typical
for annealed SiC [59] with many defects that are possibly
connected with micropipes formation [60–62]. ZLG growth
and Co intercalation result in a layered structure strewed by
triangle clusters, with sizes about 5–10 nm. In Ref. [56], it
was reported that the Co deposition on Si(111) surface leads
to formation of CoSix (x = 1, 2) islands with approximately
triangular shape. Here, based on our experimental data, we
also suggest formation of the triangular shape clusters with
layered CoSix structure.

3. ARPES and Raman spectroscopy study

ARPES study of ZLG on SiC after Co intercalation shows
that ZLG transforms into graphene monolayer with formation
of the linear Dirac cone in the region of the K point of
the surface BZ [Figs. 8(a) and 8(b)]. The ARPES data in
the �K direction are presented in Sec. III in Ref. [24] (see,
also, Refs. [63,64] therein). The Dirac point is located at the
binding energy of 0.35 eV below the Fermi level. A similar
electronic structure of quasi-freestanding graphene was ob-
served after intercalation of Si underneath graphene on Co or
Ni substrates [65,66]. Nevertheless, we observe hybridization
of graphene π states with the state at ∼2.8 eV. This state
can be related to CoSi compound according to calculated
bulk density of states [67] and ARPES experiment [68]. In
Fig. 8(c), the LEED pattern of ZLG after Co intercalation
shows graphene (1×1) structure. Our theoretical DFT cal-
culations confirm that graphene lies on the CoSi layer and
show that quasi-freestanding graphene with a linear Dirac
cone is possible only in the case of graphene on the CoSi
surface. Meanwhile, in the case of graphene on CoSi2, nearly
ideal-like Dirac cone should be destroyed. This excludes the

possibility of significant contributions from in-plane domains
of CoSi and CoSi2 within the same layer under graphene. The
corresponding DFT results and their description are presented
in Sec. IV in Ref. [24].

Analysis of the Raman spectroscopy data allows one to
obtain information on the sample’s composition and crystal
structure. The Raman spectra were measured in two differ-
ent regions of the sample prepared by two-stage approach
(Sec. III B): the central region in which ZLG growth and Co
intercalation occurred, and the region that was covered with
metal mounting part during sample processing. Figure 9(a)
shows typical Raman spectra of these two regions. The

FIG. 7. (5×5)μm AFM images of the surface of covered 6H-
SiC(0001) (a) and the surface of 6H-SiC(0001) after ZLG growth
and Co intercalation (b). Enlarged scale images are shown on the
right part. The profiles taken along the red lines on the scaled images
are presented in the upper part of the figures.
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FIG. 8. (a) ARPES intensity map for π band of Co-intercalated
ZLG/SiC measured in the direction orthogonal to the �K . ARPES
data were measured at the photon energy of 40.8 eV (HeIIα) and
at room temperature of the sample. (b) The Dirac cone of the
quasi-freestanding graphene after Co intercalation. Solid yellow lines
show the result of momentum distribution curves fitting with two
Lorentzian peak functions. (c) LEED pattern of Co-intercalated
ZLG/SiC, Ep = 60 eV.

spectrum of the covered region (1) has no features apart from
those associated with vibrations of the 6H-SiC crystal lattice.

However, several new features characteristic of graphene
appeared in the high-frequency part of the spectrum measured
in the central region of the sample: the D (∼1350 cm−1), G
(∼1585 cm−1), 2D (∼2700 cm−1), D + D′ (∼2930 cm−1),
and 2D′ (∼3200 cm−1) Raman lines. Emergence of the
double-resonance 2D and 2D′ lines is an explicit sign of
graphene film formation, since these features are related to
the unique graphene band structure and phonon dispersion
[69]. Typically, the G and 2D lines of single-layer epi-
taxial graphene grown on 6H-SiC (located at ∼1600 and
∼2720 cm−1, respectively) are strongly blueshifted relative to
their positions in exfoliated graphene [70]. The main reason
for this shift is the compressive strain inherent in epitaxial
graphene grown on 6H-SiC. In the sample under study, the
G and 2D Raman lines (positioned at 1589 and 2700 cm−1,
respectively) have significantly lower blueshifts than those
reported in Ref. [70]. This may indicate a lower level of strain
in the graphene film, which confirms its quasi-freestanding
character.

