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ARTICLE INFO ABSTRACT

Article history: In this paper, magnetic properties of B-SiC nanoparticles have been studied. Results
Received 22 July 2023 showed intrinsic at room temperature. The applied magnetic field observes a
Received in revised form 26 November 2023 magnetization value of 50.972E-3 emu/g with remnant magnetization is 3E-3 emu/g.
Accepted 5 December 2023 The measured value of coercivity found to be 89.068 G at squareness ratio is 0.043524.
Available online 15 December 2023 The room temperature ferromagnetic in 3-SiC possibly originated from dangling effect
Keywords: vacancy of silicon and carbon with the nearest neighbour carbon atom have strong s-p
Spintronics; nanoparticle; magnetic; hybridization. The result of this paper might indicate a promising pathway of developing
point defect; B-Sic; semiconductor; a novel spintronics based B-SiC nanoparticle.

dilute magnetic semiconductor

1. Introduction

Nowadays, silicon carbide is under investigation as an enabling material for a variety of new
semiconductor devices in spintronics [1,2]. SiC is widely utilized in various applications, including
high-voltage, high-temperature, and high-power microwave applications within the 1-10 GHz
frequency range, as well as high-power electronic applications. Additionally, SiC can be doped with
semiconductor materials, such as germanium, to enhance its lattice crystal structure and improve its
electrical properties [3]. Silicon dioxide (SiO2) has low life a temperature above 300° [4] which is
drawback of dielectric that used as gate metal in metal-oxide—semiconductor field-effect transistor
of compared to silicon carbide which has long life a temperature above 2700° which preferred to use
silicon carbide as the dielectric layer for these types of application. Silicon carbide (SiC) exists in
various phases, each having different lattice structures known as polytypes. The notable polytypes
include B-SiC, 4H-SiC, and 6H-SiC, with distinct band energy gap values of 2.2-2.4 eV, 3.23 eV, and 3
eV, respectively. Silicon carbide exhibits high oxidation resistance, high thermal conductivity, high
mechanical strength, low specific weight, and chemical inertness, making it an excellent catalyst for
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material support [5]. After the discovery of ferromagnetism (FM) in SiC crystals, the investigation of
the magnetic properties of SiC became paramount importance [6]. Spintronics, also known as spin
electronics, is the field of research that focuses on the role of electron (and nuclear) spin in solid-
state physics, as well as the development of devices that utilize spin properties rather than charge
properties in solid-state systems [7]. Wide of band gap of II-VI semiconductors have attracted a lot
of attention of the researcher to produce a system like dilute magnetic semiconductor (DMS) for
application in the field optoelectronics, spintronics and magnetoelectronic [8,9]. Many defective
carbon-based materials, such as highly oriented pyrolytic graphite (HOPG) [10], graphene [11],
oxides, and SiC [12], which are wide band gap II-VI semiconductors, have been found to exhibit
sudden ferromagnetism, both experimentally and theoretically. These materials have great potential
for use in the fields of organic and quantum electronics as well as in semiconductor spintronics, as a
substitution for other materials. Previously, as the explained that the origin of the ferromagnetism is
different from that in conventional d-electron ferromagnetic, any experiment evidence to reveal its
origin will be crucial. A huge of research attempted to explain the sudden ferromagnetism in carbon
based on materials [13]. Direct evidence of the origin of ferromagnetism in highly oriented pyrolytic
graphite (HOPG) being localized electron states at the grain boundaries. The analysis suggests that
the ferromagnetism in graphene is a result of the influence of carbon-mt states and hydrogen-
mediated electronic states, which have been identified as the underlying mechanism responsible for
this phenomenon [14]. In graphite, the formation of local magnetic moments by single vacancies [9].
The aim of this manuscript is to investigate the natural ferromagnetism in B-SiC nanoparticles at room
temperature. The room temperature ferromagnetism in B-SiC possibly originates from dangling
effect vacancies of Vg; Vi, where the nearest neighbor carbon atom has strong s-p hybridization.

