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We investigate the structure, chemical bonding, electronic properties, and magnetic behavior of a three-

dimensional graphitic network in aba and aaa stacking with intercalated transition metal atoms (Mn,

Fe, Co, Ni, and Cu). Using density functional theory, we find induced spin-polarization of the C atoms

both when the graphene sheets are aba stacked (forming graphite) and aaa stacked (resembling bi-layer

graphene). The magnetic moment induced byMn, Fe, and Co turns out to vary from 1.38 mB to 4.10 mB,

whereas intercalation of Ni and Cu does not lead to a magnetic state. The selective induction of spin-

polarization can be utilized in spintronic and nanoelectronic applications.

I. Introduction

The rich variety of the physical and chemical properties of

nanoscale materials is used in a wide range of advanced tech-

nological applications. Graphene, a single layer of graphite with

C atoms tightly packed in a honeycomb lattice,1 is one of the

most promising low-dimensional nanomaterials, attracting

immense interest of both experimentalists and theoreticians2,3

because of its two-dimensional (2D) structure and unique

properties. In both pristine graphene and graphite no magnetic

ordering is expected, by experiment and theory. However, there

are various experimental methods to induce magnetism:

hybridization between the C pz and Ni d states,4 ion implanta-

tion,5 proton irradiation of highly oriented pyrolytic graphite,6,7

and point defects.8 Ferromagnetism can be induced in multi-

layered graphene by randomly removing single C atoms.9

Theoretically, spin-polarization has been confirmed for various

C defects,10–15 adsorption of molecular oxygen and hydrogen on

graphene,16 and substitutional Mn doping of graphene.17

Inducing spin-polarization in graphene by doping transition

metal (TM) atoms18–20 is important because it can lead to scat-

tering21 and modify the electronic states locally, which is required

for graphene-based electronics and Kondo physics. Often, very

simplistic assumptions about the effects of the TM atoms are not

valid, but the properties depend strongly on the host.22

Furthermore, precise knowledge of the TM–C interaction is

important for understanding carbon nanotube growth,23 fuel

cells,24 and the role of implanted magnetic atoms, such as Fe, for

the magnetic order.25 For these reasons it is surprising that TM

intercalation in a three-dimensional (3D) graphitic network has

not been studied with respect to the modifications of the inter-

layer interaction. In this paper, we will present first-principles

results on the spin-polarization induced by Mn, Fe, Co, Ni, and

Cu atoms intercalated between adjacent C layers. We study two

types of stacking: aaa, which results in multilayer graphene, and

aba, which results in bulk graphite. The different d valences of

the TM atoms result in a range of induced magnetic moments

(magnitude and spatial distribution) as needed for spintronic

applications.

II. Methods

Calculations based on density functional theory26 are carried

out using the generalized gradient approximation (GGA) and

the plane wave Quantum-ESPRESSO code,27 which already has

been used successfully for describing graphene.28–32 A strong

corrugation of the crystal potential is present in layered mate-

rials in the direction perpendicular to the atomic planes.

Consequently, the local density approximation is not valid.

Even though the van-der-Waals forces are neglected in both the

local density approximation and the GGA, the GGA leads to

a reasonable matching of the interlayer distances with experi-

ments and is adequate for systems with an inhomogeneous

charge density.33–35 We apply Perdew–Burke–Ernzerhof pseu-

dopotentials36 and include an onsite Coulomb interaction

correction. In our calculations scalar relativistic effects are

included, while spin–orbit coupling is not taken into account as

it is negligible in the present systems. The value of the onsite

interaction U is varied between 0 and 8 eV. Our results show

that it is essential to use a non-zero U for the d electrons of the

TM atoms. Previous findings suggest that U (which is mainly

an atomic property) ranges from 1 to 5 eV for TM atoms.37,38

For U $ 2 eV our results are qualitatively similar with small

variations in bond lengths and magnetic moments (< 5%).

