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1  Introduction

 Metal sulfide nanoparticles demonstrate substantial 
improvements in surface shape, electrical conductivity, ther-
mal stability, varied redox characteristics, and exceptional 
durability, resulting in effective applications for energy con-
version, storage, and environmental remediation. Recently, 
spinel sulphides (especially Co-Ni sulphides, NCS) received 
the attention of material scientists due to their use in differ-
ent applications such as microwave high-frequency sensors, 
platinum-free counter electrode for dye-sensitized solar 
cells, recording device, electrocatalytic energy conversion, 
storage devices, magnetic resonators supercapacitors, high-
density electronic mass storage appliance, organophosphate 
pesticide biosensors, lithium-ion batteries, supercapacitors, 
and bifunctional electrocatalyst for oxygen reduction or 
evolution reactions [1–3].

Spinel metallic sulphides (e.g., NiCo2S4) are also 
important material in oxygen electrocatalysis due to their 
electronic conductivity, favourable electronic structure, 
multivalent oxidation state, good mechanical and thermal 
stability, etc [4, 5]. The replacement of O with S may gener-
ate a more flexible structure with the elongation of chemical 
bonds hence this makes the structure easier for electrons to 
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(0.03 ≤ x ≤ 0.06) at both at RT and 10  K demonstrate their magnetically hard nature. These results highlight that the Ni 
dopants can be harnessed to achieve desired magnetic properties of CoFexNi2−xS4 NTSs. The obtained findings show the 
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be transported in this tuned structure, which can enhance 
the electrochemical performances of supercapacitors [6]. 
The electrical conductivity of is about 100 times that of 
NiCo2O4 [6, 7]. Beknalkar et al. [8] studied the charge stor-
age dynamics and super capacitive features of hydrother-
mally synthesized MnCo2S4. Song et al. [2] used CoNi2S4 
for organic dye degradation. Liu et al. [9] fabricated the 
Ni-Co sulfide heterostructures with enhanced electrochemi-
cal performance and stable thermodynamic interfaces. Li 
et al. [10] used the spinel-type bimetal sulfides for lithium-
sulfur batteries.

The synthesis, characterization, investigation of magnetic 
characteristics, and DFT study of hydrothermally synthe-
sized CoFexNi2-xS4 (x ≤ 0.06) NTSs have been presented 
for the first time in this study. The magnetic characteristics 
of spinel compounds highly depend on the electronic con-
figurations and occupancy of the cations at their tetrahedral 
(Td) and octahedral (Oh) sites. In the proposed CoFexNi2-xS4 
nanothiospinel system, replacing some Ni2+ ions with Fe3+ 
ions can be a thoughtful approach to tune the electronic and 
magnetic behaviors of the material. Indeed, this is driven 
by the distinct electronic configurations of Ni2+ and Fe3+ 
ions; Ni2+ ion: [Ar]3d⁸, possessing two unpaired electrons, 
and Fe3+ ion: [Ar]3d⁵, possessing five unpaired electrons. 
Accordingly, we are inserting ions with a significantly higher 
number of unpaired electrons into the crystal lattice by sub-
stituting Ni2+ with Fe3+ ions. One would expect to increase 
the net magnetic moment of the overall system and reinforce 
the super-exchange interactions between different cations, 
eventually serving as the driving force for the observed tran-
sition from a non-magnetic state to a ferromagnetic one. The 
present work investigates this specific substitution mecha-
nism to demonstrate its effectiveness in controlling the mag-
netic properties of the CoFexNi2-xS4 system.

2  Experimental

2.1  Chemicals

The CoFexNi2−xS4 (x ≤ 0.06) NTSs have been fabricated 
via a one-step hydrothermal route. The high purity of 
Co(NO3)2⋅6H2O), Fe(NO3)3⋅6H2O, Ni(NO3)2⋅6H2O, and 
thiourea (CH4N2S) were received from Merck. Nickel foam 
(cleaning through ultrasonication in ethanol-deionized 
water (DI) solution followed by drying with N2 gas) was 
employed as both the deposition substrate.

