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Electronic and magnetic properties of Cobalt doped SiCNT:A first-
principles study

Kobalt katkili SiCNT'nin elektronik ve manyetik dzellikleri: 11k prensip
calismasi

Highlights

« Using the DFT+LSDA+U method successfully improved the energy gap/DFT+LSDA+U yonteminin
kullanilmast enerji boslugunu basartyla iyilestirdi

«+ Introduction of 3d transition metal ion in SiC NT show the magnetic response/SiC NT'de 3 boyutlu gegis
metal iyonunun tanitimi manyetik tepkiyi gosteriyor

«» Calculations of the total energies predicted the stability of the antiferromagnetic phase/ am enerjilerin
hesaplanmasi antiferromanyetik fazin kararliligini tahmin etti -~ )

+« Results of the current find predict that SiC:Co NT will be a promising candidate for spintronic devices/
Mevcut bulgunun sonuglart SiC:Co NT'nin spintronik cihazlar i¢in umut vAlcdéNQir Mgy O agini tahmin
ediyor

Graphical Abstract

In this study, the defect effect on the electronic and magnetic properties of single-walled SiC:Co nanotubes with chirality (6,0)
were studied based on density functional theory. We obtained that the electronic properties of the single-walled SiC nano systems
are significantly changed by metal introduction and these systems show magnetic properties. / Bu ¢aligmada, kiralite (6,0) ile tek
duvarli SiC:Co nanotiiplerin elektronik ve manyetik 6zellikleri iizerindeki kusur etkisi yogunluk fonksiyonel teorisine dayali olarak
incelenmistir. Tek duvarli SiC nano sistemlerinin elektronik ozelliklerinin metal girigsiyle dnemli Slglide degistigini ve bu
sistemlerin manyetik 6zellikler gosterdigini elde ettik.
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Figure. Spin-polarization view of SiC:Co nanotube / Sekil. SiC:Co nanotiipiiniin spin-
polarizasyon goriiniimii
Aim
The aim of this work to obtain magnetic materials and to define new application opportunity. / Bu ¢calismanin amaci
manyetik malzemeler elde etmek ve yeni uygulama firsatlar: tanimlamaktir.
Design & Methodology

We simulated physical properties of SiC:Co nanomaterials using density functional theory and implementing
Atomistic Tool Kit code. / Yogunluk fonksiyonel teorisini kullanarak ve Atomistic Tool Kit kodunu uygulayarak SiC:Co
nanomalzemelerinin fiziksel ozelliklerini simiile ettik.

Findings

The simulations predicted that SiC:Co is a magnetic material with ~1.9 pg magnetic moment. / Simiilasyonlar, SiC:Co'nun ~1,9
uB manyetik momente sahip manyetik bir malzeme oldugunu éngérmiistiir.

Conclusion

Results of the current find predict that SiC:CoNT will be a promising candidate for spintronic devices. / Mevcut

bulgunun sonuclari SiC:CoNT'nin spintronik cihazlar i¢in umut vadeden bir aday olacagini tahmin ediyor.
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ABSTRACT

The defect effect on the physical properties of single-walled SiC:Co nanotubes with chirality (6,0) were studied based on density
functional theory. We obtained that the electronic properties of the single-walled SiC nano systems are significantly changed by
metal introduction and these systems show magnetic properties. Due to the mutability of data at the atomic and molecular scale,
correct prediction of the density of states applying the ab-initio and density functional theory formalisms is complicated. The
computed energy band gaps of 3.3 and 0.98 eV were obtained for the SiC bulk structure and nanotube within local density and
local spin density approaches using the Hubbard U method. Our analysis indicates that, the magnetic moment of the SiC:Co system
is equal to ~1.9 ps and the undoped SiC is a nonmagnetic system. According to the results SiC:Co nanotubes induce magnetism.
The calculations of the total energies predicted the stability of the antiferromagnetic phase. Thus, the tunable electronic and
magnetic properties of metal-doped SiC systems provide a flexible design method for more suitable SiC-based spintronics and
field-electron emission devices. W )

