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Abstract 
 
Results of investigations of band structure, Fermi surface and effective masses of charge carriers in the ul-
trathin (monolayer graphene)/MnO(001) and MnO(001) films are presented using the method of the density 
functional theory. Features of spin states of valence band and Fermi level as well as an interatomic interac-
tion in these systems are discussed. A magnetic moment at Mn atom is estimated and an effect of spin po-
larization at atoms of oxygen and carbon has been revealed which natures are discussed. By calculations of 
structural energies for 2D (monolayer graphene)/MnO(001) and 2D MnO(001) a stability of these systems 
has been ascertained. In the 2D (monolayer graphene)/MnO(001) and 2D MnO(001) systems the band struc-
ture calculations for the 2D systems mentioned above point out that tensor components of effective masses 
of both electrons and holes are in the ranges of (0.15 - 0.54) m0 and (0.38 - 1.27) m0 respectively. Mobility 
estimations of two-dimensional charge carriers for a 2D (monolayer graphene)/MnO(001)AF2 heterostruc-
ture have been performed. 
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1. Introduction 
 
One of the perspective directions in creation of devices 
for nano- and spintronics is concerned with use of re-
cently discovered graphite-like allotropic modifications 
of carbon: graphene and graphene oxide which possess 
unique properties [1-3]. Since graphene was discovered 
it has been successfully synthesized on substrates with 
various surface crystal geometries [4-7]. However known 
synthesis methods permit to produce graphene of high 
quality under the laboratory conditions only [8] that lim-
its their industrial application. A suggested method [9] of 
plasma deposition from vapor phase (PECVD) of high 
quality graphene sheets can play an important role for 
becoming of graphene nanoelectronics [6].  

One of the simple solutions in creation of devices for 
spintronics can be use of graphene, i.e., of a heterointer-
face of the graphene/(ferromagnetic metal) type, instead 
of nonmagnetic semiconductor. Graphene is an ideal 
material for spintronics due to a small spin-orbital inter-
action as well as a vanishing nuclear magnetic moment 
of carbon atom. Recently an injection of spin polarized 

electrons and their registration in graphene at room tem-
perature have been experimentally demonstrated [10-12]. 
The spin polarization of the injected electrons has 
amounted to about 10%. An increase in the part of the 
spin polarized injected electrons (up to ~90%) has turned 
out to be possible in a hybrid (Cd, Mn)Te/GaAs structure 
[13]. Similar structural elements are used as units of de-
vices that produce flows of external electrons with the 
maximum polarization, for instance in quantum cascade 
lasers [14]. 

So the ferromagnetic heterointerface study and a com-
bination of the most attractive magnetic and semicon-
ductor materials in a hybrid structure are of a high scien-
tific and practical interest. In the present paper it is em-
phasized a substitution for ferromagnetic metal in the 
hybrid graphene/(ferromagnetic metal) system by ferro-
magnetic metal oxide, i.e., the substitution for a Al2O3/Co 
interface in the system considered above [10] by MnO. 
This choice is caused by the fact that structures based on 
transition metals oxides attract a special attention due to 
their astonishing electronic and magnetic properties. In 
particular among oxides of transition 3d-metals MnO 
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plays a special role due to a high-spin main state of 
3d5-configuration of Mn2+ ion. Moreover manganese 
oxide in antiferromagnetic ordering has an electron en-
ergy structure with an energy gap value such as Eg > 1.0 
eV [15] that is typical for magnetic semiconductors. 
Therefore MnO oxide can be an ideal model system to 
study both spin dependence and magnetic interaction of 
an electron subsystem in the graphene/ (ferromagnetic 
metal oxide (magnetic semiconductor)) ferromagnetic 
heterointerface. 

Achievements in growing of ultrathin MnO, FeO, CoO, 
and NiO layers by means of an impulse laser deposition 
method [16,17] have permitted to produce high-quality 
magnetic heterostructures such as MnO/CoO/MnO/ 
Ag(001) [18]. An exchange interaction in multilayer 
magnetic systems opens a possibility in particular for the 
spin regulation [19-21]. By the methods of low energy 
electron diffraction (LEED) and X-ray photoelectron 
diffraction (XPD) features of growth of the ultrathin 
MnO layers obtained with the impulse laser deposition 
[17] have been studied. It has shown [22] that an atom 
structure of the ultrathin 2D MnO layers essentially de-
pends on thickness of grown layer. On the basis of both 
X-ray methods of absorption spectroscopy (XAS) and 
photoelectronic one (XPS) it has shown that electron and 
crystalline properties of the 2D MnO/Ag(001) ultrathin 
film and 3D MnO crystal are different [23]. In the cohe-
sive energy range of 7 - 12 eV the electron structure of 
the ultrathin MnO layers possibly contains contributions 
of much more quantity of vacancies than in 3D MnO 
[23]. As a result experimental X-ray absorption spectra 
as well as X-ray photoelectronic ones can contain some 
amount of artefacts which detailed theoretical analysis is 
necessary. 

