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The migration and magnetic properties of the bilayer graphene with intercalation compounds (BGICs) with
magnetic elements are theoretically investigated based on first principles study. Firstly, we find that BGICs
with transition metals (Sc—Zn) generate distinct magnetic properties. The intercalation with most of the
transition metal atoms (TMAs) gives rise to large magnetic moments from 1.0 to 4.0 ug, which is valuable
for the spintronics. Moreover, graphene can protect the intrinsic properties of the intercalated TMAs,
which can be important for applications in catalysis. These phenomena can be explained by theory of

spd hybridization definitely. Secondly, weak coupling between TMAs and the surroundings indicates the

iizzgﬁ% 128;:(;\&2[}/22001188 possibility of implementing quantum information processing and generating controlled entanglements.
For the possibility of using these materials in ultrafast electronic transistors, spintronics, catalysis, spin

DOI: 10.1039/cBra03343a qubit and important applications for the extensions of graphene, we believe that BGICs can provide
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1 Introduction

Since graphene was firstly reported by Novoselov and Geim,*
materials based on graphene have demonstrated a wide range
of potential applications due to its unusual electronic proper-
ties, spacial twists, topological phases, reduced dimensionality
and single-atom thickness scales.>” In recent years, graphene
has been obtained from graphite fluoride,® oxidized
graphite,®™ hydrogenated graphite’*® and polymerization of
aniline inside the expanded graphite' using the intercalation
method. Elements containing d or f electrons show strong
interaction with carbon, making it possible to bring distinct
electronic and magnetic properties to graphene in low-
dimensional systems when these elements are intercalated in
or doped to graphene.">* Thus, the modified graphene can be
used as the next-generation electronic devices, such as
recording media, magnetic inks, spin qubits and spintronic
devices.***” However, despite its intriguing properties, some of
the biggest hurdles for graphene to be used as an electronic
material are the lack of an energy gap in its electronic spectra
and the absence of magnetic moment in its intrinsic structure.
Thus, an opening sizeable and well-defined band gap should be
designed in a graphene-based transistor.”® Moreover, recent
works indicate that van der Waals heterostructures based on
graphene and 2D crystals are potential for catalytic applica-
tions,* in which graphene can protect the intrinsic properties of
catalytic atoms and enhance the interactions by constructing
confinement environment.
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a significant path to synthesize novel materials.

The graphite intercalation compounds (GICs) have been
exhibiting some exotic phenomena such as superconductivity.*
Due to its medium electronegativity, carbon acts as an
amphoteric element, so that graphite can provide or accept
electrons in intercalation reactions. A lot of elements can
intercalate into graphite producing compounds, including H,
O, halogens, alkali metals,>* alkaline-earth metals,* several
lanthanides such as Gd, Eu, Yb, and transition metal atoms
(TMAs) such as Pt, Pd, Ru, etc.***® These intercalation can be
realized in bilayer or multi-layer graphene because of the same
sp®> hybridization and van der Waals interactions as in
graphite,'>**** furthermore, graphene can exhibit more special
properties and applications. Experiments have shown the
charge-density wave and some hints of superconductivity in Ca-
intercalated bilayer graphene.*>** Therefore, TMA-intercalated
bilayer graphene is expected to exhibit exotic properties.

In this work, the electronic and magnetic structures of
bilayer graphene with intercalation compounds (BGICs) using
TMAs are investigated using first principles calculations based
on density functional theory (DFT). The intercalation of most of
TMAs (Sc-Zn) induces large magnetic moments into the
systems. The density of states (DOS) shows the formation of sp®
hybridization of carbon atoms and the spd hybridized orbitals
of TMAs, giving rise to the peculiar electronic and magnetic
properties of the BGICs. The further analysis of spin-
polarization shows that the weak coupling between the TMAs
and the surroundings, which is a prerequisite for implementing
quantum information processing and generating controlled
entanglement. The stable TMAs compounds can also be
potential in catalyst.

This journal is © The Royal Society of Chemistry 2018
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2 Computational details

We perform spin-polarized DFT** calculations as implemented in
Quantum-ESPRESSO package.*> We use Vanderbilt ultra-soft
pseudopotentials*® for core electrons and the generalized
gradient approximation (GGA) of PBE* for exchange-correlation
functional. A plane-wave basis setup to a kinetic energy cutoff
of 45 Ry for the wavefunction and of 450 Ry for the charge density
are used in all simulations. The Brillouin zone is sampled using
a 6 x 6 x 2 Monkhorst-Pack grid*® with Methfessel-Paxton*’
smearing of 0.01 Ry. Increasing the energy cutoff up to 55 Ry and
12 x 12 x 4 k-point sampling show the convergent results.
GGA+U calculations for TMAs are performed using U from 2 to
5 eV’ A 15 x 15 x 15 Monkhorst-Pack grid is used for the
calculation of band structures and DOS. Atomic positions are
optimized until the maximum force on any atom is less than
0.001 a.u. The similar approach has been successfully applied to
simulate the electronic properties of graphite and bilayer gra-
phene.>* The semi-empirical force-field correction method
named DFT-D2 scheme®™ is used to treat the van der Waals
interactions of two layers of graphene. Since GGA+DFT-D2 can
calculate the correct electronic properties of the bilayer graphene-
related materials,*®** we will discuss in more detail only the GGA
data, and fix the interlayer separation at the experimental value
3.35 A (ref. 60) as the initial configurations for bilayer graphene.