Keywords: SiC nanotube, Quantum-confined, ferromagnetism, cobalt doped Si&metallic.
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In recent years, SiC with nanostructures have attracted
great interest in spintronic devices due to their unique
chemical and physical characteristics. Carbon nanotubes
have high sensitivity, quick response, low size and low
operating temperature [1-4]. Wide band gap
semiconductor materials doped with 3d transition metal
(TM) (V, Cr, Co, Fe, Mn, and Ni) elements are attracting
great attention for the application for dilute magnetic
semiconductor (DMS) devices. The studied material,
silicon carbide (SiC), is the main candidate for replacing
Si in the production of electronics operating in hostile
environments [5]. Due to its unique physical and
electronic_properties, (high mechanical strength, low
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el 6zellikleri tizerindeki kusur etkisi yogunluk fonksiyonel teorisine dayali

density, corrosion resistance, high hardness and thermal
conductivity, a wide band gap, chemical inertness, etc.)
SiC may be of interest to researchers [2-9].

In a number of theoretical works, electronic, magnetic
and structural features of silicon carbide nanosheets,
nanoribbons and nanotubes have been studied [10-13].
However, in this work [14], the authors reported that on
the basis of partial charge analysis, the TM-doped single-
walled CTM NTs have localized net charge distributions,
whereas the spin densities in SWC:(Sc,Co,Cu) NTs are
delocalized over the entire NTs.

The SWC:TM NTs are mostly metallic materials with
narrow-gap semiconducting behavior. The electronic and
magnetic properties of these TM-doped SWCNTSs were
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calculated within density functional theory (DFT). The
TM-doping silicon carbide systems have a significant
redshift and better absorption capacity of visible light and
TM co-doped 3C-SiC system combines electrical
properties with magnetic characteristics and has higher
magnetic moments [15].

Depending on the types of defects (vacancy or impurity),
the physical properties of SiC compounds change
differently and these properties make them useful
materials in the field of optoelectronic and spintronic
devices [16]. Experimentally studied from X-ray
fluorescence spectrometers the magnetic properties of
nanocrystalline B-SiC and obtained the saturation
magnetization arising from magnetic impurities like Fe,
Ni, and Co [17].

The two-dimensional structure induces electronic
properties which are essential in spintronic devices [18,
19], and energy conversion [20, 21]. Success in wet
etching of 2D SiC prompts further investigation of SiC-
based systems [22].

The magnetic SiC nanomaterial could be more effective
than carbon nanotube for different application
nanotechnology  (for  example  nanocomposites,
nanoelectronics etc.) and biotechnology (for example
ceramic, alloys etc.) and suggests exciting possibilities in
spintronic devices. Lately, the features of transition
metal-doped 2H-SiC (hexagonal polytype) and single-)

corrections have given us an opportunity to determine
correct band gaps of materials.

The interactions among the ions and electrons, and
exchange correlation were described by the Fritz-Haber-
Institute (FHI) Perdew Zunger (PZ) functional and ion
pseudopotentials, respectively. The Kohn-Sham wave
functions were expanded by a linear combination of
atomic orbitals with a kinetic energy cutoff of 50 and 75
Ha (1 Ry=2 Ha) for the bulk and nanostructure,
respectively. When calculate electronic structural feature
for pure compound, the primitive cell of SiC wurtzite
containing 2 silicon and 2 carbon atoms and the atomic
positions are optimized until the stress and v on each
atom converges to less than 0.001 eV/A3 and 0.001 eV/A
respectively. The containing dopant atom and pure SiC
nanotube systems were optimized with stress and force
tolerances of 0.01 e¢V/A3 and 0.01 eV/A, respectively.
The reciprocal space integration was performed using
Monkhorst-Pack k-point sampling of 1x1x5 nano
systems and 7x7x7 bulk systems and a standard electron
temperature of 300 K..__\.

