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Mn-doped graphene is investigated using first-principles calculations based on the density functional theory (DFT).
The magnetic moment is calculated for systems of various sizes, and the atomic populations and the density of states
(DOS) are analyzed in detail. It is found that Mn doped graphene-based diluted magnetic semiconductors (DMS) have
strong ferromagnetic properties, the impurity concentration influences the value of the magnetic moment, and the magnetic
moment of the 8 x8 supercell is greatest for a single impurity. The graphene containing two Mn atoms together is more
stable in the 7x7 supercell. The analysis of the total DOS and partial density of states (PDOS) indicates that the magnetic
properties of doped graphene originate from the p—d exchange, and the magnetism is given a simple quantum explanation
using the Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange theory.
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1. Introduction

Graphene has many outstanding properties including high
chemical and thermal stability, high electrical conductiv-
ity, and high mechanical strength,!!l so it has attracted ex-
tensive research since its discovery in 2004 by Geim and
Novoselov.>™ An increasing number of papers have re-
ported on the magnetism of molecules or metal atoms ad-

sorbed on graphene>~!

in recent years; we pay more atten-
tion to the magnetic properties of doped graphene-based di-
luted magnetic semiconductors (DMS). DMS can use both the
charge and spin of the electron for a remarkable new gen-
eration of nanoscale micro-electronic devices that could be
used for information processing and storage.!'%! For example,
the graphene defect-adsorption of transition-metal (TM) atoms
circumvents the problem of TM clustering in favor of effi-
cient hydrogen storage in nanostructured systems.!!!l Boron
nitride nanoribbons with one substitutional Mn impurity re-
veal transfer characteristics suitable for a spin current switch,
and the system with two Mn impurities behaves as an efficient
spin-filter device.!'?! The key lab of MEMS of the Ministry
of Education in Southeast University proved that gold-doped
zigzag graphene nanoribbons in a divacancy could modulate
the magnetism and band structure.!!3 Eelbo et al. investigated
the electronic and magnetic properties of single Fe, Co, and
Ni atoms and clusters on monolayer graphene on SiC (0001)
and found that an increasing Ni cluster size leads to sizable

[14

magnetic moments.!'#! Since intrinsic graphene has no mag-
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netism, we dope substitutional Mn atoms in the supercells to
generate and modify diluted magnetic properties of graphene
material. We construct the supercell models of graphene with
different impurity concentrations, calculate the magnetic mo-
ment, and analyze the atomic populations, the total density of
states, (DOS) and partial density of states (PDOS) to develop
an explanation of the spin exchange mechanism.

2. Computational methods

Graphene is a two-dimensional (2D) monolayer of car-
bon atoms tightly packed in a hexagonal crystal lattice.!!!
In order to avoid the spurious interactions between periodic
images of the graphene layers, the size of the supercells per-
pendicular to the plane is 15 A. For Mn-doped graphene,
structure optimizations are first performed and then the mag-
netism calculations are carried out using density functional
theory (DFT)!'%!7] based on the pseudo-potential technology.
The generalized-gradient approximation (GGA) function with
the Perdew—Burke—Ernzerhof (PBE) correction!® is used to
obtain stable structural cells. All the crystal structures are
fully relaxed via geometrical optimization using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) scheme.!!°! The projector

20.21] gimulates the electron—ion inter-

augmented wave (PAW)!
action. With a cutoff energy of 400 eV, all the supercell struc-
tures are optimized until forces in all directions are smaller
than 0.05 eV-A~!. The graphene initial cell in the A, B base

vector direction is extended 4—8 units to obtain various super-
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cell sizes. The 8x8 supercell is shown in Fig. 1(a), and the
Mn substitution in the C sites leads to different impurity con-
centrations.

Fig. 1. (color online) The typical structures of (a) the intrinsic 8 x8
graphene and (b) corresponding Mn-doped graphene after optimiza-
tions. Light green and green spheres represent C atoms, and the green
C sites are the possible substitutional positions of Mn atoms. The light
red sphere represents an Mn atom.

