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A B S T R A C T   

Towards the development of a magnetic semiconductor suitable for spintronic device applications in extreme environments, we explored the possibility of inducing 
magnetic interaction in SiC by doping Nickel. The X-ray diffraction and Raman Spectroscopy studies confirm the incorporation of Ni into the host lattice. The 
magnetic measurements and electron spin resonance studies indicate the presence of room temperature ferromagnetic interaction in the system. The Curie tem-
perature of 1, 3, and 5% Ni-doped samples have been found to be 420 K, 520 K, and 540 K respectively. Electron spin resonance study reveals that the valence state of 
Ni is 2+, which implies the creation of vacancies at both Silicon (VSi) and Carbon (VC) sites as they are tetravalent. The change in magnetization of the system with an 
increase in dopant concentration is consistent with the variation in the number of vacancies and free holes. The analysis of magnetization data using the Law of 
approach to saturation shows that the anisotropic constant decreases with an increase in temperature. The long-range magnetic interaction in the system is explained 
using the F+ center exchange mechanism.   

1. Introduction 

The ever increasing demand for expansion of memory storage ca-
pacity and raising the speed of information processing and the con-
straints imposed by thermal effects and quantum effects on 
miniaturization of devices below a certain limit leads to the novel idea of 
exploiting the spin of the electrons in addition to its charge for device 
applications. Since information is stored magnetically and processed 
electronically the integration of magnetics with electronics not only 
results in an integration of these functions in a single device but can also 
lead to the development of novel multifunctional devices. As electronic 
devices are based on semiconductors and the technology for the fabri-
cation of semiconductor devices has been well developed, one of the 
research focus in the emerging technology area of spintronics is inducing 
magnetic interactions in semiconductors [1,2,3]. After some unsuc-
cessful attempts at doping transition metal ferromagnetic elements in 
the well know semiconductor Si, the focus shifted to other semi-
conductors. The theoretical prediction on room temperature ferromag-
netism in 5% Mn-doped wide band gap semiconductors GaN and ZnO by 
Dietl et al. [4] lead to a flurry of research activity on dilute magnetic 
semiconductors (DMS) [5–13]. But the controversies regarding the na-
ture of magnetic interaction in DMS remain. However, the report on the 

observation of intrinsic ferromagnetism in Co-doped TiO2 films through 
depth-resolved low energy muon spin rotation experiments by Saadaoui 
et al. [14] has strengthened the belief that it is indeed possible to induce 
long-range magnetic interactions in wide band gap semiconductors 
through transition metal doping. Long Lin et al. showed through theo-
retical studies that co-doping Mn and Co atoms in the wideband gap 
semiconductor SnO2 stabilizes the ferromagnetic state [15,16]. Theo-
retical studies also show that dilute magnetic systems could be used for 
gas sensing applications [17–19]. 

A certain class of carbon-based materials and wide band gap semi-
conductors could display ferromagnetism when specific defects are 
introduced in it. This phenomenon in which magnetic interaction could 
be realized in the materials which contain neither unpaired 3d nor 4f 
electrons is known as defect-induced magnetism (d0). It is a localized 
effect that depends upon the distribution of defects as well as the dis-
tance between divacancies. As pure SiC exhibits defect-induced weak 
magnetism which cannot scale into the entire volume, there have been 
studies on p-type carrier doping to enhance the strength of d0 magne-
tism. In addition to introducing p-type carriers if the dopant also carries 
a magnetic moment then it may be an added advantage [20–24]. 

The high electron drift velocity, breakdown voltage, thermal con-
ductivity, and radiation resistance of the wide-bandgap semiconductor 
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SiC make the material attractive for the fabrication of devices required 
to work in a harsh environment [25–28]. Hence inducing magnetic 
interaction in this material will enable the fabrication of spintronic de-
vices suitable for device applications under extreme conditions. 