By successfully correcting the electronic band structure
of the investigated compounds using Hubbard U
semiempirical correction, can future extend the study of
magnetic properties of doped systems. The Hubbard U
corrections taken 5 eV for Si and 4d and 4.8 eV for C 2p-
states. Note that, for all calculations Brillouin zone

walled silicon carbide nanotube (SWSICNT) between its” integration k-point sampling of SiC and the convergence

study is a useful investigation for the construction o
spintronic devices based on DMS materials with Curie,
temperatures. In this paper we report the study of the
physical properties, such as electronic structure and
magnetic properties of single-walled cobalt-doped SiC
nanotubes with chirality (6,0).

polytypes are of high scientific interest. The presen&

A
2. COMPUTATIONAL METHOD,

culations of electronic and
and SiC wurtzite structure
T method within Local Spin
tion (LSDA) and Local Density
DA) implemented Atomistic ToolKit
(ATK) code ‘(http://quantumwise.com/). This is a
software for atomic-scale modeling and simulation of
nanosystems. ATK combines DFT with non-equilibrium
Green’s functions for first-principles electronic structure
and

transport calculations of molecules, periodic systems etc.
DFT is infamous for foretelling very small band gaps. It
is well known that LDA functional generally
underestimate band gaps and that hybrid DFT or self-
interaction corrected calculations correct these issues
more universally in most systems. The last progress of
LDA functional and using Hubbard U semiempirical

of the plane-wave basis set cutoff energy are tested. In
Table the simulation parameters for the DFT based
analytical model are shown. Table 1 lists the simulation
parameters for the DFT-based analytical model.

In this study, the configurations of metal Cobalt doped
SiC systems were investigated. The doping atoms include
not only eight 3d-series TM atoms but also one semi-
metal atom and one other metal atom. The electronic and
magnetic performances were investigated at the most
stable structures systematically.

The high stability in Ti-SiC was explained by the
complete bonding states between the Ti atom and the
neighboring carbon atoms because of the same valence
electron number with the substituted Si atom. The
magnetism evolution in transition metal-doped SiC was
attributed to the occupation mode of hybridization
orbitals nearby the Fermi level.

3. RESULTS AND DISCUSSION

3.1. Electronic Properties of Pure SiC Wurtzite

The studied wurtzite compound SiC has a wide indirect
band gap of about 3.3 eV, and this property was useful
for applications in electronics and optics. Because this
material has high thermal conductivity and temperature
resistance, it can be applied as high temperature heating
material due to high melting temperature and thermo-
physical properties [23]. Some theoretical studies
investigate the electronic properties of the SiC
nanostructure [24-27] and the wurtzite structure [28, 29].
However, less theoretical studies devoted to the study of
the magnetic properties of Co- doped SiC nanotubes.



Table 1. Simulation parameters for DFT based SiC nanotubes

Parameters Value Details

Configuration (A, B,C) The SiC NT structure along (X, Y, 2Z)
axes.

Electrodes’ Fermi level OeV The left and right electrodes’ Fermi level
lies at OeV

Force tolerance 0.01eV/A When minimum then sustainability
increase

Poisson Equation Solver Multi-grid Algorithm used

Maximum interaction range 1nm Numerical accuracy parameters

between electron orbitals

No. of steps for iteration 100 Increasing steps increasing accuracy

Step size 0.25 nm Step size increasing the time of
simulation

Electron temperature 300K Room temperature operation

In Ref [28] the authors were informed about the results
for the electron bands and density of states (DOS) using
DFT and generalized gradient approximation methods
with the GW scheme.

Z. Huang et al. [13] and A.V. Sinelnik et al. [28] studied
electronic band structure for SiC-2H structure using
GGA and obtained a result for a band gap of 2.3 eV,
which this result underestimated is about 1.0 eV from the
experimental result.

