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The joint intercalation of Co and Fe atoms under a graphene buffer layer synthesized on a SiC(0001) single
crystal has been studied. Intercalation has been performed by means of the alternating deposition of ultrathin
Fe and Co metal films on the substrate heated to 450°C with the subsequent heating to 600°C in 15 min. It
has been shown that Co and Fe atoms under these conditions are intercalated under graphene, forming com-
pounds with silicon and with each other. The existence of a magnetic order in the system up to room tempera-
ture has been demonstrated using a superconducting quantum interferometer. A possible stoichiometry of the
formed alloys has been analyzed using data on the shape and magnitude of hysteresis loops. In addition, it has
been found that Fe and Co in the system exposed to the atmosphere are not oxidized. Thus, graphene protects
the formed system. This study makes contribution to the investigation of graphene in contact with magnetic
metals and promotes its application in spintronic and nanoelectronic devices.

DOI: 10.1134/S0021364022603025

1. INTRODUCTION

The study and modification of the properties of
graphene are attractive for various scientific fields
because of numerous unique electronic and structural
characteristics of graphene-based systems [1–5]. It is
predicted theoretically that fundamental effects such
as the spin-dependent Seebeck effect [6], quantum
spin and anomalous Hall effects [7, 8], and supercon-
ductivity [9, 10] can be observed in graphene. The bal-
listic transport of electrons in graphene [11, 12] and a
large spin relaxation length [13, 14] allow numerous
concepts of spintronic and nanoelectronic graphene-
based devices [15, 16].

Numerous effects are based on the interaction of
graphene with magnetic materials. In particular, the
combination of spin–orbit and exchange interactions
induced in graphene by, e.g., the proximity effect can
lead to the quantum anomalous Hall effect, which is of
both fundamental and applied interests [8, 17, 18].
Because of a strong σ bond, graphene placed between
two magnetic conductors can be used as a barrier in
devices involving a magnetic tunnel transition [16]. A
large spin relaxation length makes it possible to use
graphene as a channel for spin-polarized electrons in
spin transistors [16, 19].

Thus, the study of graphene on magnetic substrates
requires special attention. However, for the subse-
quent application in spintronic and nanoelectronic
devices, a system should be synthesized on an insulat-
ing or semiconducting substrate. This can be achieved
by chemical deposition from a gas phase on a metallic
substrate [20–28] with the subsequent transfer on the
insulating substrate or by the thermal graphitization of
SiC with a low charge carrier density [29–32]. The lat-
ter method is more favorable because it does not
require additional transfer, which worsens the trans-
port characteristics of graphene [12, 33]. To induce
magnetism in the Gr/SiC system (Gr is graphene), a
layer of magnetic atoms is formed between graphene
and SiC by means of intercalation. Some studies were
devoted to Gr/MM/SiC systems (MM is a magnetic
metal), where atoms of transition (Fe, Co) [34–39]
and rare-earth (Eu, Dy, Gd, Er) [40–42] metals were
used as intercalated elements. However, despite a quite
high magnetic ordering temperature in pure com-
pounds of these elements, the resulting systems have a
paramagnetic or ferromagnetic order with a low mag-
netic ordering temperature compared to ordering tem-
perature in bulk samples of these elements. A possible
reason for such a behavior in Gr/MM/SiC systems
can be the formation of compounds of intercalated
metals with silicon. Silicides thus formed usually have
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Fig. 1. (Color online) Sketch of the synthesis of the Gr/Fe–Co/SiC system. Low-energy electron diffraction patterns for (а) the
initial 6H-SiC(0001) surface and (b) the  reconstruction of the SiC surface after annealing at a temperature of
1150°C.
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a paramagnetic or low-temperature ferromagnetic
order [43–45].

The authors of [39] showed that the intercalation of
a cobalt film thicker than 1 nm under graphene on SiC
leads to a change in the intensity of photoemission
spectra for the Co  level under the variation of the
magnetization of the sample, which can indicate the
ferromagnetic ordering of the intercalated layer. In
[34], we showed that the intercalation of the ultrathin
Co film under the graphene buffer layer on SiC results
in the transformation of the graphene buffer layer to a
graphene monolayer and in the formation of an ultra-
thin magnetic cobalt silicide layer, where magnetism is
due to the low-lying CoSi layer. However, the absence
of magnetic ordering at room temperature limits the
application of this system in spintronic devices. The
authors of [35] studied the effect of the intercalation of
iron atoms on the properties of the Gr/SiC system.
Density functional theory calculations and angle-
resolved photoelectron spectroscopy measurements
showed that Fe atoms can affect the spin polarization
of the π band in bilayer graphene. It was also found
that graphene prevents the oxidization of iron in the
Gr/Fe/SiC system exposed to the atmosphere [38],
which is important for the stability of the magnetic
properties in the final system. However, the experi-
mental study of the magnetic properties of this system
is still required.