SiC has many allotropes. While most of them have a hexagonal 
structure with a different number of stacks of SiC layers, the β-phase (3C- 
SiC) has a cubic structure and forms at a relatively lower temperature. 
There have been reports in the literature on the magnetic properties of 
3d transition metal doped 6H-SiC and 3C-SiC [29–37]. Among the 3d 
transition metal dopants, Nickel has received less attention as the earlier 
reports on Ni ion implantation in SiC and Ni doping in thin-film SiC 
showed magnetic ordering below room temperature [29,36]. In this 
report, we have carried out a detailed investigation on the nature of 
magnetic interactions and magnetocrystalline anisotropy in Ni-doped 
3C-SiC synthesized by spark plasma synthesis using magnetic mea-
surements and spectroscopic investigations. 

2. Experimental details 

The Ni-doped 3C-SiC polycrystalline samples were prepared by car-
bothermal reduction method using Rice husk and Ni(Cl2)6H2O as the 
starting material. The details of the synthesis of SiC from rice husk can 
be found elsewhere [38,39]. The synthesis was carried out using a steady 
Argon gas flow of 2-LPM, current-50A, and load voltage-300 V. The 
synthesis of the material was carried out at 1600 ◦C and the time 
duration was 15mins. The possible reactions for the formation of SiC 
from Rice husk can be written as,  

SiO2 (amorphous) + 3C (amorphous) → SiC + 2CO                                   

The chemical reaction for Ni incorporation into SiC is as follows  

NiCl2(6H2O) + SiO2 + 4C → SiNiC + 2HCl↑+5H2O↑+3CO↑              (1) 

The structural characterization was carried out employing a Rigaku 
Smart lab X-ray diffractometer with copper Kα radiation and Horiba 
Jobin-Yvon HR-800 Micro Raman spectrometer with 488 nm laser 
wavelength. The microstructural investigation was done using a Trans-
mission electron microscope (TEM) Technai model with 200 kV oper-
ating voltage. A Quantum Design 9 Tesla PPMS based - Vibrating Sample 
Magnetometer (VSM) and a SQUID VSM were employed for the low- 
temperature magnetization measurements. The valence state of un-
paired electrons, dipolar interaction, and anisotropy in the system was 
probed using the JEOL model JES FA 200electron spin resonance (ESR) 
spectrometer. 

3. Results and discussion  

A. Structure and Microstructure 

The XRD patterns (Fig. 1 (a)) recorded on the samples reveal that all 
the samples have crystallized in the cubic 3C-SiC phase. The XRD peaks 
exhibit a shift towards high angles as the Ni concentration increases 
which indicate the incorporation of Ni into the host lattice. 

Even though the ionic radius of Ni2+ is larger than Si4+ which is 
expected to result in lattice expansion which should cause the XRD peaks 
to shift to a lower angle, the creation of VSi vacancies to maintain charge 
neutrality may tend to decrease the interplanar spacing. If the latter 
effect dominates over the former then there will be a net decrease in 
interplanar spacing which will result in XRD peak shift to higher angles 
[40,41]. 

The peak shift towards higher wave number [Transverse Optical 
(TO) and Longitudinal Optical (LO)] and the increase in peak width of 
the Raman spectral lines with the increase in Ni doping as shown in 
Fig. 1(b) indicates the formation of defects and some local tetrahedral 
distortion as well as an increase in carrier concentration. 

The High-resolution transmission electron microscope (HRTEM) 
images (Fig. 2.a -d) show the presence of stacking faults. The crystalline 
quality of the samples investigated using selected area electron 
diffraction (Fig. 2.e-h) shows a diffraction pattern which could be 
indexed to Cubic symmetry with space group,F43m. The crystalline 
quality of the sample has been reduced a little bit because of the defect 
formation during the synthesis.  

B. Magnetization Studies: 

Isothermal magnetization and FC-ZFC curves have been recorded in 
the temperature range 5 K- 350 K using SQUID vibrating sample 
magnetometer (VSM) and PPMS based VSM. Fig. 3(a, b, c) represents the 
magnetic hysteresis (M− H) plots recorded on as-prepared Ni (1, 3, 5) % 
doped samples, at 5 K, 80 K, and 300 K.The expanded low field part of 
the M− H response clearly depicts the hysteretic characteristics (Inset 
Fig.(i)). The inset Fig. (ii) shows the FC-ZFC plots recorded at 1kOe 
applied field in the temperature range 5 K to 350 K. In all these curves 
the bifurcation between FC and ZFC curves sustains up to room tem-
perature, which indicates that ferromagnetic interaction is present in the 
system. Upon annealing the sample at 1200 ◦C for 10hrs, magnetic 
measurement was carried out on the samples from 5 K to 350 K. 