The presence of the D and D + D′ lines in the spec-
trum point out the existence of defects in graphene film.

FIG. 9. (a) Raman spectra of the covered 6H -SiC substrate (1),
spectrum of ZLG grown on 6H -SiC after Co intercalation (2),
and the same spectrum in the 1000–3500 cm−1 frequency range
upon subtraction of the substrate contribution (3). The intensities
of the high-frequency and low-frequency parts of the spectra were
increased for better visualization. Inset shows the comparison of
the low-frequency parts of the spectra (1) and (2). (b) Spectrum
(3) in the 1000–1800 cm−1 frequency range. Open circles demon-
strate the experimental data, and solid lines represent the results of
deconvolution.

Moreover, several lower-intensity defect-related lines can be
distinguished in the 1000–1800 cm−1 frequency region. De-
convolution of the spectrum obtained from the central region
of the sample onto five bands is presented in Fig. 9(b). The D
and D′ lines are due to the defect-related double-resonance
Raman processes [69]. The D3 line (∼1500 cm−1) corre-
sponds to the amorphous sp2 carbon fraction in carbonaceous
materials, and its intensity reflects the fraction of amorphous
carbon in the crystal lattice [71]. The D4 (∼1200 cm−1) line is
associated with the peak of the density of vibrational states in
the phonon dispersion of graphite [72] and points to the pres-
ence of topological disorder in the graphite lattice [73–75].
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The technique presented in Ref. [76] makes it possible to de-
termine the degree of defectiveness of the graphene films and
to establish the nature of defects. This technique consists in
the simultaneous consideration of two parameters: the FWHM
of the G line and the ratio of the integrated intensities of the
D and G lines (A(D)/A(G)) multiplied by the fourth power
of the used excitation wavelength. In our case, the FWHM of
the G line is 62 cm−1, and the value of the A(D)/A(G) ratio
is 1.86. According to the data of [76], such a combination of
the parameters of the spectral lines indicates the dominance
of linear defects in the crystal lattice of the sample, i.e., the
polycrystallinity of the graphene film. The average crystallite
size can be calculated using the following formula [77]:

La(nm) = (2.4×10−10)λ4
l (A(D)/A(G))−1, (1)

where λl = 532 nm is the excitation light wavelength. Thus
the average crystalline size is 10.3 nm according to Eq. (1).

The XPS data presented above (Fig. 5) indicate the pres-
ence of CoSi and CoSi2 layers under graphene. The CoSi2

layer does not give any detectable contribution to the Raman
spectra, however, the CoSi layer demonstrates a rather strong
line at 204 cm−1 and a weaker one at 224 cm−1 [78–80].
When comparing the low-frequency parts of the spectra [inset
in Fig. 9(a)], one can notice the appearance of an additional
line with a frequency of 204 cm−1 in the spectrum of the
central region of the sample. This feature can be associated
with CoSi, the most prominent line of which has the same
frequency. Thus the Raman spectroscopy data confirm the
conclusions drawn from the XPS data on the presence of
cobalt silicides under the graphene film.

4. SQUID measurements and analysis

To study the magnetic properties of the sample, the SQUID
measurements were carried out by applying the magnetic field
parallel to the surface (⊥ c axis). It is known that for cobalt
silicides on Si(100) the easy magnetization axis lies in the
surface plane, while it is more difficult to magnetize in the out-
of-plane direction [19]. CoSi compound, which is a diamagnet
in the bulk [81], exhibits magnetic properties in nanoforms
due to uncompensated spins of the surface Co atoms [82].
Whereas CoSi2 does not have a strong magnetic properties
in thin films of several nanometers thickness [83].

In Figs. 10(a) and 10(b), the magnetization curves M(H )
of Co-intercalated ZLG/SiC sample measured with in-plane
field at various temperatures are presented. Figure 10(c)
shows the change of hysteresis loop with the sample tempera-
ture. An open hysteresis loop and coercivity in the temperature
range 2–100 K is revealed. The maximum value of the coer-
cive force is 180 Oe at 2 K. This value decreases with the
temperature increase, and the hysteresis loop is practically
closed at room temperature. At the same time, the value of
the saturation magnetization decreases with the temperature
increase [Fig. 10(a)]. It is observed that the magnetization
saturates at a high applied magnetic field of 40 kOe and
for all temperatures. This indicates that all spins are or-
dered and align along the field direction at the high magnetic
field.