2. Methodology

B-Cubic silicon carbide nanoparticles with a purity of 99.98% were purchased from Hongwu
Company Berhad. The grain size and morphology of the powder was characterized utilizing a Field-
Emission Scanning Electron Microscope (FE-SEM, Model Supra 55VP, Carl Zeiss AG). X-ray
photoelectron spectroscopy (XPS) was used to determine the binding energy of B-SiC. Furthermore,
the crystalline structure of B-Cubic silicon carbide was analysed through X-ray Powder Diffraction
(XRD, Model X’'Pert3 Powder, PANalytical, Cu, K-a, A=1.540598). The magnetic measurement of the
powder was measured in a vibrating-sample magnetometer (VSM). The network analyser (Keysight
E5071C, ENA, specification range 8-18 GHz) was used to measure permeability.

3. Results
3.1 X-Ray Diffraction

The X-ray diffraction pattern is shown in Figure 1. The major reflection peaks of B-SiC at (111),
(200), (220), (311), (222) which matched (No JCPDS Card No. 73-1665) [15]. The XRD result indicates
that the sample is dominant of B-SiC having space of group of F43m. Scherer’s formula is used to
calculated crystallite size which comes around 20 nm. Lattice parameters of B-SiC nanoparticles
calculated using the formula d = a / (h2 + k2 + 12)¥? which is well matched with theoretical and
experimental value of a = 4.359624 [16].
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Fig. 1. X-ray diffraction for B-SiC nanoparticles

Figure 2 and Figure 3 showed the FE-SEM result of B-SiC nanoparticles. There were no other
impurity phases, such as free silicon and SiO,.

(@ (b)
Fig. 2. (a) FE-SEM of B-SiC nanoparticles; (b) FE-SEM of B-SiC nanoparticles

FE-SEM images showed the formation of micron-sized particles and the particle size varied from
60 nm to 500 nm.
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Fig. 3. Shows the X-ray photoelectron spectroscopy (XPS)
spectrum of silicon p2 from the surface of crystalline B-SiC
nanoparticles. The graph also includes a simulation using
Gaussian distribution, represented by a dashed line, that
illustrates the contribution of the Si-C bond in the B-SiC
nanoparticles

Figure 3 and Figure 4 showed the result of set of the main core-level (Si 2p, C 1s) XPS spectrum of
pure B-SiC nanoparticle.
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Fig. 4. XPS of C 1s spectrum

3.2 X-Ray Photoelectron Spectroscopy

The solid line in Figure 3 represents Si-p2 X-ray photoelectron spectroscopy (XPS) as a component
of the spectrum. The presence of SiO; on the surface of B-SiC is indicated by the high binding energy
and asymmetric shape of the Si p2 peaks [17]. The peak at 101.5 eV on the graph is linked to the
binding energy of the Si-C bond as observed in previous records of SiC crystals [18]. The graph
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includes a Gaussian dashed line on the Si 2p spectrum, which indicates a clean (non-oxidized) SiC
surface. The line on the graph illustrates the presence of 2p, 3- 2p, /, the doublet components of Si
bonded with Cin the SiC lattice, indicating the contribution of these components to the SiC lattice as
noted in [19]. As shown in Figure 4 illustrates the C 1s spectrum of B-SiC, which appears slightly
asymmetric due to the presence of various coordination patterns of carbon. By using Origin software,
the C 1s XPS peak can be separated into three distinct peaks. The first peak at 283.3 eV in B-SiC is
related to the C-Si bond in well-crystallized SiC, as previously reported in reference [20]. The peak at
284.7 eV is caused by carbon atoms with activity in the crystal lattice forming C-C bond. The
remaining peak at 285.6 eV is linked to C-O bond in adsorbed CO; impurities, as described in [21].