The DC magnetization measurements (Fig. 3.a-c) on all the as- 
prepared Ni-doped 3C-SiC samples show a nonlinear magnetic 
response with clear hysteresis loop opening (Inset Fig. i) at the three 
temperatures 5 K, 80 K, and 300 K at which the measurements were 

Fig. 1. (a) XRD pattern of undoped and Ni-doped 3C-SiC. Inset shows zoomed portion of (111) peak (b) Raman spectra of undoped and Ni-doped 3C-SiC. A clear shift 
in peak position with respect to the undoped sample has been observed in all the doped samples. 
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Fig. 2. (a, b, c, d) HRTEM image showing the presence of stacking faults and SAED pattern (e, f, g, h) showing the diffraction spots indexed to cubic phase with space 
group F 43m. 

Fig. 3. (a, b, c) M− H plot of as prepared Ni-doped 3C-SiC samples recorded at three different temperatures. Inset (i) Expanded view of the low field M− H response 
showing hysteresis (ii) FC-ZFC plot recorded at 1kOe applied field in each sample. 
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carried out which is indicative of ferromagnetic interactions present in 
the system. Among the three doped samples, the 5% Ni-doped sample 
exhibits maximum magnetization and the largest hysteresis loop area 
which shows that the ferromagnetic interactions are the strongest in this 
material. The zero filed Cooled (ZFC) and field Cooled (FC) magneti-
zation measurements carried out at 1 kOe magnetic field show clear 
bifurcation of the ZFC and FC response (Inset Fig. ii) which sustains up to 
room temperature (RT) indicating the presence of ferromagnetic in-
teractions up to RT. 

The magnetic measurements were repeated after annealing the 
samples at 1200 ◦C for 10 hrs. Fig. 4 (a-c) shows the hysteresis loops 
recorded on the annealed samples at three different temperatures 5 K, 
80 K, and 300 K. The inset figures (i) and (ii) show the expanded portion 
of the M− H loops in the low field regime and ZFC – FC curves recorded 
in the temperature range 0 to 350 K at 1 kOe respectively. No significant 
change in the overall magnetic response and the bifurcation in the FC- 
ZFC curves were observed but a reduction in hysteresis loop area was 
observed in all the annealed samples which could be due to the release of 
strain in the material after annealing. 

However, it has been reported in the literature as well as observed by 
us that even pure 3C-SiC display ferromagnetic response at RT due to 
defects present in it [23]. But the magnetic moment value is at least 3 
orders of magnitude smaller than that of the Ni-doped samples. The 
introduction of a transition metal element into the SiC matrix is expected 
to strengthen the magnetic interaction in the system. 

Further, the substitution of Ni2+ in place of Si4+ can introduce (local) 
anisotropy in the system. From the analysis of magnetization data, the 
magnetocrystalline anisotropy and its role on the magnetic interactions 
in the system have been determined. The magnetization can be written 
as, 

M (H, T) =
2Ms

π tan− 1
[

H ± HC

HC
tan
(

πS
2

)]

+ MSP L
(

μH
kT

)

(2) 

Where, MS, HC, H, and S are the saturation magnetization, coercivity, 
applied field, and squareness of the M− H loop respectively [42,43]. The 
parameter S is given by the ratio of the remnant magnetization (Mr) to 
the saturation magnetization (MS) [S = Mr/MS]. The term MSP is the 
superparamagnetic component of the magnetization and L is the Lan-
gevin function. The first term represents the ferromagnetic contribution 
and the second term gives the paramagnetic contribution. The Ni 5% 
doped 3C-SiC sample exhibits the maximum value of saturation 
magnetization and coercivity (Fig. 5.a, b). 

Fig. 6 (a) shows the fit to the experimental M− H curve of annealed 
samples of Ni-doped 3C-SiC using Eq. (2). Using the fit to the semi- 
empirical Eq. (3) [44–46] the Curie temperatures (TC) of the samples 
were determined by extrapolation of the M− T curves as shown in Fig. 6 
(b). 