The aim of this work is to examine the magnetic
properties and the electronic structure of a system
obtained after the joint intercalation of ultrathin Fe
and Co films under the graphene buffer layer synthe-
sized on the Si termination of the SiC(0001) single
crystal. We used semi-insulating 6H-SiC(0001) single
crystal plates with a resistivity of  = 105 Ω/cm. The
synthesis of the graphene buffer layer was controlled
by low-energy electron diffraction. The electronic
structure was studied by X-ray photoelectron spec-
troscopy (XPS). The XPS experimental data were also
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ρ

used to estimate the distribution of elements over the
depth in the resulting system. The magnetic properties
of the system were examined by a SQUID.

2. EXPERIMENTAL RESULTS 
AND DISCUSSION

Figure 1 presents the sketch of the synthesis of the
system and low-energy electron diffraction measure-
ments before and after the synthesis of the graphene
buffer layer. To synthesize the graphene buffer layer,
the thermal graphitization of the Si-terminated sur-
face of 6H-SiC(0001) was used at the first stage. The
initial single crystal had the 1 × 1 hexagonal surface
structure typical of SiC(0001) (see Fig. 1а). Heating to
1150°C leads to the appearance of a moiré structure
around the main reflections or the so-called

 structure, which indicates the forma-
tion of the graphene buffer layer on the surface [31, 32,
46] (see Fig. 1b). At the next stage of the formation of
the system, 14-Å-thick iron and 7-Å-thick cobalt films
were alternatingly deposited by means of physical
vapor-phase deposition on the substrate heated to
450°C with the subsequent heating to 600°C in 15 min
after each deposition. As shown in [34, 36, 38], this
method is appropriate for the intercalation of both Fe
and Co atoms.

To analyze the formed system, we carried out XPS
measurements at different detection angles of photo-
electrons. Figure 2 shows the measurements of core
levels of the system. Spectra were analyzed by decom-
position into spectral components. The C1s spectrum
has a two-component form. The component with a
higher binding energy (285 eV) corresponds to
C atoms in graphene obtained at the rupture of bonds
between the graphene buffer layer and the substrate
because of the intercalation of metal atoms [31, 32,
34]. The component with a lower binding energy
(283.3 eV) corresponds to C atoms in the SiC sub-

× °(6 3 6 3) 30R
JETP LETTERS  Vol. 117  No. 5  2023



JOINT INTERCALATION OF ULTRATHIN Fe AND Co FILM 365

Fig. 2. (Color online) X-ray photoelectron spectra measured at a photon energy of 1486.6 eV and an electron detection angle of
(top panels) 60° and (bottom panels) 0°.

716 712

Table 1. Ratios of the intensities of the spectral components
of X-ray photoelectron spectra measured at different angles
of emission of photoelectrons

Peak Binding energy, eV

SiO2 103.6 1.5
Gr 285 1.
Si3 99.7 0.8
Si2 100.1 0.65
Si1 100.4 0.64
Co 778.8 0.45
Fe 707.25 0.4
Si bulk 101.6 0.4

60 0/I I
strate. The Si  level is decomposed into six peaks.
Two peaks shown in dark green correspond to silicon
in the SiC substrate, three peaks shown in light green
assumingly correspond to metal silicides [34, 36, 38,
39, 47], and the left 103.6-eV peak corresponds to SiO2

[48, 49]. The Fe  level is decomposed into three
components: the main component shown in blue and
satellites characteristic of the ground levels of metals.
At the same time, the Co  level has a more complex
structure. In addition to the main component with the
lowest binding energy, there are three components.
Components assumingly responsible for satellites are
shown in gray. The Fe Auger peak, which is in this
range at this photon energy, is shown in turquoise.