3. Results and discussion

As shown in Fig. 1(b), the Mn atoms are all seated in
the upper center from the center of the hexagonal lattice after
structural optimization for five different supercells with a sin-
gle impurity. According to the first-principles magnetic cal-
culations, the carbon atoms are polarized by the manganese
atom to varying degrees, obtaining the different C atoms. So
the 8 x 8 doped supercell consists of C1-C26, Mn27, and C28-
C30 in Fig. 1(b), and the atom with the same label possesses
the same properties. The atomic Mulliken populations, mag-
netic moments, and Mn—C distances of graphene-based super-
cells are shown in Table 1. There is an initial spin of 1.0up in
these systems. So they have ferromagnetic properties, as seen
from the total magnetic moments. The Mn-doped armchair
graphene ribbon has the same ferromagnetic property as these
Mn-doped supercells.[*?! References [23] and [24] indicate
that the substitutional Mn-doped defect in graphene is mag-
netic in both cases. It is thus clear that an Mn impurity induces
the expected magnetic moment. In a further investigation, it is
found that the total magnetic moment of Mn-doped graphene
varies with the impurity concentration. The 88 supercell has
the highest magnetic moment of 4.8up while the 4 x4 super-
cell has the lowest magnetic moment of 2.6ug among these
supercells. The electron configuration of an isolated Mn atom
is (Ar)3d’4s? of 3 unfilled holes with a magnetic spin moment

equivalent to 3 spins or mg = 3up according to Hund’s rules.
Including the orbital moment, the moment per Mn atom is es-
timated from Hund’s rules, maximizing S = 5/2, L = 0, and
J=5/2. Note J = L+ S for a shell that is more than half filled.
The magnetic moment m,, is the d shell moment expected for
an Mn atom with Hund’s rules ground states and occupation of
the lowest state J, = —J, my, = g;Jup, where g; is the Landé
g factor given by the equation

JU+1)+S(S+1)—L(L+1)
20(J+1) ’

gr=1+ ey
and my, = 5up is obtained. So the 5x5, 6x6, and 8x8 Mn-
doped graphene supercells all have total magnetic moments
close to 5.0up. As for the other two supercells, the total mag-
netic moment is near 3.0ug, consistent with the spin moment

23241 A magnetic order occurs, in most

in the previous reports.!
instances, in materials with partially filled d or f shells. How-
ever, there are magnetic carbon atoms induced by Mn impu-
rities in Mn-doped graphene. The total magnetic moment is
always smaller than the moment associated with the pure Mn
metal and significant weakening contributions come from the
neighboring carbon atoms. The total magnetic moment is big
or small depending on the magnetism contribution of Mn and
C atoms’ exchanges. It is clear that the Mn atomic magnetic
moments in the 4 x4 and 7 <7 doped graphene are only 0.44 up
and 0.34up while the magnetic moments of the neighboring
C atoms are all small. However, other supercells not only
have greater magnetic moments of Mn atoms but also have
greater magnetic moments of the three nearest C atoms and
the three third-nearest C atoms (similar to C18 and C26 sites
in Fig. 1(b)), which is opposite to the 4x4 and 7x7 super-
cells. The spin direction is arranged in spin-up and spin-down
with the Mn atom as the center, in agreement with the result
that the three nearest C atoms are polarized antiparallel to the
magnetic moment of the Mn atom, >3] which brings about the
slightly smaller total moment. The nearer the C atoms to the
Mn atom, the stronger the exchange. It follows that the po-
larizations of the electrons are as illustrated in Fig. 2(a). The
stronger the polarizations, the darker the arrows. The farther
gray arrows stand for the weaker exchange interactions. Fig-
ure 2(b) displays the spin density of the 8 x8 doped graphene
and further indicates the spin arrangement. The spin density
overlaps between Mn27 and C18, and the light red spin den-
sity of the spin-up Mn27 is hardly distinct. The spin densities
of the C18, C14, and C26 are light green, light red, and light
green, respectively, very consistent with the atomic moments
of Cirst, Cseconds and Cipirg. There is only one C23 in the su-
percell, a special atom because it has the same distance to the
three Mn atoms from C23 in the periodic structure. So the C23
of bigger spin density is a little more strongly spin-polarized.
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Fig. 2. (color online) (a) Polarization arrangement and (b) spin den-
sity. Light red and light green densities are for spin-up and spin-down,

respectively, and the isovalue is 1.2648x 10 3e.

For population analysis, it is widely accepted that the ab-
solute magnitudes of the atomic charge have little physical
meaning, since they display a high degree of sensitivity to the
atomic basis set with which they are calculated. However, the
consideration of the relative values can yield useful informa-
tion, provided a consistent basis set is used for the calculation.
So by comparing the intrinsic Mn cell with the doped super-
cells, it is obtained how the s, p, and d orbital electrons vary,
the same as for the C atoms. The Mn-s and Mn-p orbits lose
different quantities of electrons in the doped supercells, while
the Mn-d orbit gains a few or is nearly unchanged. It is this
change that leads to the total magnetic moment of smaller than
3.00up or 5.00up and gives rise to the Mn atomic moment of
less than 3.00ug, a tiny value. Relatively speaking, the greater
the charge or the fewer the total electrons, the smaller the mag-
netic moment. According to the bond populations, the Mn
atoms and the Cgq With the distance of approximately 1.7 A
form the bonding states, while the Mn atoms and the Cgecond,
Cihira far away from the magnetic atom up to 2.6 A and 2.9 A,
form anti-bonding orbitals, needing more energy to bond.