M(T) = M(0)
[
1 − s(T/TC)

3
2 − (1 − s)(T/TC)

p
]β

(3) 

Fig. 4. (a, b, c) Magnetic Hysteresis recorded on annealed samples of Ni-doped 3C-SiC at three different temperatures. Inset (i) Expanded portion of the low field part 
of the hysteresis loops showing clear loop opening. (ii) Bifurcation of FC-ZFC plots recorded at 1kOe field. 
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Where M (0) is magnetization at the initial temperature (5 K) and s is 
the shape factor. The value of s is found to be 0.40. A small value of s ~ 
0.40 is a clear sign of long-range ferromagnetic order. The exponent p is 
a semi-empirical fit parameter which turns out to be 0.85. The value of 
the critical exponent of the order parameter, β is found to be 0.49 which 
is nearly equal to the theoretical mean value (~1/2) that indicates long- 
range ferromagnetic order in the system. The Curie temperature of Ni- 
doped samples obtained by extrapolation of the fit to the M vs T data 
using modified Bloch’s T3/2 law (Eq. (3)) has been found to be 420 K, 
520 K, and 540 K respectively for 1, 3, and 5% doping levels. 

The Coercivity variation with temperature was analyzed using the 
Bound Magnetic Polaron model (BMP) Eq. (4). 

HC = HCO

[

1 −
(

T
TB

)1/2
]

(4) 

Where, TB is the blocking temperature, T is the temperature, and HCO 

is the coercivity at T = 0 K. As the fits to the experimental data on 
temperature variation of coercivity, assuming temperature-independent 
fixed BMP size shows considerable deviation (Fig. 7), a modified BMP 
model proposed by Coey et al. [47] which assumes magnetic cluster size 
variation with temperature and defect mediated exchange mechanism 
was considered to set up a long-range range magnetic order in the sys-
tem, there has to be a sufficient number of BMPs with the required size to 
reach the percolation threshold limit. Assuming a particle composed of 
N spherical polarons of radius r, volume can be expressed as V = 4

3 Nπ r3. 
There is a relation between polaron radius and dielectric constant ε of 

Fig. 5. (a) Variation of Coercivity and (b) Ms with Temperature for Ni-doped 3C-SiC. The solid lines are a guide to the eye.  

Fig. 6. (a) M− H plot of annealed Ni-doped samples with fit to Eq. (2) (b) Determination of Curie temperature by extrapolation of the fit to the M –T data using 
Eq. (3). 

Fig. 7. Coercive field variation with temperature for 3% Ni-doped 3C-SiC. The 
solid lines are fit to the unmodified (Eq. (4)) and modified (Eq. (5)) coercivity 
equation for BMPs. 
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the materials as r = ε(m/m*)a0, [47] were, m is the electron mass, m* is 
the effective mass of the donor electrons, and a0 is the Bohr radius (0.53 
Å). Assuming the effective mass to be a constant, the polaron radius can 
be approximated in terms of dielectric constant as r = a0ε. The polaron 
exchange mechanism can result in magnetically active regions in TM 
doped 3C-SiC when the size of the magnetic clusters changes with 
temperature and can be explained assuming first-order temperature 
dependence of the dielectric constantε(T) = εTO + αT. Where εTO is the 
Static Dielectric constant and α is the linear expansion coefficient. To 
determine the magnetic coercivity variation with temperature, the 
blocking temperature could be expressed in terms of anisotropy constant 
and volume as TB = KV/25kb, in Eq. (4) [48]. 

Using this expression, Eq. (4) can be modified as given in Eq. (5) 
[49]. 

HC = HCO

⎡

⎣1 −

(
25kBT

NK(4/3)πa3
0(εTO + αT)3

)1/2
⎤

⎦ (5) 

This equation fits quite well with the experimental data as shown in 
Fig. 7. Hence the long-range magnetic order in Ni-doped 3C-SiC can be 
explained using the temperature-dependent percolation threshold for 
BMPs.  