Hence, we will discuss data for U ¼ 4 eV in the following,

unless specifically mentioned. A large U of 8 eV leads to

a reduced cohesive energy and to overestimated magnetic

moments, especially in the case of Mn. All calculations are

performed with a plane wave cutoff energy of 408 eV. We use
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a Monkhorst–Pack39 16 � 16 � 4 k-mesh for the calculation of

the band structure and density of states (DOS).17,40

We find that a 3 � 3 supercell is large enough to avoid

drawbacks of the periodic boundary conditions. Our supercell

contains 36 C atoms and one dopant in all cases, with a unit cell

length of 7.45 �A in the ab-plane. The length of the c-axis is

relaxed (�7 �A). It was suggested that the energy cost associated

with the formation of two separated magnetic moments is given

by the RKKY coupling between two magnetic impurities

embedded in a metal, which decays slowly with the separation of

the impurities in the case of a low-dimensional system. Conse-

quently, inclusion of this effect would demand a huge unit cell

with several magnetic impurities, exceeding reasonable compu-

tational resources. We fully relax the positions of all the atoms,

including the dopants, in order to obtain the minimum energy

configuration. We continue the optimization until an energy

convergence of 10�7 eV per supercell and a force convergence of

0.04 eV �A�1 is reached. To avoid trapping of TM atoms in local

energy minima we have studied different starting configurations

where the TM atom is located above either the bridge site (center

of a C–C bond), or the hollow site (center of a C hexagon) or the

top site (top of a C atom). The final lowest energy structures are

tabulated in Fig. 1.

III. Structures and stability

Our data suggest that the TM atoms prefer being accommodated

in different sites when intercalated in aaa and aba hosts. In aaa

stacking Fe, Co, Ni, and Cu atoms tend to move towards the

hollow site, while Mn atoms (smallest atomic number Z) prefer

to remain next to a C atom and form an almost linear C–Mn–C

bond. However, in aba stacking Mn, Fe, Co, and Ni atoms favor

the hollow site of one C layer, which is the top site of the next C

layer, see Fig. 1. Cu atoms (highest Z) are slightly off-centered as

compared to the other atomic species.

The observed structural variations can be explained by the

crystal field splittings which apply to the d orbitals of the

different TM atoms. If a spatially symmetric negative charge is

placed around a particular TM atom, the d orbitals remain

degenerate. However, being itself negatively charged the TM

atom experiences repulsion and the orbital energies are raised. As

in our case the field results from electrons in the C layers on both

sides of the TM atom, the charge distribution is not spherical and

the degeneracy of the d orbitals is lifted. The effect is stronger for

atoms with partially filled d orbitals (Fe, Co, Ni, and Cu), which

thus tend to distort away from the trigonal symmetric position

and form a tetrahedral-like structure with the C atoms. This is

clearly visible in the left column of Fig. 1. The average C – TM –

C bond angles for Mn, Fe, Co, Ni, and Cu turn out to be 180�,
143�, 151�, 144�, and 155� in aaa stacking and 143�, 139�, 141�,
141�, and 164� in aba stacking. The Mn atom, being exactly half

filled, experiences only a weak effect and retains the trigonal

symmetry, forming a linear C–Mn–C bond. In the aba stacking

there is additional negative charge due to the C pz orbitals. Here,

the shift of neighboring C layers within the ab-plane offers the

TM atoms a tetrahedral-like geometry. However, the unpaired

electron of the Cu atom results in some off-centering.

We address the cohesive energy (Ecoh) in Table I in order to

describe the stability of the different structures. The cohesive

energy per atom is defined as

Fig. 1 Relaxed structures of the modified graphitic systems with intercalated TM atoms in aaa and aba stacking. The induced spin densities are

compared to each other.

18682 | J. Mater. Chem., 2011, 21, 18681–18685 This journal is ª The Royal Society of Chemistry 2011

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 K
in

g 
A

bd
ul

la
h 

U
ni

v 
of

 S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

on
 1

9/
03

/2
01

4 
12

:5
1:

45
. 

