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Ab initio calculations of the vacancy formation energy and magnetic moments formed in de-
fective graphene supercells have been carried out. It was found that Si-doped or Si-adsorbed grap-
hene supercells consisting of 32, 50 and 64 carbon atoms with vacancies exhibit ferromagnetic spin
ordering. Approximations are given for the density of states (DOS) of Si-doped graphene consisting
of 64 atoms with a vacancy. The DOS of supercells and local magnetic moments formed in the vici-
nity of vacancy carbon atoms are calculated. The calculated energy characteristics and magnetic
moments of Si containing defect graphene supercells comply with the literature data.
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Introduction

Graphene has significant electronic, ther-
mal and mechanical properties that make it att-
ractive for technical applications [1]. Graphene
is like a two-dimensional (2D) crystalline mate-
rial and it has an electronic structure with an al-
most zero band gap. The physical properties of
graphene can be controlled by adsorption,
which are the processes of adding impurities to
the intrinsic atoms of the graphene lattice. For
instance, Si-doped graphene, called siligraphe-
ne, exhibits high optical properties and high
thermal stability [2,3].

It turned out that the introduction of vari-
ous defects into the graphene structure increa-
ses the stability of the graphene sheet, which is
confirmed by calculations of the properties and
energy of lattice formation. It is shown that the
replacement of single, di, and three carbon at-
oms on the surface of a 2D graphene sheet with
gold strongly affect the electronic properties of
graphene. The tendency of a decreduction in
the energy of formation of a graphene lattice in
the number of defects leads to an increase in the
stability of graphene. [4].

However, despite the properties mentio-
ned above, graphene lacks a band gap, which is
typical for semiconductor materials. In additi-
on, graphene has a nonmagnetic nature, which
limits its practical application [5,6]. These met-

hods include the mutual interaction between
graphene layer and its substrate, doping with
surface adatoms, substitutional doping, vacancy
creation, and edges and strain manipulation.

There are published datason the study of
the adsorption of various adatoms on pure grap-
hene, for example, [7,8]. In [9], the electronic
properties were determined and vacancies in
graphite were studied from first principles cal-
culations. The structure of the ground state of
graphite is associated with a formation energy
of 7.4 eV and arises as a result of a combination
of symmetric relaxation and distortion of dege-
nerate structures associated with symmetry.
The formation, behavior, and healing of defects
are usually determined by the energy characte-
ristics of atomic-scale structural changes. Revi-
ew article [10] is devoted to atomic-scale reac-
tions during thermally activated and radiation-
induced processes in graphene. The energies of
formation of vacancies, adatoms, and topologi-
cal defects in graphene are discussed. For the
energy of formation, in particular, of vacancies,
values are given from 7.35 to 8.58 eV.

The silicon-based microelectronics are
developed diverse methods for determining the
characteristics and behavior control of doping
and defects. Taking into account these methods,
modern computational methods, for example,
density functional theory (DFT) calculations al-
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so make it possible to modify the properties of
graphene [11-13]. Effective methods of materi-
al surface treatment in microelectronics include
implantation, millisecond annealing, photosti-
mulation, and surface engineering. However,
such methods for processing and controlling
defect for micro- and nanoelectronics applicati-
ons that are not based on other materials, in
particular on graphene, have not been develo-
ped.

In particular, surface treatment technology
can be extended to graphene, opening up new
possibilities for doping and defect control. To in-
vestigate these effects, we had chosen as doping
element and / or adsorbate silicon, controlling
the surface of graphene. In other words, doped
(or adsorbed) Si was used to control and modifi-
cation surface state of the graphene. Computa-
tional studies of the behavior of vacancies and
adsorbed Si in graphene make it possible to de-
termine their effects on surface electronic states.
And this, in turn, opens up the possibilities of
using the material. The state of the surface, in
particular, can significantly affects the behavior
of defects and properties, which influences the
self-diffusion profiles in the electronic material.

In this research, we present ab initio DFT
calculations of the electronic distortions of 2D
graphene when creating a carbon vacancy. The
results of calculations of the properties of grap-
hene also doped or adsorbed by Si atoms are
considered; the results of calculations of the
energy of formation are also presented. These
investigations are performed by DFT based on
the first principle calculations using local spin
density approximation (LSDA) method by em-
ploying the ATK program package.