C. Magneto crystalline Anisotropy 

The magnetocrystalline anisotropy and its role on the magnetic in-
teractions in the system have been analyzed by using the “Law of 
Approach to Saturation” to the high field isothermal magnetization data 
as it helps to obtain an approximate estimation of anisotropy constant in 
a polycrystalline magnetic material [50 –53]. From the best fit to the 
experimental data (Fig. 8(a) the effective anisotropy constant, KE was 
determined using the values of the parameters obtained. The value of KE 
calculated at 5 K & 350 K for 5 % Ni-doped 3C-SiC sample are 2.15 × 105 

erg/cm3 and 0.85 × 105 erg/cm3 respectively. The KE values show a 
slight increase initially and reach a peak value around 50 K and then 
decrease monotonically as the temperature increases as shown in Fig. 8 
(b). The temperature dependence of the anisotropic constant accounts 
for the high coercivity values observed in the low-temperature regime 
and the weakening of the magnetic interactions as the temperature rises. 

4. Mechanism of magnetization 

The magnetic properties of Dilute Magnetic Semiconductors (DMS) 
could depend upon many parameters such as concentration and distri-
bution of TM ions, types and concentration of defects, and nature of 

doping (n-type or p-type). The long-range magnetic order in DMS has 
been explained based on either the Zener model (Mn-doped GaN) or 
hole-mediated exchange interaction proposed by Diet et al (Mn-doped 
ZnO). But experimental results have shown clearly the presence of de-
fects in the DMS system and hence there have been theoretical models 
proposed based on defect-mediated magnetic interactions. Among the 
various theoretical models developed to explain FM in DMSs, the 
percolation model developed by Kaminski and Das Sarma is an impor-
tant mechanism [54]. In the case of the oxide DMS system, the Bound 
Magnetic Polaron (BMP) model of Coey et al. has been used to explain 
long-range magnetic order. As the defects (Vsi, Vc) present in the system 
may play important role in establishing long-range ferromagnetic order 
in transition metal-doped SiC we checked the applicability of the BMP 
model [47] to understand the magnetic response of the system. In the 
high-temperature range, the saturation magnetization MS can be taken 
approximately equal to Meff to estimate the number of BMPs. The 
experimental isothermal magnetization plots recorded at different 
temperatures along with the BMP model fit to the data are shown in 
Fig. 9 (a-c) for all the Ni-doped samples. The M− H plots after subtraction 
of the paramagnetic contribution exhibiting clear saturation are shown 
in Fig. 10 (a-c). The parameters obtained from the BMP fit to the M− H 
data are given in Table.4.1. The number density of BMP estimated from 
the parameters obtained from the model fit is found to be the order of 
1018 per cm3 as shown in the Table. But the BMP number density 
required to achieve percolation to set up long-range ferromagnetic order 
is 1020 per cm3 in oxide DMS system (ZnO) [55]. As the number density 
of BMP in Ni-doped 3C-SiC is two orders of magnitude smaller than the 
value needed for percolation, defect alone cannot be held responsible for 
room temperature ferromagnetism in the system. Hence the high- 
temperature ferromagnetic response of the system cannot be explained 
by the BMP percolation model. However, the high-temperature syn-
thesis of Ni-doped 3C-SiC sample provides a favorable condition to form 
defects such as (VSi,VC, VSiC). The presence of such defects has already 
been confirmed by FC - ZFC measurements on pure 3C-SiC. Similar to the 
role of Mn ion in Mn-doped ZnO DMS, in the SiC system, Ni acts as a 
charge donor. The presence of silicon and carbon vacancies in 3C-SiC is 
favorable for the occupation of holes due to the activation of acceptor 
states. The replacement of Si4+ ions by Ni2+ will produce two holes. As 
the Ni concentration increases, the number of holes also increases. The 
analysis of Raman spectra has confirmed that the carrier concentration 
increases with an increase in nickel concentration. This suggests that a 
model based on carrier-mediated (hole) interaction can be used to 
explain the long-range ferromagnetic order in the Ni-doped 3C-SiC. In 
addition to this, grain boundary and dislocation-like defects can play a 
vital role in inducing the long-range ferromagnetic order in the system 