View Article Online

http://dx.doi.org/10.1039/C1JM13527A


Ecoh ¼ ðEcell �
P

Eatom � EdÞ
n

; (1)

where Ecell is the (spin-polarized) total energy of a cell containing

n atoms. Eatom and Ed are the total energies of isolated C and

dopant atoms, respectively. They are calculated by placing

a single atom in a sufficiently large cubic unit cell of�11�A lateral

length, in order to avoid interaction with the periodic image.

The calculated magnetic moment, smallest distance between

the TM atom and its nearest neighbor C atom, cohesive energy,

change of the in-plane C–C bond lengths, and estimated buckling

are summarized in Table I. In aaa stacking the TM–C bond

length for Mn is 2.00 �A, while it varies for Fe, Co, Ni, and Cu in

the ranges 2.03 to 2.26 �A, 2.01 to 2.04 �A, 1.92 to 2.18 �A, and 1.97

to 1.98 �A, respectively. In aba stacking the TM–C bond lengths

for Mn vary in the range 2.00 to 2.39 �A, while for Fe, Co, Ni, and

Cu we obtain 2.02 to 2.19 �A, 2.02 to 2.30 �A, 1.96 to 2.22 �A, and

1.97 to 2.19 �A, respectively. Both the bond lengths and bonding

energies in Table I indicate that the bonding between the TM

atoms and the C layers is covalent. A significant buckling is

observed in the C layers due to the repulsion of the TM charge,

amounting to 0.185 �A, 0.093 �A, 0.168 �A, 0.107 �A, and 0.098 �A

(aaa stacking) and 0.118 �A, 0.015 �A, 0.079 �A, 0.044 �A, and

0.098 �A (aba stacking) for Mn, Fe, Co, Ni, and Cu, respectively.

The buckling is calculated as the difference between the z-coor-

dinates of the highest and lowest C atoms in a particular layer.

The in-plane C–C bond lengths range from 1.43�A to 1.45�A in all

structures, showing that the sp2-hybridized nature of the in-plane

bonding is retained.

IV. Electronic structure and magnetism

Ecoh and the bonding strength decrease monotonically with

increasing onsite interaction U (with a slight exception for Fe),

see the top panels of Fig. 2. This has a clear but limited effect on

the magnetic properties induced by the dopants, as is evident

from the bottom panels of Fig. 2. We note that Mn shows

a saturation of the magnetization with increasing U, consistent

with ref. 17, whereas forU¼ 8 eV the magnetization trails off for

Fe and Co. A growing value of U will affect more prominently

the partially filled d systems Fe and Co. A choice of U ¼ 4 eV is

reasonable for our purpose.

In contrast to Mn doped graphene,17 Mn intercalated graphite

develops metallic states, see Fig. 3. The spin-polarized DOS for

U¼ 4 eV shows that the presence of the TM enhances the DOS at

the Fermi level. Both stacking schemes induce spin-polarization

for Mn, Fe, and Co intercalation, amounting to 4.10 mB, 3.70 mB,

and 1.97 mB (aaa stacking) and 3.80 mB, 2.06 mB, and 1.83 mB (aba

stacking). Ni and Cu intercalation does not result in a magnetic

state for both aaa and aba stacking. For all dopants the induced

magnetic moment differs in aaa and aba stacking, due to

different average C–TM bond lengths. The smaller this length,

the larger is the magnetization. The spin density induced by Mn,

Fe, and Co is addressed in the 3rd and 5th column of Fig. 1. The

maps show localized magnetic moments on the C atoms, which

reveal characteristic patterns of parallel and antiparallel orien-

tations. When the total magnetic moment decreases along the

series Mn–Fe–Co, these localized moments reduce in magnitude.

However, simultaneously a weak spin density develops in the

interstitial region between the atomic sites which shows a distinct

circular wavy shape. This delocalized spin-polarization even

dominates in the case of Co intercalation.