The electron structure and magnetic properties of the 
3D MnO crystal have been completely enough investi-
gated with band theory methods [15,24-26]. Results of 
calculations of magnetic moments at Mn atoms are in a 
good agreement with experimental data [23,27,28]. In 
one of the last papers [29] a correlation between the 
electron structure and the magnetic as well as optical 
properties of 3D MnO has been studied by means of four 
different band theory methods such as the local density 
approximation+Hubbard U (LDA+U), the pseudo- poten-
tial self-interaction correction (pseudo-SIC), the local 
spin density SIC (SIC-LSD) method and the hybrid func-
tional (combined local exchange plus Hartree-Fock ex-
change). By authors of the paper [29] it has been con-
vincingly shown that use of the different band theory 
calculation methods permits to obtain consistent estima-
tions of the magnetic moments for the high-spin 

5 2S   configuration of  ion. On the basis of 
the considered methods a difference in a magnetic mo-

ment value amounts to ~ 0.3

2Mn 

B  (without pressure). 
However use of the band theory methods [29] gives fun-
damental band gap gE  estimations which are in the 
range of 2 - 4 eV. Such a scatter of the gE  values is 
caused by capacities of the quoted band theory methods 
[29]. The crucial point is an exchange-correlation energy 
calculation that is determined by the approximation type 
(LDA+U, HSE, PBE and others) as well as a shape of 
potential. In a paper [30] we have shown that for the 
correct spin state simulation of magnetic materials a 
nonlocal exchange-correlation functional in the PBE96 
form can be successfully used. There are experimental 
and theoretical papers [31-34] devoted to investigations 
of stability, structural and oscillatory properties of epi-
taxial MnO layers on various substrates. However as far 
as we know there are no papers devoted to the theoretical 
study of both electron structure features and transport 
properties in the interface of the ultrathin graphene/ 
MnO(001) layers. 

Of particular interest is the magnetism of the 
monolayer graphene (MG). The investigation of the in-
terface between graphene and underlayer can be the key 
to this magnetism understanding. The possibility of the 
chemical interaction between graphene and metals was 
noted in MG/Me (Me = Ni, Pt) systems [35-41]. On the 
basis of ab initio calculations authors of a paper [36] 
suppose that a formation of chemical bonds between 
some of carbon atoms of graphene and a SiC(0001) sub-
strate results in localization of electron states of carbon 
in the vicinity of Fermi level. The exchange interaction 
between these localized states induces a magnetism for-
mation in the graphene layer. The magnetic moment at 
carbon atom has a small value of 0.02 - 0.11 B  [36]. 
As we know only in a paper [42] published experimental 
data on a ferromagnetism of materials based on graphene 
are presented. The hysteresis loop has been observed at 
room temperature. Authors of the paper [42] suppose that 
the ferromagnetism at room temperature is caused by 
defects of graphene. We take note that a modeling of the 
monolayer graphene structure on the metal Ni(110) sur-
face has permitted to reveal an inhomogeneity of mag-
netic properties in the interface of ultrathin MG/Ni(111) 
layers [35,37]. 

So the investigation of regularities of forming of ma-
terial properties in the magnetic ultrathin layers of the 
MG/MnO type is still far from being complete. Incom-
plete data on the nature of the interaction between gra-
phene coatings and ultrathin layers as well as the same 
incompleteness of information on the spin state features 
of valence band and at Fermi level has been the main 
motivation to their theoretical study. In our opinion hy-
pothetical materials based on ultrathin layers of ferro-
magnetic material and monolayer graphene and classi-
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fied as two-dimensional structure of the 2D MG/ 
MeO(001) (Me = 3d metal) type can be of a new trend 
for the investigation of their unique properties. In this 
connection using ab initio calculations we have studied 
the band structure formation features as well as magnetic 
and transport properties in the ferromagnetic MG/ 
MnO(001) heterointerface. 
 
2. Computational Aspects 
 
The band structure calculations of 2D MG/MnO(100) 
were performed using the self-consistent plane-wave 
pseudopotential method within the framework of density 
functional theory [43] (which implemented in Quantum 
Espresso package [44]). In the present calculations we 
used ultrasoft pseudopotentials with non-linear core cor-
rection. The following electron configurations for atoms 
were used: Mn-[Ar]3d54s2, O-[He]2s22p4, C-[He]2s22p2 
(i.e., electrons in fully closed shells treated as core states). 
All the calculations were based on the σ-GGA spin col-
linear approximation using the Perdew-Burke-Ernzherof 
(PBE) [45] expression for the exchange-correlation func-
tionals. All the calculations were carried out using the 
same unit cell dimensions. A cutoff energy of 410 eV has 
been chosen for the plane-wave expansion of electron 
states and an augmented part of the charge density has 
been expanded up to 2720 eV. In order to perform recip-
rocal space integrations we used the Monkhorst-Pack 
special point technique. We used a mesh of 5 × 5 × 1 
special points to sample the Brillouin zone (BZ). 

We have considered a manganese monoxide ultrathin 
MnO(001) layer decorated with a fragment of graphene 
(with torn bonds) that corresponds to an initial stage of 
growth of graphene film on manganese oxide. With use 
of transmission electron microscopy of high resolution 
fragments of graphene monolayers were observed [9,46]. 
Graphene structures are presented at Figure 1. Their 
analysis permits to suppose that the considered system 
such as “MnO(001) surface decorated with the graphene 
islet” shows the real situation.  

In the fragment of the ultrathin graphene/MnO(001) 
layer presented at Figures 2(a)-(c) the graphene islet is 
composed of 28 carbon atoms which form 8 carbon rings 
with a bond length of 1.42 Å. In the atom structure of the 
2D graphene/MnO(001) system a distance between the 
carbon rings plane and the surface layer of MnO(001) 
was optimized. 

It is to be noted that graphene and MnO(001) have dif-
ferent symmetries, i.e., their compound lowers a whole 
system symmetry. In the process of these systems com-
bination we centred one carbon ring at manganese atom 
(Figure 2(b)) of the interface layer. Then we are guided 
by following points: firstly graphene can be successfully  

 
(a) 

 
(b) 

Figure 1. Electron-diffraction patterns of graphene mono- 
layers (а) and bilayer structures (b), linear scale 500 nm 
[46]. 

 
synthesized on substrates with various surface crystal 
geometries; secondly a fundamental possibility to obtain 
high quality graphene sheets at gas phase without any 
substrates exists [9]; thirdly there is an ability of gra-
phene sheets to totally cover disproportional parts of 
substrate surface [47].  