2.2  Synthesis and Characterization

The chemicals employed are of analytical grades and used 
without any further purification. The stoichiometric amount 

of metal nitrates and thiourea were dissolved in 50 mL of 
DI water via stirring. 2 ml of Ethylene diamine was added 
to the mixture and sonicated for 1 h. Afterward, the solu-
tion was transferred to the 100 mL Stainless-steel autoclave 
(Teflon lined). The sealed Teflon-lined autoclave was heated 
at 200 °C for 12 h. After the hydrothermal reaction and cool-
ing steps, solid product of CoNi2S4 NTSs washed with DI 
H2O, and ethanol then dried at 80 °C for overnight. The 
same hydrothermal procedure was repeated for other “x” 
ratios [11].

The crystal structure was validated by an X-ray diffrac-
tometer (Rigaku Benchtop Miniflex, Cu Kα radiation) in 
range 2Ɵ= 20–70 ͦ. The surface analysis of the products was 
completed by scanning electron microscopy (SEM, FEI), 
energy dispersive X-ray spectroscopy (EDX, AMETEK 
attached to Tescan Vega 3 SEM), and transmission elec-
tron microscopy (TEM, JEOL). The magnetic properties 
of products were investigated by Quantum Design PPMS 
DynaCool-9 coupled with a VSM head. Additionally, den-
sity functional theory (DFT) calculations were conducted 
to complement the experimental results and provide atom-
istic-level exploration of their structural and electronic 
characteristics.

3  Results & Discussion

3.1  Structure and Morphology

The unit cell diagram and investigation of CoFexNi2−xS4 
(x ≤ 0.06) NTSs crystal structure was proceed by the XRD 
powder patterns were represented in Fig. 1(a and b). All 
samples displayed a mix phase of cubic CoNi2S4 siegenite 
(space group Fd−3m) phase and cubic CoS2 (space group 
Pa−3) phase in all compositions and becomes more distinct 
at x = 0.06 [12, 13]. The intensity of second phase CoS2 
increases with increasing the ratio of Fe due to disturbing 
the lattice by varying in cation distribution [14]. The lattice 
parameters were estimated through Match3! and Full-proof 
software. The crystallite sizes of samples were calculated 
by the well-known Scherrer equation as displayed in Table 
1. The lattice parameter was found to slightly increase with 
the rising ratio of Fe3+ in samples due to an expansion in the 
lattice as a result of difference in ionic radii between Fe and 
Ni [15]. We can state that iron is successfully inserted into 
the lattice structure of cubic CoNi2S4 siegenite. The crystal-
lite size (DXRD) ranges between 23 and 42 nm. W–H method 
has been utilized the XRD patterns to calculate the micro 
strain (ɛ) of CoFexNi2−xS4 (x ≤ 0.06) NTSs was presented in 
Fig. 2 and listed in Table 1. In this method, the microstrain 
presented positive values shows a tensile stress, where the 
crystal lattice is expanded [16].
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Figure 3 presents the SEM images of CoFexNi2−xS4 (x ≤ 
0.06) NTSs which illustrates the agglomeration of micro-
sphere wool ball particles of varying size, with a size range 
less than 1 μm. In addition, the inside hollow structure of the 
spherical wool-ball shape [17–19] was demonstrated in the 
ratios x = 0.02, 0.03, and 0.04. The observed reduction in 
grain size with Fe doping is most likely caused by the intro-
duction of lattice strain, which affects and hinders the crystal 
growth. However, a degree of aggregation is shown to a cer-
tain extent, which is occurred as a result of the high surface 
energy of the particles [20]. The energy-dispersive analysis 
(EDX) and elemental mapping demonstrate the successful 
synthesis of CoNi2S4, as evidenced by the presentation of 
Co, Ni, S and Fe in Fig. 4. The TEM and HR-TEM analyses 
were conducted to further characterize the microstructures 
of CoFexNi2−xS4 (x ≤ 0.06) NTSs, as illustrated in Fig. 5. The 
TEM image displays a concentrated concentration of spheri-
cal particles. Crystal planes such as (444), (400), (333), 
and (331) were identified by the calculation of the distance 
between the lattice fringes using the HR-TEM image, which 
are pertinent to the cubic siegenite phase.