To determine the relative order of deposition of the
elements under the assumption that their distribution
is planar and uniform, we comparatively analyzed the
ratios I60/I0 of the intensities of XPS spectral compo-
nents measured at angles of incidence of 60° and 0°
(see Table 1). For convenience, the data are given in
units of the intensity of the C1s graphene component
(285 eV). The SiO2 compound is the nearest to the sur-
face. This fact can be explained by a feature of the for-
mation of graphene during the thermal graphitization
of silicon carbide. In [34], clusters, assumingly silicon,
which are formed because of the heating of the SiC
single crystal above 1000°C, were detected on atomic
force microscopy images of the surface of SiC after the
formation of the graphene buffer layer. Since XPS
spectra were recorded after the transfer of the system
to ambient conditions, we assume that SiO2 clusters
are present on the surface of graphene. The analysis
shows that the upper layer in the formed system is
graphene (Gr component). Iron and cobalt silicides
(Si1, Si2, and Si3 components) are localized under
graphene. It is noteworthy that the stoichiometry of
the synthesized metal silicides cannot be unambigu-
ously determined from the data obtained because the
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peaks of the Si  level corresponding to the Co–Si
and Fe–Si compounds are close in binding energy
[50, 51]. However, comparison with the published
data shows that the formation of the CoSi2 and FeSi
compounds is the most probable [34, 47, 50, 51].
According to the data summarized in Table 1, Co and
Fe metals lie below. Iron is located deeper because it
was deposited earlier than cobalt. The deepest element
in the system is silicon in the SiC substrate. These data
confirm the intercalation of Fe and Co atoms under
the graphene buffer layer with the formation of the
graphene monolayer, cobalt silicide, iron silicide, and
possibly the Fe–Co compound between graphene and
substrate.

We also note that features associated with oxides
are absent in the spectra of iron and cobalt [52]; i.e.,
intercalated metals in the system transferred to ambi-
ent conditions are not oxidized, which is important for
the application of such systems in spintronic devices.
The authors of [38] also found that graphene prevents

2p
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Fig. 3. (Color online) (a, c) Isothermal magnetization curves  of the synthesized system at different temperatures and
(b, d) the temperature dependence of the magnetization  under cooling (ZFC) in zero field and (FC) in a magnetic field of

 kOe.

M
M M

M

( )M H
( )M T

= 1H
the oxidization of iron intercalated under graphene on
SiC.

To study the magnetic properties of the system, we
measured the magnetization as a function of the tem-
perature and the applied magnetic field using a
SQUID magnetometer. Figures 3а and 3b show the
dependences of the magnetic moment of the sample
on the applied magnetic field and the temperature,
respectively, measured in the sample plane. The mag-
netic field dependence  demonstrates a hystere-
sis loop up to room temperature, which indicates fer-
romagnetic or ferrimagnetic ordering in the system.
The shape of the hysteresis loop with characteristic
magnetization jumps in the region ±200 Oe is similar
to the shape of the hysteresis loop detected for ferro-
magnetic FeSi polycrystalline films on silicon [53].
Figure 3b demonstrates that the FC and ZFC curves
diverge at a temperature of about T = 240 K. This
behavior is inherent in supermagnets [54–57] and

( )M H
indicates the presence of superferromagnetic particles
having a superspin, which is the sum of individual
magnetic moments of atoms inside a particle [57]. It is
known that some iron and cobalt silicides that are
nonmagnetic in bulk can manifest ferromagnetic
properties in ultrathin films and nanowires [53, 58,
59]. However, the shape of the hysteresis loop in our
case differs from that in the case of magnetic nanothin
CoSi [59]; furthermore, the Si2p spectrum (Fig. 2b)
does not include the typical features of CoSi [34]. In
combination with the characteristic magnetization
jumps on the dependence , this allows us to
assume that ferromagnetic ordering is determined by
FeSi.

Analyzing the dependences of the magnetization
 and  in the direction perpendicular to the

surface of the sample, we reveal several unique fea-
tures. First, the presence of the hysteresis loop on

 curves at all temperatures indicates ferromag-

( )M H

( )M H ( )M T
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netic or ferrimagnetic ordering in this direction. Sec-
ond, in addition to the main hysteresis loop, Fig. 3c
demonstrates secondary hysteresis loops. A similar
behavior of  with secondary hysteresis loops for
ultrathin layers of magnetic compounds was detected
in [60], where it was attributed to different exchange
interactions in neighboring layers. It is also seen that
the ZFC and FC  curves do not coincide in the
entire temperature range under study. However, they
are similar to the ZFC and FC curves in Fig. 3b below
the point of divergence. It can be assumed that the
temperature of divergence for this direction is higher
than room temperature. The temperature of the mag-
netic transition can be different for the in-plane and
out-of-plane directions because the exchange interac-
tion is anisotropic in these directions.

A possible stoichiometry of the formed compounds
can be analyzed in terms of coercive forces. The coer-
cive force HC for the in-plane direction in the formed
system at room temperature is about 200 Oe, which is
an order of magnitude larger than that in epitaxial ter-
nary [61, 62] and binary [63] silicides. The magnetic
properties of the synthesized system were compared to
those of pure Co and Fe films in terms of coercive
forces. The magnetic properties of thin Co and Fe
films are strongly different from the properties of bulk
ferromagnets. The coercive force depends on the
thickness of a film, its epitaxy or polycrystallinity, and
the substrate. The authors of [64] showed that the
coercive force for ultrathin cobalt films with a thick-
ness of 8–15 monolayers on a silicon substrate is about
40–100 Oe. The coercive force for ultrathin iron films
deposited on the silicon surface at low temperature
also does not exceed 100 Oe [65]. These coercive
forces are much smaller than that observed for the sys-
tem obtained in this work.