It would be neutral to assume that MnO(111) surface 
is more preferable for graphene ordering. A mismatch of 
lattices between graphene and MnO(111) amounts to 4% 
that is less than in comparison with the MG/MnO(001) 
interface. 

In case of the polar MnO(111) surface several variants 
of (111) surface reconstruction are possible. It is to note 
that at temperatures lower than 350˚C and oxygen pres-
sures of  the MnO(001) layers are 
thermodynamically stable [31]. And only at temperatures 
higher than 650˚C and oxygen pressures  
a transformation of the MnO(001) surface to the polar 
MnO(111) surface is observed. For the MnO(111) sur-
face a 

7 72 10 5 10 mbar   

71 10 mbar 

  03 3 30R  reconstruction has been experi-
mentally ascertained [31].  

Possible geometries of the reconstructed polar 
MnO(111) surface have been studied with use of the 
density functional theory within the bounds of PBE and 
PBE + U approximations [48]. It is shown that in a per-  
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(a) 

 
(b) 

 
(c) 

Figure 2. Geometry of the graphene/MnO(001)AF2 slab, (a) 
cross-sectional view, (b) top view and supercell (c). 
 
mitted range of chemical potential values and for real 
partial pressures of oxygen the polar (111) surface un-
dergoes different structural transformations (i.e., recon-

struction and relaxation). Changes of electron structure, 
i.e., metallization is observed.  

The study of possibilities of graphene ordering onto 
different reconstructed polar MnO(111) surfaces is not of 
the present work objective but an inspiration to another 
certain work. 

In the present work properties of the MG/MnO(001) 
interface at room temperature are studied. At that we 
proceeded from the following reasons: firstly ultrathin 
MnO(001) layers of high structural quality have been 
obtained in several laboratories of the world [16,22,31]; 
secondly MnO(001) layers are thermodynamically stable 
at room temperature; thirdly we based on results of the 
work [47] in which it is ascertained that growing do-
mains of graphene can cover various disproportional 
surfaces. It also results from the analysis of images of 
graphene structures presented at Figure 1(a). So our con-
sideration of the MnO(001) surface decorated with the 
graphene islet reflects the real situation. 

At the construction of calculation cell we proceeded 
from assumptions considered above. Also it is to note 
that our DFT-calculations for different orderings of gra-
phene on a polar Al2O3(0001) surface have shown that 
band structure of interface does not change practically. 
So we have approached to the modeling of the gra-
phene/MnO(001) system which is considered in the pre-
sent paper. 

We have modeled the ultrathin MG/MnO(001) film by 
a slab using a supercell approach with periodic boundary 
conditions. The slab included four-six layers containing 
33 - 153 atoms in the supercell and each slab was sepa-
rated from the other by a vacuum region not less than 8 
angstrom. We did not use a dipole correction. However 
we have chosen sufficient vacuum region to prevent arti-
ficial electrostatic interaction between the repeated units. 

We estimated stability of the MG/MnO(001)AF2 sys-
tem by an average of the formation energy per atom 
which has been determined similarly to [31,32]  

   f slab Mn Mn O O C C Mn O CE E n n n n n n         

where slabE  is full band energy calculated with use of 
DFT; Mn , O  and C  are numbers of Mn, O and C 
atoms within the considered layers; 

n n n

Mn , O  and C  
are chemical potentials of manganese, oxygen and car-
bon which are equal to the cohesive energy of  -Mn 
(fcc) crystal, half energy of the oxygen dimer and energy 
of the most stable allotrope—graphite respectively. 
 
3. Results and Discussion 
 
3.1. Stability of the 2D MG/MnO(001) Interface 
 
Band calculations were preceded by the full structural 
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optimization, i.e., this system relaxation on the basis of 
the density functional theory (DFT). Equilibrium posi-
tions of atoms in the supercell as well as a bond length d0 
between manganese and carbon atoms in the interface of 
the considered system have been determined. Estima-
tions of the formation energy of the relaxed systems of 
the ultrathin 2D MG/MnO(001) and 2D MnO layers 
have been performed for both ferro- and antiferromag-
netic orderings and are presented in Table 1. 

So an analysis of the formation energy estimations Ef 
(Table 1) shows that the 2D MG/MnO(001)AF2(FM) 
and 2D MnO(001)AF2(FM) systems satisfy a stability 
condition such as Ef < 0. The calculated PBE forming 
energies of the systems mentioned above agree with an 
analogous estimation for 3D MnO AF2 [48]. This per-
mits to predict a probable synthesis of the hypothetic 
material based on both antiferromagnetic ultrathin MnO 
film and graphene monolayer that is experimentally 
proved for the ultrathin MnO(001) films on various sub-
strates [16,17,31,32,49]. 
 
3.2. Density Functional Theory Structure of 2D 

MG/MnO(001)FM 
 
Dispersion  functions for the two-dimensional 
MG/MnO(001) and MnO systems differ significantly 
from analogous functions for 3D MnO that is illustrated 
at Figures 3 and 4. Let us analyze main features of the 
valence band of the 2D MG/MnO(001) system in com-
parison with the 2D MG and 2D MnO systems. One of 
the features is a near-linear character of dispersion 

 curves in the Г- X direction (Figure 3(d)). Such a 
behavior of the dispersion curves in the Г- X direction is 
observed for 2D MG (Figure 3(b)) and 2D MnO (Figure 
3(с)) considered here as well. The first derivative 

 E k

 E k

dE dk  for the Г-X direction is rather small. Within the 
framework of the free electron approximation with an 
estimation of  1dE dk n E  [50] a high density of 
electron states along the Г-X direction is ascertained. 
Our calculations of a local partial density of electrons in 
the MG/MnO(001) system prove this assumption. As we 
suppose these data are important for understanding of 
both nature and features of electron transport in the fer-  
 
Table 1. The calculated values (PBE) of the formation en-
ergy Ef (eV/atom) of the ultrathin MG/MnO(001) and 2D 
MnO layers for the FM and AF2 orderings as well as of 3D 
MnO AF2. All values are given in eV/atom. 