In the present work, for U=5 eV for Si 4d states and
U=4.8 eV for C 2p states, we obtained first-principles
direct and indirect band gap values of 5.2 and 3.3 eV for
SiC with wurtzite structure and this is compared with
other theoretical and experimental results and list in
Table 2. This result highlights that the compound is an
indirect semiconductor and is very close to the
experimental results obtained by the experimental result
as 3.33 eV [30].

Table 2. Energy band gaps (eV) of the DFT-LDA+U approximation for SiC. Theoretical and experimental results of other
[

authors are included for comparison

Method Eq (direct) Eq (indirect) Refs.
LDA+ U 5.2 3.3 This work
GGA 4.06 2.33 [14]
GW 5.18 3.17 [14]
GGA 23 [13]
GW 3.68 [17]
GGA 3.01 [18]
GW 3.15 [19]
GW 3.12 [20]
QPscGW 3.75 [20]
Experiment"I ) 3.330 [31]

A

Using DFT-LDA+U, the electron energy band structure
in the energy range from -20 to 10 eV along the high
symmetry directions in the first Brillouin zone (BZ) was
obtained, and the TDOS diagrams for wurtzite SiC are
shown in Figs.1 and)Z', respectively.
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Figure 1. DFT-LDA+U calculated band structure for SiC
wurtzite (Eg=3.3 eV)

In all figures, the Fermi energy level is set to 0 eV, and
in our calculations the conductivity minimum for SiC
wurtzite is located at the K symmetry point of the BZ.
Figure 1 describes the LDA+U calculated band structure
for SiC wurtzite.
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Figure 2. DOS diagrams for pure SiC with wurtzite structure



From the total density of states (TDOS) and the
computed energy band structure we can divided two parts
the valence bands: the low valence bands are ranging
from -17.4 eV to -13.2 eV and upper valence bands are
ranging from -11.2 eV to -1.87 eV and this valence bands
are formed from p-states of C atom. Our results show that
the conduction band is mainly composed of Si p and d-
states, but Si and C d-states make almost no contribution
to the valence band.

3.2. Electronic Properties for Pure SWSICNT
Spin-polarized band structure, total and partial DOSs
diagrams for undoped (6,0) single wall SiC NT are
shown in Figs. 3 and 4. From DFT-LSDA+U
calculations we obtained that the chiral SICNT has a
direct band gap (I'- ') and wide of the band gap is
0.98 eV for undoping SWSiC nonmagnetic NT and
this result smaller than that of the pristine SICNT and
this fact is closer to the result in [28-35].
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Figure 3. Electronic band strcucture for undoped SWSiC 56,0) nanotube (Eq=0.98 eV)
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In the future, we will also investigate the electronic and
magnetic properties of TM-doped SiC NT materials. It is
known that many physical characteristics of compounds
depend on their defect configurations [36, 37].

3.3. Electronic properties of Co-doped SWSICNTs

The defect engineering of the SiC nanosystems has
remained an important motivation in materials science
research as the fundamental physical and chemical
properties of silicon carbide must depend on their defecty
structures. It is because of the complex nature of the
defects that SiC is being discovered and rediscovered

repeatedly. A

of undoped and Co-doped single wall SiC nanotubes
(SWSICNTSs) with chirality of (6,0). This analytical
model of nonmagnetic SiC chiral nanotubes is designed
using DFT based formalisms. SWSICNT is
semiconductor material with the band gap energy ranging
from 0.9 to 1.83 eV [10]. This nanotube is then doped
with magnetic material like Cobalt in Silicon site. From
first-principles simulations the Co-doped single wall SiC
nanotube (SWSIiC:CoNT) exhibits the metallic behavior.
Figure 5 describes the structure of SWSIC:Co (6,0) NT.