3.2  Cation Distribution

The Bertaut method was applied for the cation distribu-
tion of CoFexNi2−xS4 (x ≤ 0.06) NTSs based on XRD pat-
terns [21]. Table 2 presents the cation distribution in the 
CoFexNi2−xS4 (x ≤ 0.06) NTSs, illustrating how cations 
(Co2+, Ni2+, Fe3+) are allocated between the A-site and 
B-site of the spinel structure as the composition varies with 
x. It should be noted that S ions are not considered in the 
cation distribution. For the initial composition (x = 0.0), the 
A-site is predominantly occupied by nickel ions (Ni2+) with 
a small amount of cobalt (Co2+), while the B-site has a higher 
concentration of cobalt compared to iron. As iron (Fe3+) is 
introduced into the system at x = 0.02, Fe3+ begins to occupy 
the B-site, replacing a small fraction of Ni, while the A-site 
composition remains unchanged. With x = 0.03, the amount 
of Fe in the B-site increases slightly, further replacing Ni, 
and the A-site remains stable with the same cation distribu-
tion as in the previous compositions. At x = 0.04, the Fe3+ 
ion concentration in the B-site continues to increase, replac-
ing more Ni, while the A-site still remains unaffected by the 

Table 1  Structural parameters of CoFexNi2−xS4 (x ≤ 0.06) NTSs
x a0 (Å) DXRD (nm) MW (g/mol) Micro strain (ε) W-H x10− 3 (lines-2 m− 4) dx (g/cm3) V (Å3) L(A) (nm) L(B) (nm)
0.00 9.3996 42.3 298.850 3.5 4.815 824.820 4.061 3.316
0.02 9.4096 35.9 298.907 3.6 4.816 824.820 4.061 3.316
0.03 9.4045 19.6 298.936 4 4.785 830.291 4.070 3.323
0.04 9.4007 33.4 298.964 2.9 4.836 821.567 4.056 3.311
0.05 9.4072 24.3 298.993 2.4 4.779 831.392 4.072 3.324
0.06 9.4201 23.9 299.021 2.8 4.780 831.392 4.072 3.324

Fig. 1  (a) Unit cell representation and (b) XRD powder patterns of CoFexNi2-xS4 (x ≤ 0.06) NTSs
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that cobalt’s distribution is not influenced by the varying 
Fe3+ concentration. The decrease in Ni2+ content in the B-site 
with increasing x indicates that Ni is being systematically 
replaced by Fe3+, reflected in the gradual increase of Fe3+ 
and corresponding decrease of Ni2+ in the B-site. In con-
clusion, the cation distribution in the CoFexNi2−xS4 NTSs 
shows a clear preference for Fe3+ to occupy the B-site, while 
the A-site composition remains unaffected by the introduc-
tion of Fe3+. This consistent pattern of Fe3+ substitution in 
the B-site, while maintaining stable Co2+ and Ni2+ levels in 
the A-site, indicates specific site preferences and stability 
within the spinel structure of this system.

3.3  Magnetic Traits

The magnetic traits of CoFexNi2-xS4 (x ≤ 0.06) NTSs were 
analyzed at RT (room temperature) and 10 K under ± 50 
kOe. Figure 6 provides the relevant M(H) curves at each 

addition of Fe3+. For x = 0.05, Fe3+ in the B-site increases 
to 0.05, indicating a gradual substitution of Ni2+ with Fe3+, 
while the A-site composition remains consistent with ear-
lier compositions. At x = 0.06, Fe3+ occupies 0.06 of the 
B-site, showing a continuous trend of Fe3+ replacing Ni2+ in 
the B-site, with the A-site remaining unchanged throughout 
the compositions. Generally, in the inverse spinel structure, 
Fe3+ and Co2+ are expected to occupy the octahedral B-site 
according to the single-ion model [22, 23].