Phase Formation energy Ef 
G/MnO(001)FM –1.69 

MG/MnO(001)AF2 –2.03 
2D MnO FM –2.24 
2D MnO AF2 –2.75 
3D MnO AF2 –2.630 [48] 

romagnetic heterointerface. 
The valence band (VB) top of the MG/MnO(001) sys-

tem is localized at the Х point for 2D Brillouin zone 
(Figure 2(a)) and formed by 2p-orbitals of carbon. Our 
energy gap calculations of MG/MnO(001) evaluate 

gE  1 eV in the indirect transition direction between the 
X and Г points. Let us note that the gE  values for 2D 
MnO amount to about 2.5 eV for the direct transition at 
the Г point (Figure 2(c)). The band structure of 3D MnO 
(Figure 3) corresponds to Hubbard semiconductor. Filled 
electron states of VB top in the vicinity of the Г point of 
the MG/MnO(001) system are formed by 2p-orbitals of 
carbon and oxygen. 

The comparison of the considered band structures 
permits to come to the conclusion about an appearance of 
C2p-Mn3d hybridization of free and filled electron states 
in the MG/MnO(001) system. This hybridization results 
in an orbital energy lowering of free C2p-orbitals of 
graphene more than by 2 eV that leads to their mixture 
with valence Mn3d-orbitals. As calculations of partial 
DOS have shown at Fermi level contributions of Mn3d- 
electron states predominate ( 75%) over other 
ones such as contributions of 2p-states of oxygen. Con-
tributions of filled C2p-states at Fermi level turn out to 
be less than contributions of oxygen by two orders 
amounting to a small value of 0.008 states/eVatom 
which is comparable with known estimations [1]. The 
total density of states at Fermi level has amounted to a 
value of 2.02 states/eVf.u. One of the most important 
features of this system electron spectrum is the energy 
position of five bands which intersect Fermi level (

 FN E 

FE ) 
and essentially contribute to the total density of states at 
Fermi level. The last does cause the metallic type of con-
ductivity of the ultrathin 2D MG/MnO(001)FM layer 
analogously to the MnO and 3D MnO systems in the 
ferromagnetic ordering and that corresponds to known 
data for 3D MnO [15]. 

For a better understanding of Fermi surface (FS) 
forming regularities of the 2D MG/MnO(001)FM system 
in our opinion it is worthwhile to consider its transfor-
mation sequence in a row such as 3D MnO→2D MnO→ 
2D MG/MnO(001). As our calculations have shown in 
the 3D MnO crystal Fermi surface (Figure 5(a)) is 
formed by sheets of three energy bands which intersect 
Fermi level. The fourth energy band is the widest. The 
sheet of Fermi surface formed by the 4th band consists of 
12 electron pockets in the vicinities of the К points and is 
the multiply-connected unclosed surface (which shape is 
reminiscent of Maltese cross) where occupied states fill 
the k-spaces separated with yellow walls, i.e., in the Г-Х 
directions. Two other surfaces are formed by two similar 
energy bands of equal width which ones intersect Fermi 
level nearby the Г point. These surfaces are closed and  
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Figure 3. Brillouin zone (a) and dispersion energy functions E(k) for MG (b), 2D MnO FM (c) and 2D MG/MnO(001)FM (d). 
The dispersion curves (c,d) were shown with spin-down direction. 
 

    
(a)                                            (b) 

Figure 4. Brillouin zone (a) and band structure (b) of 3D MnO FM crystal. 
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(a)                                 (b)                                  (c) 

Figure 5. Fermi surface for bulk MnO (a), ultrathin 2D MnO(001) (b) and 2D MG/MnO(001) (c) layers. 
 
filled with electrons which occupied states are localized 
in the vicinity of the Г point. Fermi surface is closed and 
electronic. 

Fermi surface of the ultrathin 2D MnO FM layer 
(Figure 5(b)) is formed by four energy bands which in-
tersect Fermi level. The fifth energy band is tangent to 
Fermi level only and therefore its sheet of Fermi surface 
is represented as four points which are symmetrically 
situated in the plane around the Г point. The first three 
sheets of Fermi surface are multiply-connected surfaces 
which embrace regions of occupied states. As one can 
see at Figure 5(b) the occupied electron states are mostly 
localized around the Г point. 

It is to note that a topology of Fermi surface in the ul-
trathin MG/MnO(001)FM layers differs from one in the 
ultrathin MnO(001) layers. Fermi surface of the MG 
/MnO(001)FM interface is formed by two energy bands 
which intersect Fermi level and correspond to electron 
states with “spin down”. This Fermi surface is a complex 
multiconnected one and consists of two nonoverlapping 
sheets (Figure 5(c)). 

As far as we know there are no published descriptions 
of Fermi surfaces either for the 3D MnO crystal or for 
the ultrathin 2D MnO layer. The qualitative description 
of the Fermi surface topology in the ultrathin MG/ 
MnO(001) and MnO(001) layers presented above will be 
supplemented below with a description of transport 
properties of charge carriers in them. In particular at Ta-
ble 2 it is shown how features of Fermi surface presented 
at Figure 5 affect values of effective masses of charge 
carriers. That explains a dependence of transport proper-
ties on direction in the considered system. One can 
clearly see that at Figure 3 regarding an asymmetry of 
dispersion curves in the Г-Х and Г-М directions for the 
2D MnO(001) and 2D MG/MnO(001) systems. 
 