This section is devoted to simulate electronic properties>

Sl

Figure 5. Structure of Co-doped SWSIC (6,0) NT (silicon-
beige, carbon-gray, cobalt-pink)

A.T. Mulatu et. al [11] reported the results for undoped
(8,0) SICNT using the DFT-GGA method and found that
the band gap is 1.05 for this system. E.V.Larina et. al [12]
investigated different NTs and show that the pure (5,0)
SWSICNT has metallic conductivity. In [38] J.W. Sun et
al. was studied the influence of the structure for the

magnetic doping SiC film and obtained that Co-doped
film exhibit intrinsic ferromagnetism at 300 K. From
partial DOS calculations (see Figure 4), we obtained that
the Si and C d-states give insignificant contribution to
valence band. But the conduction bands treated mainly
from Si d-orbitals and small contributions come from d-
states of C atoms. From first principles simulations result
of spin-polarized band structures for spin-up and spin-
down states for SWSIC:CoNT system shows metallic
character. uy”
N .
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Figure 6. Spin-polarized band structures for Co-doped (6,0)
single wall SICNT
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Figure 7. Spin-polarized DOS diagrams for Co-doped (6,0)
single wall SiC NT

Figures 6 and 7 show the spin-polarized band structures
(black curves describe spin-up states and red curves show
spin-down states) and DOS diagrams for SiC:Co NTs.
From Fig. 6, there are some asymmetry behaviours in the
Co s, p-states and significant imbalances in the C p- and
Co d- states: indicates that the system is magnetic.

4. MAGNETISM IN SWSIC:CONTS

In this work, the features of ferromagnetic (FM) and
antiferromagnetic (AF) coupling, overall and local
magnetic moments are modeled on the basis of
Mulliken's population analysis. We also received overall
energies for both phases for SWCNTSs (6,0) to find out.
From first principles calculations of spin-polarized band
structures for majority and minority spin bands, we found
that single-walled SiCTN doped with cobalt has a
metallic nature. Figure 8 shows the spin polarization
pattern of Co-doped SiCNT. According to our first-
principles simulations, the total magnetic moment of the
double- and single-Co*?-doped SiCNT systems is 5.2 and
~1.8 g, respectively. Our results are closer to the
experimentally observed value of ~1.7 pg, arising from
magnetic impurities [17].

__ This fact is due to double exchange between C
2p and Co 3d-states as a result of pd orbital hybridization
and the carbon p-orbitals play significant roles in the
stability of FM phase. The main contribution to nanotube
magnetization comes from 3 C atoms (~3.26 ug)
chemically bonded to the Co impurity atom and a slight
negative contribution to the magnetization from the
impurity atom is ~0.16 pg, respectively.

€ (¢

Lo &

Figure 8. Spin polarization side view for SiC:CoNT: Si-beige,
C-grey, Co-pink. Magnetic moments are indicated by green
arrows

From the total energy calculations for AFM (EFM=-
5479.61682 eV) and FM (EFM=-5479.56293 eV) phases
the result of energy difference (AE = E(AFM) — E(FM))
indicating that the AFM state more stable than FM state
for SiC:CoNT.

5. CONCLUSION

DFT-LDA+U modeling were used to study the influence
of native defects on the electronic and magnetic
properties. We found that bulk SiC has an indirect band
gap (3.3 eV), but chiral SWSICNTs are direct band gap
semiconductors (0.98 eV) at I" point. The introduction of
the dopant atom leads to the magnetization of the



systems, resulting from the double exchange between the
p-d hybridization among the C 2p- and Co 3d- states. The
d-states of the Co play an important role in inducing
magnetism in SWSIC:CoNTs. From first principles
simulations the Co-doped SWSICN is a magnetic
material with metallic character and total magnetic
moments for the single and double Co-doped SiCNT are
~1.9 and ~5 g, respectively. The results of the current
find predict that single-walled SICNT will be a promising
candidate for wuse in Si-based diluted magnetic
nanomaterial for spintronic devices in the future.

The research method applied in this work can be used in
the future to study many physical properties of Si-based
materials. It is our future scientific research plan to
investigate the electronic, optical, magnetic, etc.
properties of SiC nanotubes doped with 3d transition
elements and to investigate the new technical application
of defect-structured Si-based nanosystems as a result of
the scientific researches performed.
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