Table 1. Atomic populations, atomic magnetic moment (M), total magnetic moment (Mo, ), and Mn—C distance (Dyim—c ) of different
supercells of a single impurity. Here Cgigt, Csecond, and Cnirg are the nearest C atoms, the second nearest C atoms, and the third nearest
C atoms to the Mn atom, respectively (similar to C18, C14, and C26 sites in Fig. 1(b)).

Atom s p d Total Charge/e M/ug Dyin_c/A
The intrinsic cell
Mn 0.54 0.70 5.76 7.00 0.00
C 1.05 2.95 0.00 4.00 0.00
Supercell 4x4  Mroa=2.63up
Mn 0.17 -0.71 5.77 5.23 1.77 0.44
Chirst 1.17 3.14 0.00 4.32 -0.32 -0.08 1.71
Csecond 1.06 3.02 0.00 4.08 -0.08 0.12 2.55
Chhird 1.04 3.05 0.00 4.09 -0.09 -0.02 2.87
Supercell 5X5 Mty = 4.64Up
Mn 0.18 -0.71 5.86 5.33 1.67 2.20
Chirst 1.18 3.09 0.00 4.27 -0.27 -0.26 1.71
Csecond 1.06 3.04 0.00 4.10 -0.10 0.08 2.56
Chhird 1.07 2.98 0.00 4.05 -0.05 -0.18 2.88
Supercell 6X6 Mty = 4.66UB
Mn 0.17 -0.68 5.82 5.31 1.69 2.18
Chirst 1.18 3.09 0.00 4.28 -0.28 -0.16 1.71
Csecond 1.06 3.04 0.00 4.10 -0.10 0.06 2.57
Cthird 1.07 2.99 0.00 4.06 -0.06 -0.08 2.88
Supercell 77 Mroa = 2.92Uup
Mn 0.17 -0.67 5.77 5.28 1.72 0.34
Chirst 1.17 3.13 0.00 4.30 -0.30 -0.08 1.72
Csecond 1.07 3.01 0.00 4.08 -0.08 0.10 2.57
Chhird 1.06 3.02 0.00 4.08 -0.08 -0.02 2.88
Supercell 8x8 Mty =4.87up
Mn 0.18 -0.69 5.84 5.33 1.67 2.24
Crirst 1.18 3.10 0.00 4.28 -0.28 -0.24 1.72
Csecond 1.06 3.03 0.00 4.10 -0.10 0.08 2.57
Cthird 1.07 2.98 0.00 4.05 -0.05 -0.14 2.88
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Take the 4x4 and 8x 8 supercells for example, their total
DOS and PDOS are shown in Figs. 3 and 4. The horizontal
axis is energy referring to the Fermi energy. The positive DOS
stands for spin up and the negative ones are for spin down elec-
trons. It is well known that the magnetic property originates
from asymmetric spin states and thus we mainly discuss the
DOS around the Fermi energy. Figure 3(a) plots the DOS of
the intrinsic graphene for comparison. As for the 4x4 super-
cell, from the black curve in Fig. 3(b), it is clear that the total
DOS is asymmetric. Several occupied and unoccupied peaks
are obviously observed near the Fermi level. Compared with
the total DOS of the intrinsic graphene in Fig. 3(a), the empty
states near the Fermi level have now developed into four sig-
nificant peaks for both channels in the Mn-doped graphene.
While the intrinsic graphene has few states above 5.0 eV, the
doped graphene has zero DOS. The energy states now have
well-defined peaks for the spin-up and spin-down electrons
with a little shift from their original positions to lower levels.
Looking further at Figs. 3(b) and 3(d), a sharp peak of the total