Observations and trends indicate that the A-site composi-
tion (Co0.15Ni0.85) remains constant across all compositions 
(x = 0.0 to x = 0.06), suggesting that the introduction of Fe3+ 
does not affect the cation distribution in the A-site. In con-
trast, the B-site shows a progressive substitution of Ni2+ by 
Fe3+ as the value of x increases, indicating that Fe3+ pref-
erentially occupies the B-site over the A-site in the spinel 
structure. The amount of cobalt in both the A-site and B-site 
remains consistent throughout the compositions, implying 

Fig. 2  Williamson–Hall plots of CoFexNi2−xS4 (x ≤ 0.06) NTSs
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The diamagnetic behavior exhibited by pure CoFexNi2-xS4 
(x ≤ 0.06) NTSs (x = 0.00) at RT can be due to the elec-
tronic configuration of its ions. Diamagnetism occurs 
when the material has no unpaired electrons, and the mag-
netic moments of the electrons in filled shells cancel each 
other out. On the other hand, at 10 K, thermal energy is 
reduced, and weak magnetic interactions at RT (high 
temperature) become more pronounced. In this case, the 
intrinsic magnetic moments of Co2+ and Fe3+ ions in host 
CoFe2S4 sample are more likely to align with an external 
magnetic field, revealing paramagnetic behavior. When a 
small amount of Fe3⁺ ions (x = 0.02) are introduced, they 
replace some of the Fe³⁺ ions in the lattice. Ni²⁺ ions have 
a different electronic configuration compared to Fe³⁺, 
with unpaired electrons that contribute to a net magnetic 
moment. At this low concentration, the Fe3+ ions are too 
dispersed to interact strongly enough to cause long-range 
magnetic ordering, resulting in paramagnetism rather than 
ferromagnetism. At x = 0.03, the concentration of Fe3⁺ ions 
reach a critical level where the interactions between mag-
netic ions become strong enough to result in long-range 
magnetic ordering. The increased number of Fe3⁺ ions 
enhance the superexchange interactions between Ni²⁺ and 
Fe³⁺ ions, and potentially between Ni²⁺ ions themselves. 
These interactions can align the magnetic moments of the 

temperature, and the accompanying magnetic parameters 
are listed in Table 3. Temperature-dependent M(H) varia-
tions illustrated in Fig. 7 clearly exhibit the influence of 
doping within the low field range. At RT, M(H) plot of 
host material (x = 0.00) demonstrates that it possesses a 
diamagnetic nature, which turns into paramagnetic behav-
iour upon adding Fe3+ ions (x = 0.02) replacing the Ni2+ 
ions (Fig. 6a). On the other hand, at 10 K, paramagnetic 
behavior is observed at x = 0.00 and 0.02 (Fig.  6b). This 
paramagnetic behavior is due to the fact that at such a low 
temperature, the thermal energy is significantly reduced, 
minimizing the randomizing effects that would otherwise 
prevent the alignment of magnetic moments. The intrinsic 
magnetic moments of the individual Co2+ and Fe3+ ions, 
which originate from their unpaired electrons, are now 
more likely to align with the applied external magnetic 
field. While there is no long-range cooperative ordering 
between the moments (which would indicate ferromag-
netism), their individual alignment with the external field 
gives rise to the observed paramagnetic behavior. This 
contrasts with the room temperature behavior where the 
higher thermal energy prevents this alignment, resulting in 
a different magnetic state. At both temperatures, hysteresis 
loops (or ferromagnetic nature) start to show up as soon as 
Fe doping concentration becomes x = 0.03 (Figs. 6 and 7). 