Interestingly, the magnetization curves [Fig. 10(b)] have
a two-jump loop shape [83–85]. This behavior is typical

FIG. 10. (a) Isothermal magnetization curves M(H ) of Co-
intercalated ZLG/SiC sample at various temperatures. (b) Two M(H )
curves at 2 and 10 K in full range of applied field to demonstrate the
two-jump process of hysteresis loop. (c) Modification of hysteresis
loops at different temperatures obtained from the M(H ) curves.
Plot of coercive field (HC) as a function of temperature is in the
inset. (d) Temperature dependence of magnetic susceptibility χ (T )
measured in the field H = 1 kOe. Zero-field-cooled (ZFC) curve is
denoted by open symbols and field-cooled (FC) curve - by filled
symbols.

for epitaxial ferromagnetic thin films with in-plane uniaxial
anisotropy which influences on the cubic magnetocrystalline
anisotropy. In this case, the change in magnetization strongly
depends on the orientation of applied field. If the field is not
coherent with one of the cubic easy axes and slightly tilted
off the hard axis, the magnetization is more difficult and the
two-jump process can be observed. The jumps are marked
in Fig. 10(b) by black arrows on the curve upon cycling the
field between negative and positive values. The two-jump loop
shape is reproduced upon reverse cycling the field.

The temperature dependences of zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibility χ (T ) are shown
in Fig. 10(d). The magnetic susceptibility χ (T ) both in ZFC
and FC curves has a broad maximum at ∼165 K. It can be
associated with superparamagnetism as was early shown in
cobalt ferrite or iron-palladium alloy nanoparticles [86–88].
The ZFC and FC curves diverge noticeably below 165 K,
and a slight divergence of the curves remains above this
temperature up to 300 K. Similar behavior of magnetic sus-
ceptibility curves with presence of hysteresis loop has been
reported for the CoSi nanowires study [82]. Both of ZFC and
FC curves rise when temperature decreases below 5 K. This
correlates with an increase in the saturation magnetization of
M(H ) curve at 2 K [Fig. 10(a)]. Saturation magnetization
slightly changes in the temperature range 10–100 K, but the
coercive field gradually decreases with increasing temperature
[Fig. 10(c)].

Therefore the system of graphene/CoSi/CoSi2/SiC de-
mostrates in-plane ferromagnetic properties with open
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hysteresis loop and we suggest that nanothin layer of CoSi
is responsible for the observed effect.

IV. CONCLUSION

In the present work, the synthesis parameters of zero-
layer graphene (ZLG) on 6H-SiC(0001) were determined. We
found that it is possible to synthesize ZLG by one-step high-
temperature annealing of SiC at 1150 ◦C with preliminary
degassing of the sample. The LEED, XPS and ARPES results
prove the formation of ZLG with typical photoelectron spectra
and diffraction pattern. The electronic structure of ZLG on
SiC was investigated by ARPES in a wide range of binding
energies and momenta. The DFT calculated band structure is
consistent with ARPES intensity maps.

We study the two methods of Co deposition on ZLG/SiC:
Co deposition on the heated substrate and Co deposition on
the room-temperature substrate with subsequent annealing.
We revealed that both methods lead to intercalation of Co
and transformation of ZLG into a graphene monolayer. At
the same time, Co deposition on the heated substrate is more
effective for transformation of ZLG into graphene.

Synthesized graphene has a quasi-freestanding character
while ultra-thin CoSi/CoSi2 layers are formed underneath
it. HRTEM and AFM results allowed to obtain informa-

tion about the crystal structure of CoSi and CoSi2 layers in
detail. Based on magnetic measurements, we can conclude
that graphene/CoSi/CoSi2/SiC structure shows the ferromag-
netic properties with an open hysteresis loop and magnetic
coercivity.

In summary, we obtained the quasi-freestanding graphene
in contact with magnetic substrate, while preserving Dirac-
cone-like band structure. This conclusion is supported by DFT
calculations. The outcomes are important for implementation
of magneto-spin-orbit graphene on a semiconducting sub-
strate and application of such graphene in spintronics devices.
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