0.6

(a)
04l Cs
— P
02}

Density of states/eV—1!
|
s
=2
It
g
=

Energy/eV

DOS appears in the majority channel at —1.0 eV, which cer-
tainly originates from the hybridization between C-p and Mn-d
orbits, and so is the other sharp peak in the minority channel
at 0.3 eV. Besides, there are two peaks, in the majority channel
at 0.6 eV and in the minority channel at —0.6 eV, originating
from the Mn-3d states. The PDOS of the C-p, Mn-s, and Mn-d
electrons are all obviously asymmetric near the Fermi energy,
while C-s and Mn-p states are close to linear, or the C-2p and
Mn-3d electrons to some extent cause an absence of symmetry
in the total spin states. So the magnetic properties mainly stem
from the hybridization between C-2p and Mn-3d orbits. This
magnetic exchange mechanism occurs in the Mn-doped DSM
systems where the Mn orbital electrons are pushed to higher
or lower energies, forming different e, and ty, orbits owing to
the Jahn—Teller effect!>! and partially emptied, leading to the
hole mediated magnetism, contrasting Fig. 3(c) with Fig. 3(d).
These results indicate that the origin of the ferromagnetism in
Mn-doped graphene is the p—d exchange mechanism.
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Fig. 3. (color online) Total DOS and PDOS in (a) intrinsic graphene and (b) the 4 x4 Mn-doped graphene, (c) the pure Mn metal
PDOS, and (d) the Mn atom PDOS in the 4 x4 Mn-doped graphene. Black, magenta, cyan, blue, green, and red curves represent the
total DOS and the PDOS of Mn-s, Mn-p, Mn-d, C-s, and C-p, respectively.

Interestingly, the minority states of the total DOS show
that the system is metallic with some dispersive conduction
bands around the Fermi level in the 8 x8 Mn-doped graphene
supercell as shown in Fig. 4(a). From the PDOS of the Mn
atom, we identify the Mn orbits in the vicinity of the band gap
region of the pristine graphene (Fig. 3(a)). So the majority
channel of the total DOS is semiconducting while the minor-

ity one has metallic features. In summary, the 8 X8 system has

a half metallic structure consistent with the result of Mn ad-
sorption on graphene.!?®! The total DOS near the Fermi level
is distinctly asymmetric in good agreement with its total mag-
netic moment in Table 1. It can be seen clearly that the Mn
substitution induces the spin splitting impurity states around
the Fermi level, forming a small band gap (Fig. 4(c)). The ex-
change interaction of C-p and Mn-d electrons is situated near
—0.9¢eV, 1.3 eV, and 2.1 eV, and the peak values of Mn-d states
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are consistent with those of C-p states in Figs. 4(b) and 4(c).
So the interaction between Mn and C atoms is very strong and
the total magnetic moment in the 8 x 8 supercell is up to 4.8 .
The Mn atomic energy band tends toward positions above and
below the Fermi energy compared with that of the pure Mn
metal (Fig. 3(c)), facilitating the interaction with the C atoms.
In addition, the PDOSs of the three nearest C18 and Mn27 are
shown in Fig. 4(d), and the C18-2p and Mn-3d electrons un-
dergo sympathetic vibration from —8.0 eV to —1.8 eV. More-
over, there are bonding state peaks near —4.6 eV, —2.4 eV, and
2.2 eV, and anti-bonding states around —2.7 eV and 1.3 eV.
The magnetic Mn atom induces the asymmetric electron states
of the three C18 atoms around the Fermi energy in good agree-
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ment with the —0.24up magnetic moment, which is also the
case for the six second nearest C14 atoms and the three third
nearest C26 atoms, as shown in Figs. 4(e) and 4(f). The in-
teraction between the Mn atom and the second and the third
nearest C atoms produces more anti-bonding orbits, consistent
with the bond populations themselves. These neighboring C
atoms strongly interact with the Mn atom and obtain magnetic
moments of different values, which further indicates the p—d
magnetic exchange mechanism. However, there are some hy-
bridized isolated peaks in the low energy level, which shows
that these electronic states are hardly affected by the dopant
keeping the sp? hybridization in Figs. 4(a) and 4(b).

Density of states/eV—!

Fig. 4. (color online) (a) Total DOS, the PDOS of (b) C atoms and (c) the Mn atom, and the neighboring (d) C18, (e) C14 and (f) C26

in the 8 x8 Mn-doped supercell.

In addition, graphene with one Mn atom doped in a dif-
ferent position is also calculated, showing little effect on the
magnetic moment. The same graphene supercell containing
two or more Mn atoms is taken into account, and different
Mn atom doping is found to have some effect on the magnetic
moment and the formation energy. Meanwhile, the different
distances between the two Mn atoms in the same size super-
cell are configured, the results are shown in Table 2. When
the two Mn atoms converge (the 7x7-2a state), the total mag-
netic moment and Mn atomic magnetic moment both are much
smaller, owing to fewer C atoms having strong interaction with
the Mn atoms. When the distance between the two Mn atoms

is longer than a certain length, the magnetic moments of the

7x7-2b, 7x7-2c states are double of that of the 7x7-2a state.
However, the formation energy of the 7x7-2a supercell, which
is calculated based on the final energy, is approximately 1 eV
lower than that of the other two states, so it is a more sta-
ble structure. The 7x7-2a system is also more stable than the
7x7 graphene doped by one Mn atom, with 1.12 eV lower
formation energy.