3.3. Density Functional Theory Structure of 2D 

MG/MnO(001)AF2 
 
The band structure of the MG/MnO(001)AF2 hetero-  

Table 2. The values of relative effective masses of electrons 
and holes in 2D MG/MnO (001), 2D MnO(001) and 3D 
MnO for both magnetic orderings and different directions 
in Brillouin zone. 

Effective mass Effective masses 
tensor components AF2 ordering FM ordering 

2D MG/MnO (001) *

em  0.15 (Г - X) 
0.19 (X - M) 

0.17 (Г - X) 
0.23 (X - M) 

*

hm  
0.76 (X - M) 
1.27 (Г - X) 

0.32 (Г - X) 
0.38 (X - M) 

2D MnO (001) *

em  
0.54 (Г - X) 0.47 (Г - Х) 

*

hm  0.95 (Г - X) 0.38 (Г - M) 

3D MnO 
*

em  0.38 (Г - X) 
0.35 (Г - X) 
0.39 (L - Г) 

*

hm  0.95 (Г - X) 1.59 (L - Г) 

 
interface is shown at Figures 6(a)-(d) in comparison 
with the band structure of both ultrathin MnO(001) layer 
and graphene for unique points of the first Brillouin zone, 
i.e., BZ and the chosen path. To achieve the best visuali-
zation of the comparison we have calculated the  E k  
functions for graphene (28 atoms) at the same BZ points. 
At Figures 6(c,d) one can conclude that the energy band 
structure of 2D MG/MnO(001)AF2 is far more compli-
cated than of 2D MnO(001). The band structure of the 
heterointerface (Figure 6(d)) can not be obtained by a 
simple superposition of carbon π-orbitals on the band 
structure of 2D MnO(001). This difference marked espe-
cially at the interface is in our opinion caused by an in-
teraction of graphene  -band states with surface man-
ganese d-states mostly. 

For 2D MnO(001) it is obvious that the conduction 
band bottom is at the Г point and formed by antibonding 
manganese s-states. As the characteristic feature of the 
valence band top of 2D MnO(001) is the presence of a  
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Figure 6. Brillouin zone (a) and dispersion energy E(k) functions for MG (b), 2D MnO AF2 (c) and 2D MG/MnO(001)AF2 
(d). 

 
large amount of local maxima in the Г-Х direction. The 
valence band top is occupied mostly with the surface 
manganese d-states which are splitted near Fermi level. 
According to our calculations the ultrathin MnO(001) 
layer is a direct band semiconductor because the absolute 
minimum of the conduction band as well as maximum of 
the valence band are realized at the Г point. The calcu-
lated energy gap values for 2D MnO(001), i.e., d

gE  = 
0.6 eV. 

Let us note that an interaction between graphene and 
substrate is observed for the equilibrium 2D MG/ 
MnO(001)AF2 system. The bond length between gra- 
phene carbon atoms and manganese ones in the substrate 
(001) plane, i.e.,  = 2.525 Å. This estima- 
tion is near to an experimental value such as 

0 Mn Cd  
 0 Pt Cd   

= 2.45 Å for the MG/Pt(111) system [51]. The interac-
tion between graphene and substrate is possible due to a 
hybridization of graphene -band states with surface 
bonding d-states of Mn in the M-Г and M-X directions of 
the wave vector that results in a formation of interface 
states at Fermi level. The above mentioned interaction 
reduces to a nonrigid shift of occupied electron states 
forming the valence band top of 2D MG/MnO(001)AF2 
by 0.25 eV relative to Fermi level 



FE . 
As our calculations have shown the energy structure at 

Fermi level is formed by the electron Mn - and 
-orbitals of the interface MnO(001) layer as well 

as by -orbitals of graphene carbon. The density of 
electron states at Fermi level has amounted to a value of 
about 

3d
2O p

2 p

  0.443F N E states/eV·form.unit. However con- 

Copyright © 2011 SciRes.                                                                                 JMP 



 
1128 V. ILYASOV  ET  AL. 

tributions of the manganese -orbitals to energy bands 
of the valence band top are determinative. According to 
our calculations one observes also a hybridization of 
graphene -bands with antibonding manganese s-states 
in the conduction band in the Г-X and Г-M directions 
that reduces to a formation of hybridized bands in the 
energy range of 0.5-1.5 eV and is accompanied with the 
shift of -bands of graphene by a value of  ~ 0.5 
eV relative to Fermi level. 

3d



 E

It is noteworthy that the dispersion  curves for 
the two-dimensional MG/MnO(001) and MnO(001) sys- 
tems (Figures 6(c,d)) differ significantly from 

E k

 E k  
for the 3D MnO crystal (Figure 7(b)). 

In particular according to our calculations the dimen- 
sion lowering of the considered systems is characterized 
by the partial degeneration of the  energy as well 
as removal of the 2

 E k

gt and ge  sublevels splitting (due to 
an octahedral crystal field). For the 3D MnO AF2 crystal 
it is typical that the dispersion  curves forming 
the valence band are in the energy range of –(8.0 - 0.5) 
eV and splitted into four bands in accordance with 
known theoretical and experimental results [15,23,24].  