Fig. 3  SEM images of CoFexNi2−xS4 (x ≤ 0.06) NTSs
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be a paramagnetic material above ~ 120 K, but it can dis-
play weak ferromagnetism behavior at low temperatures, 
with a transition close to 120 K [24–26]. At RT, CoS2 is 
in its paramagnetic state. For the host sample (x = 0.00), 
which is intrinsically diamagnetic, the minor paramagnetic 
contribution from the CoS2 impurity becomes more notice-
able. As Fe doping increases and the sample transitions to 
a ferromagnetic state, the strong intrinsic ferromagnetism 
of the CoFexNi2−xS4 spinel structure becomes dominant, 
effectively overshadowing the weaker paramagnetic signal 
from the impurity. At low temperatures (for instance, 10 
K), both the CoFexNi2−xS4 samples and the CoS2 impu-
rity are in magnetically ordered states. The CoS2 impurity 
will contribute to the overall magnetic response through 
its weak ferromagnetic or metamagnetic properties. While 
its contribution is secondary compared to the primary Fe-
doping-induced Ferromagnetism, it could be a factor in 
the specific shape of the magnetization curves, especially 
at low doping concentrations where the magnetism of the 
spinel is still developing. Therefore, while the CoS2 impu-
rity has an influence, especially at lower temperatures and 
doping levels, the overall magnetic behavior is primarily 
driven by the doping-induced changes in the intrinsic mag-
netic interactions of the CoFexNi2−xS4 spinel.

ions in a cooperative manner, leading to ferromagnetism 
and hysteresis loops.

Substituting Ni with Fe introduces magnetic Fe ions into 
the system, which alters the superexchange interactions 
between the cations mediated by S anions. A few percent 
of Fe substitution (2–3%) introduces magnetic ions that dis-
rupt the diamagnetic nature, leading to a paramagnetic state 
(x = 0.02). With slightly higher Fe doping (x = 0.03), the sys-
tem crosses a magnetic percolation threshold (critical con-
centration for magnetic ordering), establishing long-range 
ferromagnetic order. This is driven by enhanced cation 
exchange interactions and site occupancy changes within 
the spinel structure. The small doping-induced transforma-
tion emphasizes the system’s sensitivity to Fe content and 
its potential for tunable magnetism.

The contribution of CoS2 impurity to the magnetism 
can depend on its amount and its magnetic interaction 
with the thiospinels. Ferromagnetic hysteresis loops of 
CoFexNi2−xS4 (x ≤ 0.06) NTSs appear only after a certain 
doping concentration (x = 0.03) and are absent at lower 
concentrations (x = 0.00 and x = 0.02). The presence of 
CoS2 as an impurity in all synthesized samples, including 
the host material (x = 0.00), requires more thorough con-
sideration of its magnetic contribution. CoS2 is known to 

Fig. 4  EDX spectra and elemental mappings of CoFexNi2−xS4 (x = 0.02 and 0.04) NTSs
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(nB) can be computed employing nB = MA× Ms

5585  [27, 28], 
where MA stands for the molecular weight. The nB values 
for CoFexNi2-xS4 (0.03 ≤ x ≤ 0.06) NTSs are found to be very 
low (0.05 ≤ nB ≤ 0.11 µ B) at RT. As the temperature drops 
to 10 K, they are enhanced (0.16 ≤ nB ≤ 0.36 µ B) at each 
doping content (0.03 ≤ x ≤ 0.06) as expected. In addition to 
the magnetic moment, the squareness ratio (SQR) is another 
substantial magnetic parameter [27]. The squareness ratio 
of a magnetic material is defined as the ratio of Mr to Ms, 
denoted as SQR=Mr/Ms. This ratio provides insights into 
magnetic anisotropy, domain structure, and the ease with 
which the material can be magnetized and demagnetized. 
A higher SQR (greater than 0.5) typically suggests fewer, 
larger magnetic domains and stronger magnetic anisotropy 
[23, 27, 28]. This indicates that a significant portion of the 
magnetization remains even after the external magnetic 
field is removed, which is characteristic of materials with 
strong ferromagnetic interactions. Conversely, a lower SQR 
value (below 0.5) indicates a multidomain structure where 
domain walls can move more freely, leading to a significant 
reduction in remanent magnetization. The squareness ratio 
is thus a powerful indicator of the magnetic domain state 
and its evolution with Fe concentration. The SQR values of 
CoFexNi2-xS4 (0.03 ≤ x ≤ 0.06) NTSs at each temperature 