Thus, the formation of the FeSi and CoSi2 com-
pounds revealed in XPS data is confirmed by the pres-
ence of magnetization jumps on hysteresis loops char-
acteristic of FeSi. The CoSi2 compound is nonmag-
netic even in the nanosamples and does not contribute
to the magnetic properties. However, a coercive force
of 200 Oe observed in the experiment at room tem-
perature cannot be reached in any of the listed com-
pounds. Consequently, the formation of compounds
of iron and cobalt can be assumed because the coer-
cive force for Fe–Co alloys at room temperature is
about 200 Oe [66], which is in good agreement with
the coercive force measured for our system. It is note-
worthy that the coercive force and the shape of the
hysteresis loop are determined to a great extent by the
domain structure of the ferromagnet. The shape of the
hysteresis loop strongly depends on the morphology
and shape of crystallites in a polycrystal, as well as on
their type and number [67, 68]. All these factors can
strongly affect the coercive force HC in the formed sys-
tem. Since Fe–Co particles can be superferromagnetic

( )M H
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[55], the formation of a Fe–Co alloy at the interface
between graphene and the substrate is not excluded.

3. CONCLUSIONS
To summarize, a system obtained by means of the

joint intercalation of ultrathin cobalt and iron films
under a graphene buffer layer grown on a silicon car-
bide single crystal has been analyzed. Intercalation has
been performed by means of the alternating deposition
of ultrathin Fe and Co metal films on the substrate
heated to 450°C with the subsequent heating to 600°C
in 15 min. The analysis of X-ray photoelectron spectra
has confirmed the formation of a graphene/Fe–
Co/SiC system. It has also been found that interca-
lated metals form compounds with silicon (FeSi,
CoSi2) and with each other (Fe–Co). The existence of
a magnetic order up to room temperature has been
demonstrated using a SQUID magnetometer. The
magnetic ordering temperature of the system obtained
by the intercalation of only one of the elements (Fe or
Co) under graphene on SiC does not exceed 100 K. A
significant increase in the magnetic ordering tempera-
ture in the formed system is due to the formation of
magnetic ultrathin layers of Fe–Co alloys under
graphene. The formation of these alloys is evidenced
by a wide (about 200 Oe) hysteresis loop on the 
dependence at room temperature. It has also been
shown that graphene protects the formed system.
Indeed, iron and cobalt oxides are not observed in the
formed system exposed to the ambient conditions. A
small amount of SiO2 is detected most probably
because of the formation of Si clusters on the graphene
surface and subsequent oxidation.

The proposed method for the formation of a
graphene-containing system with a quite high mag-
netic ordering temperature can be used in some scien-
tific and applied problems, e.g., in the study of the
quantum anomalous Hall effect in graphene at high
temperatures and thereby in its application in spin-
tronic and nanoelectronic devices. The synthesized
system can also be used to fabricate a spin transistor,
where the magnetic alloy can serve as a “drain” for the
generation of the spin current, whereas graphene hav-
ing a long spin relaxation length can serve as a medium
for the subsequent transfer of this current to the
“source” of the transistor.

4. METHODS
Before synthesis, the sample was prepared by heat-

ing-induced degassing in ultrahigh vacuum at tem-
peratures up to 800°C. The graphene buffer layer was
synthesized by the graphitization of the silicon surface
of the SiC(0001) single-crystal sample. The thick-
nesses of deposited iron and cobalt layers were con-
trolled by means of the preliminary calibration of
sources with XPS. The synthesis of the system and
measurements of low-energy electron diffraction were

( )M H
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carried out at the NANOPES beamline of the
Kurcharov Complex for Synchrotron and Neutron
Investigations (National Research Center Kurchatov
Institute) [69]. Preliminary works for the optimization
of the synthesis technology were performed at the
resource center Physical Methods of Surface Investi-
gation, Research Park, St. Petersburg State University.
Angle-resolved photoelectron spectroscopy measure-
ments for the final system were carried out on an
ESCALAB 250Xi photoelectron spectrometer,
resource center Physical Methods of Surface Investi-
gation, Research Park, St. Petersburg State Univer-
sity. The prepared system was transferred between the
synthesis chamber and the measurement chamber
under ambient conditions. The magnetic characteris-
tics were measured at the resource center Center of
Diagnostics of Functional Materials for Medicine,
Pharmacology, and Nanoelectronics, Research Park,
St. Petersburg State University, using a Quantum
Design MPMS SQUID VSM magnetometer.
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