 E k

 
3.4. Transport and Magnetism in the  

Ferromagnetic MG/MnO(001)  
Heterointerface 

 
It is known [52,53] that at room temperature and at the 
metal/dielectric border for barriers in the range of 1.5 - 
4.0 eV the charge carriers injection into the dielectric 
comes to be in accordance with the tunnel mechanism of 
Fowler-Nordheim (FN) [52]. As well as it is known that 
in the Si/Al2O3 and Si/ZrO2 heterostructures the barrier 
value amounts to 2.0 eV [54]. Silicon and carbon have 
the isoelectron structure. As graphene is characterized by 
the metallic conductivity then owing to fact that silicon 
and carbon atoms are isoelectronic it is possible to state 
that the barrier for MG/MnO(001) can amount to a value 
of the same order as in Si/ZrO2 [54]. In this case the 
charge transfer through the MG/MnO(001) barrier can be 
carried out according to the FN mechanism and a value 
of the tunnel injective current exponentially depends on a 
value of the effective masses of electrons and holes in 
the studied 2D structure. 

The tensor components of the effective masses of 
electrons and holes have been determined as in [53,55] 
using the relation 

 
2

* 2
i jij

E

k km k




 
1 1


 

where - effective mass of carrier, -wave vector, 
and -Plank constant. In Table 2 we show the calcu- 
lated values of the effective masses for electrons and 

*m k


 
       (a) 

 
(b) 

Figure 7. Brillouin zone (a) and band structure (b) of the 
3D MnO AF2 crystal. 
 
holes in the interface of the ultrathin MG/MnO(001) and 
MnO(001) layers for the ferromagnetic and antiferro- 
magnetic orderings. These values are compared with 
estimations of the effective masses for 3D MnO obtained 
in the same approximation. It is to be noted that effective 
masses of carriers were determined using the dispersion 
 E k  curves, i.e., by their extremums parabolic ap- 

proximation nearby Fermi level. Hereupon an estimation 
of the *

0m m  value has turned out to be possible only 
for that directions in Brillouin zone where the  E k  
functions had the extremums nearby Fermi level FE . 

According to band calculations the effective masses of 
electrons for various directions in Brillouin zone of the 
considered systems are in the range of (0.15 - 0.54) 0  
and are typical for dielectrics such as Al2O3, SiO2, Si3N4 
and HfO2 [56-58]. The calculated values of the effective 
masses of electrons in the 3D MnO crystal are equal for 
different directions (Table 2) and are near to experiment- 

m
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tal data, e.g., ~ 0.39 0  for 3D ZnS [59]. In the ul- 
trathin MnO(001) layer the effective masses of electrons 
at the Г point in the Г-X direction amount to a value of 
about 0.50 0 . In the MG/MnO(001) heterostructure the 
effective masses of electrons in the Г-X direction are 
more than two times less than in the 3D MnO crystal. 

*
em m

m

It is notable that local geometry anomalies of Fermi 
surface (Figure 5) qualitatively correlate with the dif- 
ference between values of effective masses of charge 
carriers (Table 2). As a result an anisotropy of the trans- 
port properties appears in the considered systems. 

The tensor components of the effective masses of 
holes in the two-dimensional MG/MnO(001) and 
MnO(001) systems as well as in the 3D MnO crystal are 
in the range of (0.38 - 1.59) 0 . The mobility estima-
tion of electrons and holes 

m

E  can be performed simi-
larly to the work [60] 

*
E  e m   

where  -relaxation time in the system ( 132.5 10 s   ) 
[60]. The calculations have shown that the mobilities of 
electrons and holes amount to 4 287.9 10 cm V ce     
and 4 210.4 10  cm V ch  respectively. Hence one 
can draw a conclusion that in the present system the mo-
bility of carriers, specifically holes, is almost by 10 times 
higher than of two-dimensional holes in Ge-layers of the 
Ge-Ge1-xSix heterostructure (



4 21 10 cm V ch  [60]). 
The mobility of electrons in 2D MG/MnO(001)AF2 
amounts to 

   

4 287.9 cm V c  10e  and is also the 
higher-order one than the mobility of two-dimensional 
electrons in the GaAs/AlGaAs heterostructures ( e   

4 27.5 10 mc V c  [60]) for concentrations such as 

  11 20.8 1.5 10 cmn    . 
So in the two-dimensional MG/MnO(001) and MnO 

(001) systems one observes different transport properties 
of carriers in a layer of nanometer thickness. In the fer-
romagnetic MG/MnO(001) heterointerface transport 
properties of carriers (electrons and holes) have turned 
out to be of the higher-order than in known heterostruc-
tures [60,61].  

For the studied systems an integration of electron par-
tial density ρ(r) for both spin projections has permitted to 
obtain comparable data on partial charges of valence 
electrons at atoms, specifically for 2D MG/MnO(001) 
and 3D MnO (Table 3), as well as to determine an inte-
gral spin magnetic moment (ММ) at every atom (Table 
4). Estimations of Qeff values based on the atomic effec-
tive charge concept [62,63] have been performed (Table 
4). An analysis of the estimations permits to calculate a 
charge transfer to the Mn–O bond that amounts to ~0.50е. 
It is possible to suppose that an additional charge transfer 
from manganese atoms to atom of carbon exists and 
amounts to ~0.04 е.  

The calculations have shown that in the 2D MG/ 
MnO(001)FM system along with the magnetic moment 
at the Mn+2 ion (4.42 μB) there are spin magnetic mo-
ments at atoms of carbon (–0.10 µB) and oxygen (0.19 
μB). An occurrence of magnetic moments at carbon at-
oms (0.74 μB) has been previously observed in BeO:C 
[65], in ZnO:C films [66] and in purely-carbon nanosys-
tems [67]. 

The nature of formation of magnetic properties of 
carbon in the BeO:C system authors of the work [65] 
link to a mutual arrangement of the matrix valence 

 
Table 3. The partial and spin distribution of valence electrons at atoms for the 2D MG/MnO(001)FM and 3D MnO FM sys-
tems. 