Fig. 8. (a) Law of approach to saturation model fit to the high field isothermal magnetization data. (b) Variation of effective anisotropy constant, KE with Tem-
perature for Ni-doped 3C-SiC. The solid lines are a guide to the eye. 
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[33,56,57]. Considering the possibility of the existence of BMPs in the 
material and an increase in carrier concentration due to Ni doping, a 
modified BMP model has been used to explain the long-range magnetic 
order in Ni-doped 3C-SiC. The exchange interactions between a 

localized charge carrier trapped by defects (F+ center) such as Vsi or Vc 
here, and many surrounding Ni2+ ions align all the Ni2+ spins around the 
carrier localization center resulting in the formation of a BMP. There are 
two possibilities for long-range magnetic interaction in the system. It can 
be achieved either by (i) direct overlapping of two polarons or (ii) in-
direct interaction between two polarons through a magnetic impurity. 
The nature of interaction will ultimately depend upon the number 
density of BMPs formed and the distance between them in the host 
matrix. The BMP number density in the Ni-doped 3C-SiC samples have 
been estimated to be 0.57 × 1016 cm− 3, 0.12 × 1017 cm− 3, and 0.95 ×
1017 cm− 3 in the 1, 3, and 5% Ni-doped samples respectively at RT 
which is not sufficient for direct overlap to reach the percolation limit. 
So the magnetic impurity may act as a kind of messenger to facilitate the 
exchange interaction among the BMPs to achieve ferromagnetism in the 
system. In addition to this, spontaneous spin polarization can be induced 
in the system due to strong hybridization between C 2p and Ni 3d or-
bitals [58 –60]. Hence the room temperature ferromagnetism exhibited 
by Ni-doped 3C-SiC can be explained as a combined effect of orbital 
hybridization and magnetic impurity-mediated BMPs. The lack of 
saturation observed in magnetization could be due to paramagnetic 
contributions from isolated charges trapped at vacancies (F – centers). 

5. X-band ESR spectra of Ni-doped 3C-SiC 

Electron Spin Resonance (ESR) spectra were recorded at different 
temperatures in the range of 110 K to 450 K to determine the actual spin 
state of Ni2+ionand to get further insight on the microscopic origin of the 
magnetization in Ni-doped 3C-SiC. The ESR measurements were carried 
out using a JEOL X-band (frequency − 9.56 GHz) spectrometer with a 
rectangular cavity, 100 kHz field modulation, and phase-sensitive 
detection. The Ni2+ ion may occupy a substitutional Si4+ or Carbon 
site and may as well occupy interstitial sites. If a large fraction of Ni2+

Fig. 9. The Bound Magnetic Polaron (BMP) model fits to the isothermal magnetization data of Ni-doped 3C-SiC.  

Fig. 10. M− H Plots of Ni-doped 3C-SiC after subtraction of paramagnetic Contribution.  

Table 4.1 
The parameter obtained from the BMP model fit to the isothermal magnetization 
data of Ni-doped 3C-SiC samples.  

Ni 1% 

T(K) M0 (emu/ 
g) 

Meff × 10-17 

(emu) 
χm × 10 -6 (emu/ 
gOe) 

N × 1016 

(cm− 3) 

50 0.21  0.75  5.80  8.8 
100 0.18  1.58  2.74  3.6 
150 0.16  2.79  2.16  1.8 
200 0.15  4.08  1.84  1.1 
250 0.13  5.41  1.65  0.77 
300 0.12  6.66  1.53  0.57 
350 0.11  7.87  1.43  0.44 
T(K) 3% 
50 0.32  0.80  6.10  12.8 
100 0.29  1.78  3.35  5.22 
150 0.27  2.87  2.79  3.01 
200 0.24  4.05  2.50  1.90 
250 0.22  5.07  2.30  1.39 
300 0.20  6.41  2.15  1.00 
350 0.17  7.87  2.03  0.69 
T (K) 5% 
50 1.53  0.68  15.50  72.0 
100 1.46  1.25  7.95  37.4 
150 1.42  1.56  7.57  29.2 
200 1.29  2.48  5.19  16.6 
250 1.16  3.13  4.68  11.8 
300 1.12  3.77  4.64  09.5 
350 1.00  4.43  4.28  07.2  

G.P. Moharana et al.                                                                                                                                                                                                                           