Computational methods

The electronic and magnetic properties of
Si doped graphene supercells with a monova-
cancy were studied theoretically. The graphene
properties were calculated using the DFT met-
hod implemented using the Atomistix ToolKit.
In addition, the band structure and density of
states were investigated for the graphene super-
cell model. The energies of formation of vario-
us graphene supercells containing 32, 50 and 64

carbon atoms had been calculated. The magne-
tic properties of Si-adsorbed graphene on the
surface were also researched.

First-principles calculations of graphene
properties were carried out on the based on the
spin-polarized density functional theory. The
local spin density approximation in the Per-
dew—Burke—Ernzerhof (PBE) parameterization
was employed for the exchange—correlation
functional. The kinetic cut-off energy was 150
Ry. The primitive cell of Graphene was relaxed
and optimized with force and stress tolerances
of 0.01eV/A and 0.01eV/A®, respectively. A 2 x
2 X 2 k point was used for geometry optimizati-

on and total energy calculations.

Results and discussion

Point defects, that is, atomic vacancies
that arise when a carbon atom is removed from
a graphene cell, are a simple type of defects.
The formation of a vacancy is accompanied by
a partial change in the properties of the samp-
les. In particular, the formation of a monova-
cancy in graphene is justified by the rearrange-
ment of the nearest C-C bonds and the formati-
on of nonagon and pentagons. Double vacanci-
es (created by merging two monovacancies or
removing two adjacent carbon atoms) unlike
polygons. The vacancy formation energy (the
energy required to remove a carbon atom from
the cell) is high (E;> 7 eV, [13]), which leads

to the formation of topological defects. Consi-
dering the above, we will consider the properti-
es of graphene with the participation of a mo-
novacancy.

Electronic structure and magnetic pro-
perties

The total magnetic moments were investi-
gated for Si doped and adsorbed on different
graphene supercells with a carbon vacancy (ta-
ble 1). The values of the magnetic moment was
derived from Mulliken population analysis [13]
for graphene consisting of 32, 50 and 64 carbon
atoms. In addition, values of the magnetic mo-
ments was calculated for Si adsorbed graphene
consisting of 32, 50 carbon atoms with va-
cancy.



14 THE REPORTS OF NATIONAL ACADEMY OF SCIENCES OF AZERBAIJAN, 2021, VOLUME LXXVII, Ne1-2

The different values of magnetic moment
doped (or adsorbed) graphene depend on the
graphene structure with vacancy. The graphene
has a two-dimensional hexagonal crystal lattice
with two identical atoms (denoted by the letters
A and B) in the unit cell. Then the atomic struc-
ture of graphene can be represented as com-
posed of two equivalents triangular sublattices
of atoms A and B. The distance between the
nearest graphene atoms is 0.14 nm, the lattice
constant is d = 0.25 nm (Fig. 1). Upon doping
or adsorption, these structural parameters in
graphene with a vacancy change. According
formed local magnetic moments near graphene
vacancies also change.

armchair
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Fig. 1. Straight crystal lattice of graphene

In Fg. 1 a and b denote the translation
vec—tors of the graphene crystal lattice a=d (1, 0),
b=d (1/2, ¥ 3/2). If we take into account the
projective band structure of graphene, it turns
out that the size of the 1D Brillouin zone does
not coincide with the size of the projection of
the “bulk” 2D Brillouin zone onto the boun-
dary. The nearest-neighbor approximation is in-
sufficient for a satisfactory description of edge
states (ES) in graphene. Fig. 1 shows two types
of edge: 1) a zigzag and 2) an armchair. Thus,
the edge states in graphene leads to new physi-
cal effects. In particular, within the framework
of the tight-binding model taking into account
the spin-orbit interaction, the obtained spectrum
for a graphene band with a zigzag edge differs
from a band with an armchair edge. In other
words, the ES in the structure leads to the fact
that the spin-polarized ES at the edge of graphe-
ne (zigzag or armchair) apart from each other.

Increasing magnetic moment in graphene
containing vacancy depends on rise lateral side
of the supercell. According to calculation in the
vacancy case Si doped 8x4 supercell of graphe-
ne acquires the highest value of magnetic mo-
ment.