For TMAs intercalation, the configuration of CeXCs (X
represents TMA) is calculated here, including 144 carbon atoms
(two layers of 6 x 6 supercells of graphene) and 12 transition
metal atoms, similar to configuration of the CaCqs GICs. For
comparisons, we also consider only one atom intercalated in
the supercell (6 x 6 and 4 x 4 supercells). All these supercell
geometries are used with a large separation of 20 A vacuum. The
TMAs located in the center of hexagonal carbons, similar to the
configurations of most GICs and TMAs on monolayer gra-
phene.®* For bilayer graphene, both AA and AB stacking bilayer
graphene are considered. After carefully comparison, AA
stacking of BGICs are more stable, which is also in good
agreement with the quantum Monte Carlo calculation of the
binding energy of bilayer graphene.®* Therefore, in this article,
only the results of AA stacking are shown (Fig. 1).

3 Results and discussion
3.1 Stability of the compounds

We now turn to the TMA intercalation compounds. The atomic
structures of all compounds studied in this work are shown in
Table 1. We can see that all these configurations are exothermic
reactions, indicating the possible synthesis of them. The
distances between the two layers of graphene for different TMAs
change dramatically. It is noticed that all TMAs considered here
except Zn can weakly bond with the hexagonal carbon atoms,
making the distance between the two layers of the compounds
close to that of pristine bilayer graphene: 3.35 A (ref. 60). But it
is also worthy noting that the distances are generally larger if
the radius of the TMAs are larger, such as Sc, Ti. The binding
energies are also negative, indicating possible existence and
stability. In particular, for Sc, Ti, V, Mn and Co, they are at least
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Fig. 1 The stable configurations of C¢XCg (X = TMAs). Carbon atoms
are yellow, and TMAs are gray.

as stable as the C¢CaCgs BGICs, which is —1.8 eV per TMA
according to our calculations using the same model. After the
intercalation of TMAs, the lattice constants of the graphene
layer change a little, which are from 2.45 to 2.47 A, comparing
with that of the intrinsic graphene: 2.46 A. Especially for the
intercalation of Zn, the lattice constant is 2.46 A, the same as
intrinsic graphene, indicating no binding. This is due to the fact
that Zn has a full electronic shell in 3d and 4s orbitals, which
indicates that it cannot form bonds with carbon atoms. The
bond length of the X-C bond is larger than 2 A for all
compounds, which indicates the weakly binding between the
TMAs and carbon atoms.

The stability of the compounds is analyzed by the transition
state of the TMAs between different sites using Climbing Image
Nudged Elastic Band (CI-NEB) method. As shown in Fig. 2, the
barrier of C;,CrC,, from site A to B to C is 0.74 eV, indicating the
stable trapping chromium atoms in the center of hexagonal
carbon. The site B is the top barrier site of the carbon-carbon
bond, which indicates an unstable configuration with much
higher energy according to Fig. 2(c). However, the barrier of
C;gFeCys from site A to B to C shown in Fig. 3(c) is 1.3 eV
(increasing the number of carbon atoms giving similar results),
and the site B (the bridge site of the carbon-carbon bond) is
a metastable configuration with much higher energy according
to Fig. 3(c). In Fig. 3, the barrier energy is not symmetric
regarding to the center of the image, the reason is that in the
NEB calculation, the position of iron is not completely
symmetric regarding to the C-C bond. In other words, the
moving distance of iron atom in each step is not equal. Such an
interesting property indicates a potential application of the
BGICs to the information storage and shows that the adatoms
can be manipulated if they can get extra energy from an external
field. In fact, the barrier of all C,3XC;3 compounds is larger than
1.0 eV except Zn and Cu, indicating the stability of the
compounds.