Journal of Magnetism and Magnetic Materials 555 (2022) 169358

8

ions occupy substitutional Si sites then a sufficient number of Si va-
cancies have to be created for charge compensation. Besides, doping of 
Ni2+ is also expected to generate holes in the host matrix. The undoped 
3C-SiC lattice itself shows the presence of defects as evidenced by the 
presence of a sharp ESR resonance corresponding to g = 2.00. The 
ground electronic state of Ni2+, d8 spin system is t2 in a tetrahedral or 
distorted tetrahedral crystal field. Unless the distortion from Td sym-
metry splits the doubly degenerate e levels far apart, the system is likely 
to be in a triplet ground state with S = 1. The ESR spectrum will 
correspond to a triplet ground state with g anisotropy and anisotropic 

zero-field splitting. The natural abundance of any magnetic Ni isotope (I 
∕= 0) being less than 1% no hyperfine splitting in the ESR spectrum is 
expected. Taking into consideration the orbital levels and occupancy it 
can be expected that, there are four electrons occupying the triple t2 
level with the net spin I = 1. The ESR spectra of all the Ni-doped samples 
show asymmetry and broadening of the peaks (Fig. 11 (a-c)). The 
asymmetry of the spectra shows the presence of structural distortion and 
the broadening of the peaks indicates ferromagnetic interactions in the 
system. The spectral line shape suggests that the 5% Ni-doped SiC has 
higher structural distortion compared to the 1% Ni-doped sample. The 

Fig. 11. (a - c) The ESR spectra of Ni-doped 3C-SiC samples recorded at different temperatures in the range of 110 K to 450 K on the as-prepared samples. (d, e, f) The 
spectra were recorded on samples annealed at 1200◦ C for 10 hrs. 
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anisotropy in the g factor is due to broken degeneracy. While the ESR 
spectra of 1% Ni2+ doped SiC shows broad asymmetric ESR lines with a 
sharp resonance at g = 2.00 arising out of defects, the spectra of 5% Ni2+

doped sample clearly shows broad asymmetric resonance with g less 
than 2.00 due to spin–orbit coupling mixing the levels within the t2. The 
additional broad peak corresponding to g = 4.00 is presumed to be the 
‘forbidden transition’ from Ms = − 1 to Ms = +1 of the spin-triplet 
which is the so-called ‘double quantum transition’ (Fig. 11 (a-c)). 

The very broad anisotropic transition could be due to exchange 
broadening as well as an anisotropic zero-field splitting that will lead to 
an asymmetric ESR absorption in a randomly oriented D-tensor from a 
powder system. Additional broadening is caused by the anisotropic g- 
tensor. The ferromagnetic interactions aided by long-range exchange 
interactions between the Ni2+ impurity ions may be the reason for the 
absence of resolved g features in the spectra. The magnetic susceptibility 
measurements clearly support this claim. The spectra of all the annealed 
samples are more symmetric with reduced intensity of the sharp line due 
to electron-hole annihilation and diffusion of Ni2+ ions into low-energy 
substitutional sites. A detailed discussion on ESR spectra of annealed 
samples is given below. 

6. Interpretation of ESR spectra of annealed samples 

The ESR spectra of annealed samples (Fig. 11 (d, e, f)) show (i) 
reduction in line width (ii) increase in symmetric feature, and (iii) in-
crease in intensity with rising temperature. But the ESR intensity of 5% 

Ni-doped sample shows a deviation from this behavior above a certain 
temperature. The spectral line width and its variation with temperature 
provide information about the magnetic interactions present in the 
system. Moreover, it also helps to understand the role played by mag-
netic dopants to set up magnetic order and gain insight into the relax-
ation dynamics present in the system. To extract more information about 
the system, the ESR spectra were fitted to Eq. (6). 

S = L
ΔH2

(Hext − Hr)
2
+ ΔH2

+D
ΔH(Hext − Hr)

(Hext − Hr)
2
+ ΔH2

+C (6) 

Where, S → ESR Signal, L → Lorentzian Part, D → Dysonian Part, ΔH 
→ Line width, Hr → Resonance Field, Hext → External applied field, and 
C → Constant. The ESR spectra of annealed samples fitted to Eq. (6) are 
shown in Fig. 12 (a-c). The temperature variations of parameters ob-
tained from the fit are shown in Fig. 13 (a, b). 