Table 1

The value of magnetic moment for in Si atom doped and adsorbed on graphene supercells with vacancy

Graphene with monovacancy total magnetic magnetic moments around monovacancy
moments
Si doped 4x4 graphene 0.932 Us 0.343 Us (Cll) va 0.343 Us (Czo)
Si doped 5x5 graphene 1.011pg 0.489 ug (C2)vo 0.489 pg (Cas)
Si doped 8x4 graphene 4171 up 0.497ug (Cs), 0.515ug (C23), 0.497up
(C31), 0.497},“3 (C47)

Si adsorbed on 4x4 graphene 1.998 ug 0.818 pg (Ci9) Vo 0.629 g (Sisr)
Si adsorbed on 5x5 graphene -0.997 ug 0.807 ug (Ca7)
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Fig. 2. Atomic structure of Si doped a) 32, b) 50, ¢) 64 and Si adsorption on d) 32 and
e) 50-atoms graphene cell with vacancy

Comparison results of our calculations of M (uB) silicon containing graphene supercells
(Table 1) with a monovacancy, and published data [13] showed that the values of the total magnetic
moments are in agreement with each other. It was found that Si-doped (or adsorbed) graphene
supercells with vacancies exhibit ferromagnetic spin ordering. In Fig. 2 indicates schematic of the
atomic structure for Si doping and adsorption graphene structure with a single carbon vacancy. Fig. 3
illustrates the DOS for spin up and spin down s-, p-, d-electrons of the dopant Si in the 64 atoms
supercell with vacancy. The results of calculations of the density of states (DOS) of Si-doped gra-
phene with a vacancy and local magnetic moments formed in the vicinity of vacancy carbon atoms
agree with the literature data, in particular, with data [13].
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Fig. 3. DOS of Si doped graphene consisting 64 atoms with vacancy
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Formation energy
The formation energy for graphene
structure containing vacancy is defined as [13]:

E, =E N=ng

gr+vac T gr'

whereas for doping structure with vacancy, the
formation energy was calculated as:

N -n .
E,=E ~—E,, — u(Si),

gr+vac

where E

gr+vac is the total energy of a

graphene with vacancy, Egr is the total energy

of pure graphene, ££(Si) is the chemical po-

tential of silicium, N is total number of atoms in
graphene supercell and n is number of vacant
carbon atoms.

Table 2

Formation energies for different graphene supercells

Formation energy
Graphene supercells :
Our work Literary data

4x4 graphene with monovacancy 8.52eV 7.30eV [13]

7.83eV [14]
5x5 graphene with monovacancy 8.45eV 7.83eV [14]
Si doped 44 graphene monovacancy 4.26eV
Si doped 5x5 graphene monovacancy 4.19eV

We performed our calculations of the va-
cancy formation energy for 32- and 50-atom
graphene supercells, as well as taking into ac-
count the effects of doping and vacancies. The
vacancy formation energy for different graphe-
ne supercells is given in table 2. Inspection of
the results introduced in this table reveals that
for Si doped on graphene with vacancy acquires
less formation energy than the monovacancy in
graphene. In other words, in silicon-doped de-
fect graphene, the vacancy formation energy is
almost two times less than in undoped graphene
with a vacancy.

According to the obtained results Si-do-
ped and adsorbed graphene supercell consisting
of 32, 50 and 64 carbon atoms with vacancies
differ from each other.

- The total magnetic moment Si doped
graphene with vacancy: 4x4 graphene 0.932 g,
5x5 graphene 1.011pug, 8x4 graphene 4.171 g,
Si adsorbed on 4x4 graphene 1.998 g, Si ad-
sorbed on 5x5 graphene -0.997 pg.