3.2 Magnetic properties of the compounds

The compounds are magnetic for TMAs from Ti to Co, as shown
in Table 1, which are very similar to the magnetic behavior of
embedding TMAs in monolayer graphene.®® In order to under-
stand why they exhibit such behaviors, we first calculated the
band structures of the compounds. The band structure of
C¢CoCs compound is shown in Fig. 4(a). A number of strongly
hybridized states of X-C bonding character with small disper-
sion appear close to the Fermi energy and —2 eV. These states

RSC Adlv., 2018, 8, 19732-19738 | 19733
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Table1 Summary of atomic and magnetic structures of BGICs. The binding energy per TMA E,, (eV per TMA) (defined by the difference between
the total energy of the isolated atoms and the total energy of the compounds divided by the number of TMAs), the distance between two layers
d (A), the smallest C—X bond length dg (A) and the magnetic moments per TMA M (ug per TMA) are shown

Sc Ti \% Cr Mn Fe Co Ni Cu 7n

3d'4s> 3d%4s? 3d’4s* 3d°4s! 3d°4s* 3d°4s> 3d74s* 3d%4s> 3d"04st 3d'04s?
Ey —3.785 —3.676 —3.399 —0.932 —2.735 —0.439 —2.260 —0.983 —0.186 —0.102
d 4.122 3.793 3.549 3.893 3.727 3.585 3.476 3.645 3.986 7.606
dy 2.501 2.367 2.270 2.429 2.344 2.286 2.247 2.312 2.449 4.075
M 0.000 1.213 2.040 4.033 3.327 2.007 1.097 0.000 0.000 0.000

give rise to sharp peaks in the spin-polarized density of states,
as shown in Fig. 4(b) and (c). The partial density of states (PDOS)
of 3d state of Co and 2p state of C shows that the spin-
polarization of the compound mainly comes from the 3d elec-
trons of Co and a little from 2p electrons of C. Besides, some
peaks of PDOS of d and s appear in the same positions, such as
around —1 eV and —2 eV, which is due to the weak bond of X-C.

By comparing the band structure and DOS of the compounds
with those of pristine graphene, and according to the chemical
bond theory of coordination compound of the complexes, we
use a simple model to qualitatively explain the behaviors in
bonding and magnetic properties. Each TMA has 12 nearest
carbon atoms (two hexagonal carbon), which is equivalent for
the bonding with TMAs. All these carbon atoms weakly bond
with the TMAs, and they can form ligand bonds because the
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Fig.2 The climbing image of C;,CrC,. Carbon atoms are yellow, and
chromium atoms are gray. (a) and (b) shows the top and partial side
view of climbing image with chromium moving from beginning
position A, via middle position B, arriving at the final position C,
respectively. (c) shows the climbing energy (blue square) of chromium
along the moving path.
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TMAs can supply empty orbitals and hexagonal carbon can give
7 electrons. For Sc, Ti and V atoms, the d electrons are less than
five, their properties are similar to the main group elements.
Here, we can treat these compounds as XC; effectively, which
means the formation of three covalent bonds. Similar to the
M@®@Aug (M = Ti, V, Cr) cluster,* Sc, Ti, and V atoms possess d,
d* and d® valence configurations here (i.e., the 4s electrons are
promoted to the 3d orbitals). Three of them are involved in the
bonding between TMA and carbon atoms, leaving 0, 1 and 2
electrons unpaired respectively. Thus, the magnetic moments
are 0, 1 and 2 ugp for Sc, Ti and V intercalation respectively. From
Cr to Ni, we can explain the magnetic properties using spd
hybridization. Taking Co as an example, one can assume that
every carbon atom supplies 0.5 e (6 e in total) and Co supplies 3
empty orbitals to form the covalent bond, like CoCg effectively.
As shown in Fig. 4(d), the configuration of atomic cobalt is
3d’74s?. After intercalation, the electrons are redistributed. One
of the 3d electrons of Co is paired with one electron in other
orbital, and then this empty orbital hybridizes with the 4s and
4p orbitals to form dsp® hybridization. dsp® hybridization has 4
hybridized orbitals, which can be fully occupied by the 2
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Fig. 3 Top view (a) and side view (b) of configurations of C,gFeCs. (C)
Transition state analysis of C1gFeCyg from sites A to B to C. Fe atom is
red color.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Electronic structure of bilayer graphene intercalated Co atoms.
(a) Band structure: black solid line represents majority spin, and red
dashed line minority spin; (b) DOS of majority spin; (c) DOS of minority
spin; (d) the electronic configuration of atomic Co; (e) dsp? hybrid-
ization of the compounds. The Fermi energy is set to zero.

electrons of 4s in Co and 6 electrons from C, as shown in
Fig. 4(e). Therefore, the compound has only one extra unpaired
electron, giving rise to magnetic moment of 1 ug. Similar
explanation of dsp® hybridization can be utilized for Cr, Mn, Fe
and Ni, which results in 4, 3, 2, 1 and 0 ug from Cr to Ni,
respectively. It is worth noting that hexagonal carbons can
supply part of spin-polarization for the compounds, making the
magnetic moments not integer. The configurations for Cu and
Zn are nonmagnetic, partially because they have full-filled
d shells and non-binding with the graphene.