At H = 50 kOe, the maximum magnetization (Mmax) 
ranges from 0.15 (0.67) emu/g to 2.09 (7.83) emu/g at RT 
(10 K). The remanence (Mr) values at RT are in the interval 
from 0.00 to 1.05 emu/g, which is changed to 0.00 ≤ Mr ≤ 
2.01 emu/g at 10 K. To determine the saturation magnetiza-
tion (Ms) for CoFexNi2-xS4 (0.03 ≤ x ≤ 0.06) NTSs (which 
are those exhibiting the hysteresis loops) with the help of M 
vs. 1/H2 plots, M is extrapolated to zero at each temperature 
as depicted in Fig. 8. The estimated Ms values are tabulated 
in Table 3, which presents that the Ms is within the range of 
0.86 ≤ Ms ≤ 2.09 (3.00 ≤ Ms ≤ 6.81) at 300 K (10 K). While 
the Ms reaches its highest magnitude at x = 0.05 at RT, it 
becomes greatest at x = 0.03 at 10 K. Both the evolution 
of Ms and Mr with respect to Ni doping (0.03 ≤ x ≤ 0.06) 
is illustrated in Fig. 9a. The associated magnetic moment 

Table 2  Cation distribution of CoFexNi2−xS4 (x ≤ 0.06) NTSs
x A-site [± 5%] B-site [± 5%]
0.00 Co0.15Ni0.85 Co0.85Ni1.15
0.02 Co0.15Ni0.85 Co0.85Fe0.02Ni1.13
0.03 Co0.15Ni0.85 Co0.85Fe0.03Ni1.12
0.04 Co0.15Ni0.85 Co0.85Fe0.04Ni1.11
0.05 Co0.15Ni0.85 Co0.85Fe0.05Ni1.10
0.06 Co0.15Ni0.85 Co0.85Fe0.06Ni1.09

Fig. 5  TEM and HR-TEM images of CoFexNi2−xS4 (x ≤ 0.06) NTSs
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are presented in Table 3. The SQR values are around 0.5 
for x = 0.04 and x = 0.05 at both temperatures. It indicates 
that a significant portion of the magnetization remains when 
the external magnetic field is removed, suggesting strong 
ferromagnetic interactions. On the other hand, for x = 0.03 
and x = 0.06, they become approximately 0.3 at RT and 0.1 
at 10 K. It suggests larger multidomain structures, where 
domain walls can move more freely, leading to a reduction 
in remanent magnetization. At low temperatures, materials 
often exhibit stronger magnetic anisotropy due to reduced 
thermal agitation. This anisotropy can cause more complex 
magnetic domain structures and interactions. The observed 
kinks in the hysteresis loops at 10 K (Figs. 6b and 7b) are 
chiefly due to stronger magnetic anisotropy and domain wall 
pinning. They indicate the presence of multiple magnetic 
phases or regions with different coercivities and anisotro-
pies. Besides, at low temperatures, enhanced domain wall 
pinning due to lower thermal energy leads to abrupt changes 
in magnetization, resulting in kinks. At RT, higher thermal 

Fig. 6  M(H) curves of CoFexNi2-xS4 (x ≤ 0.06) NTSs at (a) RT and (b) 
10 K
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size (together with its distribution) [29–35]. The non-linear 
behavior of Hc can be attributed to the interplay of various 
anisotropies acting as sources of coercivity, including mag-
neto-crystalline anisotropy, magneto-elastic anisotropy, and 
surface anisotropy [36]. The substitution of Ni2+ with Fe3+ 
induces local lattice strain and alters the spin-orbit coupling, 
which in turn affects the magneto-crystalline anisotropy and 
magneto-elastic anisotropy of the material. Furthermore, 
the observed increase in Hc, particularly at low tempera-
tures, can be related to domain wall pinning at defects, grain 
boundaries, and the surface of sample. The coercivity is also 
highly dependent on the crystallite size (DXRD) and poros-
ity of the samples. For example, as the Fe concentration 
increases, the changes in crystallite size and the potential 
for increased porosity can create more pinning sites, thereby 
hinder domain wall motion and increase Hc. These factors 
collectively contribute to the non-linear changes in coerciv-
ity observed in our samples.