- accuired magnetic moments are: Si do-
ped 4x4 graphene 0.343pg (C11,Cy), Si doped
5x5 graphene 0.489ug (C22,C33), Si doped 8x4

graphene 0.497ug (Cs,C31,C47), 0.515ug (Caa),
Si adsorbed on 4x4 graphene 0.818ug (Cio),
0.629up (Siz1), Si adsorbed on 5x5 graphene
0.807MB(C27)

Results

The use of spin-polarized DFT calculati-
ons of the properties of 32, 50, and 64 atomic
graphene supercells with vacancy demonstrates
that the properties change due to edge states in
the graphene structure. In particular, the forma-
tion energy and magnetic moments for various
graphene supercells differ from each other. Va-
cancy formation energy calculation displays
that decreases from 8.45-8.52 eV to 4.19-4.26
eV in both of monovacancy and Si doped 32
and 50 atom monovacancy graphene. First prin-
ciple calculation of total spin polarization show
that Si doped graphene consisting of 32,50 and
64 carbon atoms with vacancy magnetic mo-
ment raises with increasing number of carbon
atoms, Si adsorbed graphene magnetic moment
decreases. The magnetic moments in graphene
supercells created near a vacancy due to Si do-
ping (0.343-0.515ug) and Si adsorption (0.629-
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0.818 ug) differ from each other. In particular,
the magnetic moment for Si doped graphene su-
percell consisting of 64 atoms with vacancy is
acquired 4.171 pg.

REFERENCES

1. Novoselov K.S., Geim A.K., Morozov S.V., Jiang D.,
Zhang Y., Dubonos S.V., Grigorieva I.V. and Firsov A.A.
Science 306 (2004) 666.

2. Li P, Zhou R, Zeng XC. The search for the most stable
structures of silicon-carbon monolayer compounds. Na-
noscale 2014;6(20):11685-91. https://doi.org/10.1039/
C4ANRO03247K.

3. Dong H, Zhou L, Frauenheim T, Hou T, Lee S-T, Li Y.
Sic7 siligraphene: a novel donor material with extraordi-
nary sunlight absorption. Nanoscale 2016;8(13):6994-9.
https://doi.org/10.1039/C6NRO0046K.

4. Fayyaz Hussain, Muhammad Imran et al. “Ab initio
study of point defects in 2D graphene layer” Surface Re-
view and Letters, 1850142 (10 pages) DOI:
10.1142/S0218625X18501421

5. Kumar S. and Chatterjee K. ACS Appl. Mater. Interfa-
ces, 2016, 8, 26431-26457.

6. Zhou R. and Gao H. WIREs Nanomed. Nanobiotech-
nol., 2014, 6, 452-474.

7. Nakada K. and Ishii A. Solid State Commun., 2011,
151, 13-16.

8. Widjaja,H. Altarawneh M. and Jiang Z.-T. Can. J.

Phys., 2016, 94, 437-447.

9. El-Barbary A. A, Telling R. H., Ewels C. P., Heggie
M. I. and Briddon P. R. Phys. Rev. B, 2003, 68, 144107.
10. Skowron S. T., Lebedeva I. V., Popov A. M. and Bic-
houtskaia E. Chem. Soc. Rev., 2015, 44, 3143-3176.

11. Asadov M.M., Guseinova S.S., Lukichev V.F. Ab Ini-
tio Modeling of the Electronic and Energy Structure and
Opening the Band Gap of a 4p-Element-Doped Graphene
Monolayer // Russian Microelectronics. 2020. Vol. 49.
No.5. P. 314-323. https://doi.org/ 10.1134/ S10637397
20050030

12. Asadov M.M., Mustafaeva S.N., Guseinov S.S., Lukic-
hev V.F. Ab Initio Calculations of the Electronic Proper-
ties and the Transport Phenomena in Graphene Materials
/I Physics of the Solid State. 2020. V. 62. No. 11. P.
2224-2231.
https://doi.org/10.1134/S1063783420110037]

13. Asadov M.M., Mustafaeva S.N., Guseinov S.S., Lukic-
hev V.F., and Tagiev D. B. Ab Initio Modeling of the Ef-
fect of the Position and Properties of Ordered Vacancies
on the Magnetic State of a Graphene Monolayer // Phys-
ics of the Solid State, 2021, Vol. 63, No. 5, pp. 797-806.
https://doi.org/10.1134/S1063783421050036

14. Pablo A. Denis, Ricardo Faccio, “Federico Iribarne
How is the stacking interaction of bilayer graphene affec-
ted by the presence of defects” Computational and Theo-
retical Chemistry, 995 (2012) 1-7