2D MG/MnO(001) 3D MnO 

Mn O C Mn O  

n↑ n↓ n↑ n↓ n↑ n↓ n↑ n↓ n↑ n↓ 

s 0.11 0.07 0.09 0.04 0.17 0.20 0.16 0.10 0.08 0.02 

p 0.21 0.15 2.62 2.69 1.16 1.24 0.25 0.21 2.53 2.35 

d 4.79 0.17 - - - - 4.84 0.30 - - 

  5.11 0.39 2.71 2.73 1.33 1.44 5.25 0.61 2.61 2.37 

 

Table 4. The total magnetization (M), total energy-per-cell (Ry/cell), effective charges Qeff (е) and magnetic moments (MM, μB) 
at atoms in MnO and MG /MnO in the case of ferromagnetic ordering. 

Mn O C 
System M, μB/cell Total energy, Ry/cell 

Qeff ММ Qeff ММ Qeff ММ 
3D MnO 20.00 –1446.1 0.65 4.72 

4.89*[64] 
4.58*[25] 
4.79*[28] 

–0.63 0.27 - - 

2D MnO - –1443.6 0.59 4.53 –0.51 0.09 - - 

2D MG /MnO 29.72 –1513.2 0.54 4.42 –0.50 0.19 –0.10 –0.10 

* - experiment. 
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O2p-band and 2p-band of the doping carbon atom in the 
energy spectrum of BeO:C that results in a spontaneous 
spin-polarization of C (2p↑ – 2p↓)-states. The analysis of 
the partial DOS for atoms of Mn, O and C of the 2D 
MG/MnO(001) system in the FM ordering (Figure 8) 
reveals a dominant role of the spontaneous spin polariza-
tion of Mn 3d and 2p-orbitals of atoms of oxygen and 
carbon. 

It should be noted that according to our calculations 
the local density of electron states of atoms in monolay-
ers in the (001) direction of the 2D MG/MnO system is 
not homogenous. This can cause a difference in magnetic 
states of atoms of manganese and oxygen in the layers. 
In the antiferromagnetic ordering the two-dimensional 
MG/MnO(001) system does not have a total magnetic 
moment. It is confirmed by the total density of electron 
states that is presented in Figure 9. It has been found that 
every atom of Mn in 2D MG/MnO(001) has its own 
magnetic moment by the value of 4.52 µB with the oppo-
site spin orientation in the parallel (111) planes and the 
main contribution into the magnetic moment is due to the 
Mn 3d-orbitals. The magnetic moment value is near to an 
analogous estimation for the manganese atom (4.4 µB) in 
thin layers of (Zn, Mn)O [68] and has turned out to be 
insignificantly lower than our estimation for the 3D MnO 
AF2 crystal (4.54 µB). 

The results obtained in the present paper are in a sat-
isfactory correspondence to an experiment [27,28]. The 
decrease nature of the magnetic moment at manganese 
atom in comparison with the MnO dimer (5.0 µB) one 
links to the hybridization between O2p4- and Mn3d5- 
states [68]. The calculations performed in this paper have 
shown that in the 2D MG/MnO(001) system along with 
the magnetic moment of the Mn+2 ion the small magnetic 
spin moments for atoms of oxygen (0.04 µB) as well as 
carbon (0.05µB) are revealed. The formation of the small 
magnetic moments was earlier observed at oxygen atom 
in thin films of (Zn,Mn)O (0.14 µB) [68] as well as in the 
nonmagnetic SrTiO2.875N0.125 perovskite (0.04 μB) [69] 
and at carbon atom in the TcCNi3 antiperovskite (0.026 
μB) [70] as well as in the graphene MG/SiC(0001) buffer 
layer (0.02 µB) [36].  

The analysis of the partial DOS for atoms of Mn, O 
and C (Figure 10) in the two-dimensional MG/MnO(001) 
system has shown that the spontaneous spin polarization 
of the manganese 3d- and oxygen 2p-orbitals with an 
admixture of the carbon 2p-ones plays the dominant role 
in the formation of the magnetic moments at atoms. 

Our estimations of the magnetic moment value at car-
bon atoms have shown that the total magnetic moment of 
graphene islet formed by 28 atoms amounts to 0.28 µB. 
The analysis shows that the little magnetic moment at 
carbon atom amounts to: ~ 0 µB (14%); 0.01 μВ (58%); 

 

Figure 8. Total (black) and partial DOS for atoms of Mn 
(red) and O (blue) in the 2D MG/MnO(001)FM system. 
Total DOS per 2 × 2 × 1supercell and partial DOS for single 
atoms of Mn and O are shown, multiplied by 10. 
 

 

Figure 9. Total DOS for the 2D MG/MnO AF2 system per 
supercell is shown. 
 
0.02 μВ (21%) and 0.03 μВ (7%). The distribution of the 
magnetic moments at carbon atoms is presented in Fig-
ure 11. It is known that the so-called “flickering” mag-
netism in graphene may be caused by topological defects, 
adsorbed substances, doping atoms, “zigzag” edge [62,64] 
or induced by the substrate [36]. Due to the band struc-
ture analysis of the graphene/MnO(001) system above 
we have drawn a conclusion of the formation of the 
C2p-Mn3d-hybridization of free and filled states. As a 
result of the pd-hybridization the orbital energy of free 
electron 2p-states of carbon in graphene lowers that re-
duces to these states admixture to valence 3d-states of 
manganese in the ultrathin MnO(001) layer and to the 
topology change of Fermi surface. This circumstance 
may be responsible for the “flickering” magnetism for- 
mation in graphene of the 2D graphene/MnO(001) sys- 
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Figure 10. Partial DOS for single atoms of Mn, O and C. 
 