A L€owdin charge analysis shows that the Mn atom loses

almost 0.5 electrons when it is intercalated, with d orbital occu-

pations of �5.5 electrons in aaa and �5.6 electrons in aba

stacking. Due to the trigonal-like crystal field around the Mn

atom, the fivefold degeneracy of the d orbitals is lifted and the

d3z2�r2 orbital becomes almost fully occupied (in a comparatively

weak crystal field). Hence, the 5.5 electrons in aaa stacking yield

local magnetic moments of 3.5 mB to 4 mB, while in aba stacking

Table 1 Magnetic moment (per unit cell), average distance between dopant and nearest neighbour C atoms (lTM), cohesive energy (Ecoh), in-plane C–C
bond length (lC), bonding energy (Eb), and buckling of the graphene layers (lB)

Stacking Dopant Magnetic moment/mB lTM/�A Ecoh/eV Eb/eV lC/�A lB/�A

aaa Mn 4.10 2.00 8.93 4.22 1.43–1.45 0.18
Fe 3.70 2.00 8.90 3.69 1.43–1.44 0.09
Co 1.97 2.02 8.92 4.03 1.43–1.44 0.10
Ni 0.00 1.99 8.91 4.12 1.43–1.44 0.17
Cu 0.00 1.98 8.82 1.13 1.43–1.45 0.01

aba Mn 3.80 2.19 8.91 4.29 1.43–1.45 0.12
Fe 2.06 2.17 8.89 3.42 1.43–1.45 0.01
Co 1.83 2.26 8.92 4.15 1.43–1.45 0.08
Ni 0.00 2.15 8.90 4.02 1.43–1.44 0.04
Cu 0.00 2.04 8.82 0.82 1.43–1.45 0.09

Fig. 2 Variation of the cohesive energy (Ecoh) and total magnetic

moment (per unit cell) with the onsite energy (U) in aaa and aba stacking.
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the 5.6 electrons yield a slightly smaller moment. We find that Fe

loses almost 0.4 electrons in aaa and 0.3 electrons in aba stacking.

The occupations of the d bands are 4.8 and 4.7, respectively.

A stronger crystal field results in partial occupations of the

d3z2�r2, dxz, and dyz orbitals and total magnetic moments of

3.70 mB and 3.06 mB for aaa and aba stacking. A very strong

crystal field splitting for Cu and Ni results in partial filling of all

d orbitals and a prominent out-of-plane bonding of the d orbitals

with the C pz orbitals, resulting in zero magnetic moment.

Analysis of the DOS reveals that for Mn intercalation and aba

stacking the states below the Fermi level reveal a strong contri-

bution of the C p orbitals, while the states just above the Fermi

energy are dominated by the Mn d orbitals. For both aaa and

aba stacking, the DOS analysis suggests that the Mn atom is in

aMn2�d state, where d is a small positive number. The partial s, p,

and d occupations reflect the non-ionic character of the bonding.

In the case of Fe intercalation, for both aaa and aba stacking, the

states below the Fermi level are entirely due to the C p orbitals,

while the lowest unoccupied states are a mixture of C p and Fe

d orbitals. In case of Ni and Cu intercalation, we find that the

d orbitals do not contribute to the electronic states around the

Fermi level, which mainly originate from C p and TM s orbitals.

This explains the non-magnetic behavior of Ni and Cu. In

general a mixing of C p and TM d states points to a partially

covalent character of the TM–C bond.

V. conclusion

In view of the possibility to realize a Kondo system by chemi-

sorption of metal atoms on graphene,41 we have addressed the

behavior of the TM atomsMn, Fe, Co, Ni, and Cu when they are

intercalated in a 3D graphitic network with aaa and aba stacking.

While TM adatoms on pristine graphene are reported to have

bonding energies of some 0.2 eV to 1.5 eV,42,43 we obtain bonding

energies between 1.10 eV and 4.23 eV for the systems under

investigation. The electronic structure of the graphitic systems is

modified significantly after intercalation due to hybridization of

the C pz orbitals with the TM d orbitals. It turns out that Mn, Fe,

and Co induce spin-polarization in both stacking configurations,

whereas Ni and Cu result in metallic systems with zero magnetic

moment. However, graphene is characterized by a high mobility

of incorporated TM atoms, the strong preferential bonding of

intercalated TM atoms in our case paves the way to graphitic

Kondo systems.
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