Table 2. Final energy (Epiny), magnetic moment of each Mn
atom (Mpp,), total magnetic moment (Mo ), and Mn—-Mn distance
(Dvin—mn) of the 77 supercells with two Mn impurities.

State Mrotal EFinal Myin Dwin—Mn
Tx7-2a 2.20893 -16179.62400 0.50 1.85512
Tx7-2b 5.42409 -16178.70480 1.78 5.68400
Tx7-2¢ 5.36280 -16178.62897 1.78 9.94200
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As for the Mn atom, there are 3d electrons inside the 4s
shell and the 4s electrons off the Mn ion become the con-
duction electrons, even 3p electrons. The conduction elec-
trons interact with the 3d ions (Mn?*, Mn>*, or Mn**) and
are in magnetized states. The 3d ions mediated by the mag-
netized conduction electrons overlap with the C-2p electron
cloud and indirectly exchange with each other, leading to the
magnetic ordering. In a further quantum explanation of the
magnetism in Mn-doped graphene, there is an indirect overlap
between the Mn-d and C-p electrons, and the magnetic cou-
pling is therefore determined by the indirect p—d exchange.
The indirect coupling between Mn and C atoms thus pro-
ceeds through the outer electronic states of the atoms them-
selves. In the derivation of the Ruderman—Kittel-Kasuya—
Yosida (RKKY)[?”! exchange, one assumes a & function-like
interaction of a point-like spin S, with the spin s of the con-
duction electrons

H=2A8(r—R)S s, ()

where A is the intra-atomic exchange parameter, and the
function limits the interaction to be of contact form. The
RKKY interaction energy between two localized spins S; and
S separated by a distance R can then be written in the Heisen-
berg form

N N
HeffZ—ZJijSi-SjZ—22.],'/'8,"5]', 3
i#] i<j
with a distance dependent exchange constant J(R). It can be
related to the free electron density Ny in-between the atoms.
We describe the free electrons as plane waves normalized to a
volume V

1 eik"r‘ (4)

where the electron momentum k is related to the electron ki-
netic energy by the free electron dispersion relation

k2
E=—.
2me

®)

The total density of states per unit energy, including two spins
per unit energy, is obtained by counting the number of states
in the volume V per unit energy and is given by

1% 14

D(E) = nzhzmek B 2m2h3

(2me)>/*VE. (6)

If we denote the electron density per unit volume as Ny, the
total number of electrons in volume V is NyV. By equating
NyVwith the energy integral of Eq. (6) up to the Fermi energy,
we obtain

_ (2meEp)*? K

1 [Er
Ny = — D(E)dE = == 7
Vv V/O ( ) 37527!3 37'52’ ()

where the Fermi energy Er and Fermi wave vector kg are re-
lated according to Ep = h2k12: /2me. The RKKY exchange coef-
ficient J(R) is found to be oscillatory with distance R accord-

ing to
16A%mek;: 2kgR)  sin(2kpR
J(R) = me2F cos( F3) _ sin( F4) . @®)
(27)3n (2kgR) (2kgR)
It makes a damped oscillation with distance from positive to
negative, which at large R takes the simple form!?®!
2Amek 2keR) 1
J(R) = 2k cosCReR) | 1 ©

(2n)3n* R} R’

Therefore, depending upon the separation between the mag-
netic ions, their magnetic interaction can be either ferromag-
netic or antiferromagnetic. The RKKY exchange couples have
localized moments over relatively large distances. Further-
more, the density of the spin-up and -down conduction elec-
trons decays in an oscillatory way with the distance |r — R| off
the ion,*®! and so is the Mn-doped graphene. With increasing
distance from the manganese ion, the polarization of carbon
atoms attenuates.

4. Conclusion

In this paper, the ferromagnetic property of graphene-
based DMS is investigated by Mn doping using first-principles
calculations. It is found that Mn-doped graphene has strong
ferromagnetism and the magnetic moment varies with the
dopant concentration. Moreover, the 8 x8 Mn-doped graphene
of a single impurity possesses the greatest magnetic moment,
and the 7x7 supercell doped by two converged Mn atoms is
more stable. Finally, we give an RKKY explanation for the
p—d indirect exchange of the magnetic ordering.
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