Institute of Physics of ANAS
seide.memmedova@physics.science.az

TOMOL PRINSIPLORDON Si iLO LEQIRLONMIS VO YA ADSORBSiYA OLUNMUS VAKANSIYALI
QRAFEN SUPERQOFOSLORINDO ELEKTRON HALI SIXLIGININ HESABLANMASI

S.S. Hiiseynova, S.O. Mammadova

Ab initio hesablamalarina asason, defektli grafen supergofoslorindo defekt amoalo golmo enerjisi vo magnit mo-
menti arasdirilmisdir. Struktur, magnit vo elektron xassalarinin izahi nazari olarag modellagdirilmisdir. Vakansiya olun-
mus 32, 50 vo 64 sayda karbon atomlu grafen supergsfaslorinin Si atomu ilo aggarlanma vo adsorbsiya hallarmin ferro-
magnit spin diiziiliigii tapilmigdir. 64 atomdan ibarst olan grafen supergafasi ti¢iin hallar sixligimin tasviri verilmisdir.
Vakansiya olunmus karbon atomu otrafinda hallar sixlig1 vo lokal magnit momenti hesablanmigdir. Si ilo legirlonmis
vakansiyali grafen supergofaslorinin hesablanmig enerji xiisusiyyatlori vo magnit momentlorinin giymoti odabiyyat mo-
lumatlari ils uygun galir.

Acar sozlar: qrafen supergofaslar, tokvakansiyali grafenda Si ilo legirloanmo va adsorbsiya, hallar sixligr, ATK
program paketi, Spin Lokal Sixlig Yaxinlagmas:


https://doi.org/10.1039/
https://doi.org/10.1039/C6NR00046K
https://doi.org/
https://doi.org/10.1134/S1063783420110037

18 THE REPORTS OF NATIONAL ACADEMY OF SCIENCES OF AZERBAIJAN, 2021, VOLUME LXXVII, Ne1-2

HEPBBIE TIPUHIUIIBI UCCJIIEJOBAHUA MOHOBAKAHCUHU I'PA®EHA, TOIIMPOBAHHBIX WJIN
AJICOPBUPOBAHHBIX Si ATOMOB

C.C. T'yceiinoBa, C.O. MamenoBa

[poBenens! ab initio pacueTs! SHePrur 0OPa3OBAHIS BAKAHCHI W MATHUTHBIX MOMEHTOB, 00pa3yIoMmuXcs B Ie()eKTHBIX
cBepxbsiueiikax rpadeHa. bbuio OOHapy)XeHO, YTO JIeTMpOBaHHBIE WIM aJCOpPOMPOBAaHHBIC KPEeMHHEM TIpadeHOBbIC
cynepsueiiky, cocrosime u3 32, 50 m 64 aToMoB yriepoja C BaKaHCUSIMH, OONIaJaroT ()eppOMArHUTHBIM CHHHOBBIM
ynopsinodenueM. [lanel npubmmkenus it wiotHoctH cocrosiumid (DOS) sermpoBanHoro Si rpadeHa, cocrosimero 3 64
aTOMOB C BakaHCHEH. PaccunTaHbI INIOTHOCTH COCTOSTHHI CBEPXBUCHKH U JIOKAJIbHBIC MATHUTHBIE MOMEHTBI, (DOPMHPYIOIIHECS
B OKPECTHOCTH BaKaHCHOHHBIX aTOMOB YIJIEpo/ia. PaccunTaHHbIe SHEPTETHUECKHE XapaKTEPUCTHKH M MATHATHBIC MOMEHTHI Si-
cozepKanmx Ae(eKTHbIX rPa)eHOBBIX CyNepsUeHeK COTIACYIOTCS C INTEPATyPHBIMH JAHHBIMHL.

Knrouegvie cnosa: zpagenosvie cynepsueliu, a0copouposanHblil u 1ecupo8anhvitl Si Ha MOHOBAKAHCUOHHOM
epagene, niomnocmo cocmosnutl, Atomistix ToolKit nakem npocpammnoco obecneuenusi, npudIUNCEHUE TOKATLHOU
CRUHOBOT NIOMHOCTU