The variation of ESR line width as a function of temperature for all 
the Ni-doped samples is shown in Fig. 13 (a). The broad spectrum in the 
low-temperature range could be attributed to the sum of the signals 
originating from Ni2+ ions and paramagnetic defects present in the host 
matrix. 

The increase of line width with the decrease in temperature indicates 
that the number of interacting spins from Ni2+ ions increases when 
compared to the spins in paramagnetic centers. The structural defects 
that form during synthesis, dipolar interaction, and unresolved hyper-
fine interaction also play a very decisive role in the broadening of the 
ESR spectra as the temperature is lowered. The other possible 

Fig. 12. ESR spectra of annealed Ni-doped 3C-SiC samples with fit to Eq. (6) and the Lorentzian and Dysonian Component obtained from the fit.  
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contributions to spectral broadening are (i) the presence of charge 
compensating vacancies, (ii) local lattice strain due to fast spin–lattice 
relaxation time, and (iii) frozen spin profile which reflects as a disorder 
in the dipolar field and leads to the disproportionate increase in 
magnetization. The broadening of ESR line width has been reported in 
the family of the dilute magnetic semiconductors Cd1-xMnxSex and Cd1- 

xMnxTex [61,62]. The transition between spin sub-levels could 
contribute to the line broadening due to the small spin–spin relaxation 
time as compared to spin–lattice relaxation time. The temperature de-
pendency of the integrated intensity of ESR spectra of all the Ni-doped 
samples is shown in Fig. 13 (b). The integrated intensity of 1% and 
3% doped samples increases with rising temperature and does not follow 
usual Curie-like behavior at the higher temperature. But the Ni 5% 
doped sample follows Curie law above a particular temperature as 
shown in Fig. 13 (b). In this case, the integrated intensity of spectra 
increases with temperature from 110 K to 365 K, and after attaining a 
maximum at approximately 370 K, it decreases gradually with a further 
increase in temperature. An ideal paramagnetic ESR spectrum shows the 
reduction in intensity with the rise of temperature and follows Curie’s 
law. But the presence of orbitally degenerate ground state and incom-
plete quenching of orbital angular momentum will result in deviation 
from the law [63]. As the temperature raises the spin–orbit coupling 
energy (KBT) splits the orbitally degenerate ground state and lifts the 
degeneracy. This is the reason for the observed deviation in the variation 
of ESR intensity from Curie’s law. The interaction energy of magnetic 
moments with the applied magnetic field became equal to the thermal 
energy (KBT) of the atom at 365 K approximately [64]. This is the reason 
why there is a peak in the ESR intensity plot at 365 K in the 5% Ni-doped 
sample. With a further increase in temperature, thermal energy over-
comes the interaction energy and randomizes the moments. This results 
in a reduction of paramagnetic susceptibility with the increase in tem-
perature and the intensity plot follows usual Curie’s law (χ = C/T). 
Similar behavior in the temperature dependence of integrated intensity 
has been reported by Köseoğlu et al. [65]. All the Ni-doped samples 
show that the spins in the system are strongly coupled. The position of 
the peaks shifts towards lower fields with a decrease in temperature 
(Fig. 11 (d, e, f)) which could be due to strengthening of the magnetic 
interactions due to reduction in thermal fluctuations. The disappearance 
of the peak corresponding to g ~ 1.99 in the 5% Ni-doped can be 
attributed to the reduction of defect density due to annealing. 

7. Conclusions 

The Curie temperature of the doped samples has been found to be 
420 K, 520 K, and 540 K respectively for Ni 1, 3, and 5% doping levels. 
The analysis of Raman spectra indicates the formation of defects, some 
local tetrahedral distortion as well as an increase in carrier 

concentration with the increase in Ni doping. The substitution of Ni2þ in 
place of Si4+ will result in the creation of vacancies. The intrinsic ex-
change interaction of Ni ions with Vsi, Vc, defects leads to ferromagnetic 
interactions. The room temperature ferromagnetism exhibited by Ni- 
doped 3C-SiC can be explained as a combined effect of orbital hybridi-
zation and magnetic impurity-mediated BMPs assuming a temperature- 
dependent BMP size. 
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