3.3 Network Analyser

The permeability ( tand,, = u' — iu") of the B-SiC at room temperature has been studied as
shown in Figure 5 (a,b). The real part of magnetic permeability (RP) is represented by u’, and
Imaginary permeability (IP) part is represented by iu". It observed that in Figure 5 (a), the maximum
of value of real part permeability at frequency 14.5GHz at 2.2 and the negative value that noticed
might be due to noise [22]. However, this can be explained by some noise during research, and as
stated in some studies, the most crucial factor to be found is indicating through the left-hand
materials (LHS) or it may initially include LHM properties. Moreover, the value of u’ decrease slightly
with increased frequency due to diamagnetic. The frequency dependence resonance is between the
range 12.5— 18 GHz. In other hand that, imaginary part in Figure 5(b), permeability started resonance
at value of 0.027- 12.45 GHz and increased to value of 2.68 at 15.5 GHz and slightly decrease to
18GHz. Since XRD result does not observe any other impurities, the absorbed electromagnetic waves
induced the ferromagnetism in B-SiC nanoparticle at room temperature, which indicated the lattice
defects VsiVc during the synthesis of B-SiC.
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Fig. 5. EM properties of B-SiC a) RP permeability, b) IP permeability
3.4 Vibrating-Sample Magnetometer (VSM)

The M~H carve at room temperature shown in Figure 6 for B-SiC nanoparticle is ferromagnetic in
nature. The applied magnetic field along with c-axis observes a magnetization value of 50.972E-3
emu/g with remnant magnetization is 3E-3 emu/g. Experimental data are shown by S-shape
corresponding to the applied magnetics intensity. The coercivity of soft electromagnet is the
probability to find the active spin in the material. In this experimental, the measured value of
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coercivity found to be 89.068G at squareness ratio is 0.043524. The estimated saturation of the
magnetic impurities observed from the experiment is 0.00434 emu/g. The observed ferromagnetism
in this material due to the defects that form in the lattice structure during synthesis.
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Fig. 6. Room temperature hysteresis curve of B-SiC

These defects may arise from the presence of magnetic and non-magnetic impurities, as well as
contamination with oxygen. The introduction of these factors can cause a change in the hybridization
of the beta-silicon carbide, specifically converting its sp* configuration into a mixture of sp3 and sp?
hybridization. This alteration in hybridization can induce ferromagnetic ordering in the material
[24,25]. It has been found that 6H-SiC single crystals that have been irradiated with xenon ions exhibit
long-range ferromagnetic coupling. This is thought to be due to the presence of p electrons around
VsiVce divacancies in the crystal lattice, which are defects formed by the irradiation process. The
nearest-neighbor carbon atoms around these divacancies are believed to be responsible for the
observed ferromagnetism. [15]. Based on the lack of impurities observed in XRD data as shown in
Figure 1, it is hypothesized that the natural ferromagnetism observed in B-SiC is likely a result of
defects in the crystal lattice that were formed during its synthesis at high temperatures [26] after
that annealing which to able to create intrinsic defect in materials [27]. The electron configuration of
carbon (C) is 1s22s%2p? which requires 4 electrons to fill the highest energy p orbital. Similarly, silicon
(Si) atom has an electron configuration of 1s22s22p®3s23p?. The crystal structure of B-SiC is cubic,
featuring tetrahedrally bonded Si-C bilayers with s-p hybridization between the orbitals of Si and C at
the ground state. When Four bonds are broken to create the vacancy Vs;V, the nearest neighbour
carbon atom lacks electrons near the broken bond, leading to the formation of two new dangling
bonds and resulting in strong s-p hybridization. The observed magnetization of carbon-based
materials, such as VgV, may be attributed to the presence of s-p hybridized nearest neighbour
carbon atoms, which inherently possess magnetic s-p orbitals [28]. The mechanism of s-p magnetic
carbon could offer a plausible explanation for the occurrence of room temperature ferromagnetism
in these materials. Further investigation is required to establish the origin of ferromagnetism.

4. Conclusions
In summary, we investigated the magnetic properties of B-SiC nanoparticle at room temperature.
Magnetic measurements revealed intrinsic ferromagnetic behaviour. The vacancies of silicon and

carbon, coupled with neighboring carbon bonds of the B-SiC crystal lattice, induce a robust s-p
hybridization. This hybridization, in turn, serves as the primary factor driving the development of
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ferromagnetism. B-SiC exhibits promising potential in the ongoing development of novel materials
for spintronics applications.
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