In order to understand the coupling between the interaction
of TMAs and two graphene layers, the electronic charge density
and spin density distributions for BGICs are shown in Fig. 5 and
6. The spin densities of BGICs are located in TMAs, and the
TMAs show the independent atomic behaviors in the BGICs,
indicating that they are not involved in the bonding interaction
between Cr and graphene layers. This can also be found in the
difference charge density as shown in Fig. 6, in which the charge
density mainly locates in Cr atoms shown with smaller isosur-
face of 0.01. The chromium metal, which is the bcc crystal,
exhibits antiferromagnetism; however, when a layer of Cr is
intercalated in bilayer graphene, the magnetic behavior turns to
ferromagnetism. We can see from Fig. 5(c) that the 7 bond and
o like bond are shown in Cr atoms. It should be noticed that it is
spin density plot, which means that the spin polarization of
BIGC with Cr atom might be much potential in spintronics.
Around the Fermi level, the spin-polarized local density of states
(LDOS) of Cr 3p and 3d electrons are completely different, as
shown in Fig. 7. It can be found the magnetic moment comes
mainly from 3d electrons of Cr atoms.

Now we turn to the influence of surroundings (carbon atoms)
on the spin polarization. The energy of the system with different

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Charge density of bilayer graphene intercalated chromium
atoms, (a) spin up charge density (two-dimensional view): the different
colour represent the different density of electronic distribution
according to majority spin; the yellow balls indicate the position of
carbon atom while the gray balls representing the Cr atom (in a very
small size); (b) spin down charge density: share the same thermometer
with (a), but the distribution of electronic density regarding to minority
spin. (c) Spin density (isosurface = 0.01 a.u.): the green spheres
represent the total spin electronic distribution, which is get by majority
spin density mines minority spin density.

direction of spin polarization is investigated. In our calculations
the spin polarization of C¢XCs (X = TMAS) is fixed in different
directions: perpendicular (B) and parallel (A and C) to graphene

Fig. 6 Electronic difference charge density (defined as the total
charge density minuses the charge density of bilayer graphene without
TMAs at the same atomic positions) for Cr intercalated in graphene
(isosurface = 0.01 a.u.). (a) From top view and (b) front view.

RSC Adlv., 2018, 8, 19732-19738 | 19735


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03343a

Open Access Article. Published on 29 May 2018. Downloaded on 7/12/2025 5:02:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

spin-up p-electrons
spin-down p-electrons
spin-up d-electrons
spin-down d-electrons

Spin-polarized PDOS of Chromium

i
0 5
Energy/eV

'
[

Fig. 7 Spin-polarized local density of states of 3p and 3d electrons of
intercalated chromium atoms.
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Fig. 8 The spin of Chromium atoms, the red arrow indicates the spin
direction of the chromium atom changes from A to C via B.

layer as shown in Fig. 8. The result illustrates the stable spin
direction of chromium atoms is parallel to the graphene layer,
which holds the lowest total energy. Both ferromagnetic and
anti-ferromagnetic structures are considered. The results show
that ferromagnetic state has 0.83 eV lower energy per cell, which
indicates that the ferromagnetic state is more stable. It is found
that the difference of the energy is less than 0.03 eV for all
BGICs with TMAs, which indicates the weak influence of the
environment on the local magnetic moments of the TMAs.
Specifically, the spin changing energy of the chromium and iron
differs in a large scale, as shown in Table 2. It is due to the
different magnetic properties of these two atoms: one is anti-
ferromagnetic and the other is ferromagnetic, respectively. Cr
and Fe have odd (3d°4s') and even (3d°4s®) numbers of elec-
trons at the outside of their valence orbits, leaving 6 and 4
unpaired atoms at the valence orbits, respectively. Thus, spin
changing of chromium needs more energy according to Pauli
exclusion principle. The different spin direction can be used in
the information storage, which can be changed and manipu-
lated by external electromagnetic field. This property is
a prerequisite for implementing quantum information pro-
cessing and generating controlled entanglement,* combining
remarkable properties of carbon-based materials,****” which
provides a very promising candidate for solid-state qubit.

Table 2 Summary of the energy regarding to the changing spin
direction of BGICs

Spin changing energy
(eV per atom)

CeCrCsg
CeFeCg

0.022
0.008
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4 Conclusion

We have studied the atomic, electronic and magnetic properties
of BGICs using first principle calculations. The TMAs induce
high magnetic moments to the compounds, which can be
explained by the spd hybridization. Meanwhile, the magnetism
is localized, suggesting the other way to experimental realiza-
tion of Kondo system in graphene except the five possible
solutions presented by Sengupta et al.*” Furthermore, the weak
coupling of the spin polarization between the TMAs and carbon
atoms indicates possibility of application in quantum infor-
mation. All these properties suggest enormous potential use of
these compounds in ultrafast electronic transistors,”® spin-
tronics,® catalysis and quantum information processing.
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