 

Figure 11. Value distribution map of magnetic moments at 
carbon atoms (1,2,3) in graphene monolayer. 
 
tem. Noteworthy that in graphene the magnetism re-
vealed in the present paper is induced by the MnO(001) 
substrate as the pd-hybridization result. 

Several carbon atoms at the margin (“zigzag” type) of 
the graphene islet turn out to be nonmagnetic (or almost 
nonmagnetic with magnetic moment less than 0.005 μВ) 
and within the bounds of authors’ concept [36] one can 
suppose that these atoms have a sp3-configuration as well 
as take part in a formation of bond with the substrate. 
This interpretation corresponds to authors’ assumption of 
the paper [51] that only the carbon atoms at the margin 
of the graphene islet can form chemical bonds with the 
substrate. It is to be noted that in the optimized atom 
graphene/MnO(001) structure bond lengths such as 
Mn-C and С-O amount to Mn-C  = 2.591 Å and C-O  
= 2.580 Å respectively that is not typical for the 
sp3-hybridization. 

d d

On the total electron density mapping (Figure 12) one 
can see some features of interatomic С-С-interactions 
within the bounds of the both islet model and Mn3d- 
C2p-interaction presence in the system interface. We 
should note the electron density localization along the 
С-С lines which one is typical for a sp2-configuration as 
well as caused by the interaction between carbon atoms 
with a bond length of 1.42 Å. 
 
4. Conclusions 
 
Using the spin-polarized full-potential method of pseu-
dopotential within the framework of the density func-
tional theory (DFT) for the 2D MG/MnO(001) and 2D 
MnO(001) systems  in the antiferromagnetic and ferro-
magnetic orderings the band structure has been investi-
gated and both phase stability forecast and analysis of 
electron and magnetic properties as well as chemical 
bond nature have been performed. 

The determined anisotropic character of the electron 
structure in the dimensional quantization direction of the 
ultrathin 2D MG/MnO(001) AF2 layer can cause the 
difference in magnetic states of atoms of Mn and O. In 

 

 

Figure 12. Total electron density mapping for the two-di-
mensional graphene/MnO(001) system in the (001) section. 
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the present system for the first time the magnetic mo-
ment estimations at Mn+2 ion have been theoretically 
performed. The spontaneous spin polarization effect of 
Mn 3d and 2p-bands of atoms of oxygen and carbon in 
the 2D MG/MnO(001) system has been revealed which 
one in our opinion plays the dominant role in the mag-
netic moments formation of atoms of Mn and O. Elec-
tron energy structure features of bands in the vicinity of 
Fermi level determine the graphene layer magnetism in 
the two-dimensional MG/MnO(001) AF2 system. Our ab 
initio estimations of magnetic moments of carbon atoms 
have shown that: firstly for the graphene sheet which 
consists of 28 carbon atoms the total magnetic moment 
(algebraic sum) amounts to 0.02µB per supercell; sec-
ondly the magnetic moments directions of two equivalent 
carbon sublattices such as A and B are opposite [1,8]; 
thirdly some carbon atoms at the margin (of the consid-
ered fragment of the graphene sheet) are nonmagnetic 
because they take part in a chemisorptive bond formation 
with the substrate. The chemical bond formation between 
graphene and the substrate can result in a replacement of 
the electron 2sp -configuration by the 3sp -type for 
some carbon atoms. As an indirect proof of the men-
tioned bond can be: firstly an additional D’ (Figure 9) 
band formation with a width of 1.7 eV that in compari-
son with 2D MnO one can consider as a sp-hybridization 
result caused by both - and 2C p Mn4s -orbitals (Fig-
ure 10) mixing; secondly the strong covalent sp-bond 
existence for electrons of carbon atoms and manganese 
ones is revealed by their local partial density of electron 
states. This interpretation correlates with known physical 
notions. 

For the first time it has been shown that Fermi surface 
topologies in the 2D MG/MnO(001)FM heterostructure 
and ultrathin MnO(001)FM layers as well as in the 3D 
MnO FM crystal are different that determines the differ-
ence of transport properties of these systems carriers. 

The effective masses and the mobility of charge carri-
ers in the two-dimensional MG/MnO(001) and MnO(001) 
structures have been theoretically calculated for the first 
time as well. The effective masses of both electrons and 
holes for different directions in BZ are in the ranges of 
(0.15 - 0.54) 0  and (0.38 - 1.27) 0  respectively. In 
the MG/MnO(001)AF2 heterostructure the mobility of 
electrons (

m m

4 287.9 10 cm V c  ) is 10 times higher than 
the mobility of two-dimensional electrons of the GaAs/ 

AlGaAs heterostructure [60]. The holes mobility 
4 2(10.4 10 cm V c)   has turned out to be the higher- 

order one than the mobility of two-dimensional holes in 
the Ge-layers of the Ge-Ge1-xSix heterostructure [60]. The 
essential anisotropy of electron and hole masses in 
two-dimensional structures such as MG/MnO(001) and 
MnO(001) shall determine the carriers transport proper-

ties in the layer of nanometer thickness. 
Thus on the basis of the formation energy fE  calcu-

lations of the ferromagnetic MG/MnO(001) heterointer-
face the successful synthesis possibility of new materials 
of this type has been shown. The recent experiments 
[17,22] have demonstrated possibilities to obtain epi-
taxial ultrathin layers of manganese monoxide as well as 
graphene sheets on surface with different crystal geome-
tries. Therefore the obtained data on the transport prop-
erties as well as the magnetism nature in the ferromag-
netic graphene/MnO(001) heterointerface can be consid-
ered as the possible base for implementations in devices 
of spintronics. 
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