The magneto-crystalline anisotropy in the present work 
is modified upon substituting the Ni2+ ions by Fe3+ ions, 
which alters the coercivity accordingly. The associated 
effective magneto-crystalline anisotropy constant (Keff) is 
defined as Keff = MsHc

0.64  [29, 31, 33]. With the help of Keff, 
the magneto-crystalline anisotropy field (Ha) can be deter-
mined through Ha = 2Keff

Ms
 [34] (see Table 3). Hc and Ha 

are those magnetic parameters characterizing the magnetic 
phase of nanomaterials. Their evolution with Fe doping 
(0.03 ≤ x ≤ 0.06) is illustrated in Fig. 9b where, following 
an initial rise at x = 0.04, they tend to decline. It exhibits the 
consistent trend between the Hc and Ha with respect to the 
Ni content. Figure 9a and b show that, at any Fe content, 
all magnetic parameters (Ms, Mr, Hc, Ha) are augmented 
with decreasing the temperature due to reduced thermal 
fluctuations of magnetic moments [35]. Their evolution 
with respect to Fe doping at each temperature is governed 
by factors which influence the strength of the exchange 
interactions. The magnetic properties of spinel ferrites like 
CoNiFe₂O₄ are influenced by the interactions between the 
metal cations and the anions. In oxides, the superexchange 
interaction between metal cations through oxygen is a key 
determinant of magnetic ordering. CoNiFe₂O₄ is typically 
ferrimagnetic, with the magnetic moments of cations on 
tetrahedral and octahedral sites partially cancelling each 
other out [37, 38]. Replacing oxygen with sulphur to form 
CoNiFe₂S₄ leads to adjustment in the crystal structure, bond 
angles and distances between cations and the anion change 
due to the larger size of S2- compared to O2-. Sulphur’s influ-
ence on the electronic environment around the cations can 
lead to different alignments of magnetic moments. It results 
in accompanying change in magnetic properties due to the 
different exchange interactions between the metal cations 
mediated by sulphur (instead of oxygen), influencing the 

energy reduces the anisotropy barriers, yielding smoother 
domain wall movements. This results in smoother hyster-
esis loops without noticeable kinks, as the magnetization 
reversal process becomes more continuous and uniform. 
Additionally, thermal fluctuations at higher temperatures 
facilitate the alignment of magnetic moments and reduce 
the distinct steps in the magnetization process, giving rise to 
smoother hysteresis curves.

The coercivity (Hc) at each Fe doping content is pre-
sented in Table 3 which exposes how the Hc improves with 
increasing SQR. The coercivity values of CoFexNi2-xS4 
(0.03 ≤ x ≤ 0.06) NTSs at both RT and 10 K demonstrate 
their magnetically hard nature. At 10 K, they are augmented 
to around 12,000 Oe at x = 0.04 and 0.05. The variation 
of Hc with Fe concentration is a complex phenomenon 
influenced by several contributing factors. The coercivity 
is affected not only by temperature but also several fac-
tors such as magneto-crystalline anisotropy and particle 

Fig. 7  M(H) curves in an applied field within the low field range for 
CoFexNi2-xS4 (x ≤ 0.06) NTSs at (a) RT and (b) 10 K
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abruptly once this threshold is reached. Below this thresh-
old, there is no long-range ferromagnetic order, so param-
eters like Ms and Mr are effectively zero, while they become 
non-zero and rapidly increase above the threshold. Further-
more, as reported in our cation distribution analysis, doping 
Fe3+ ions lead to a systematic replacement of Ni2+ ions, but 
this occurs exclusively in the octahedral B-site. The A-site 
composition remains constant. This specific site preference 
and the resulting changes in the local environment of the 
B-site are not linearly proportional to the overall doping 
concentration, leading to complex and non-linear changes 
in the magnetic properties. Also, the magnetic properties of 
these spinel compounds are primarily governed by super-
exchange interactions between cations (Ni2+, Fe3+) medi-
ated by the S anions. These interactions are highly sensitive 
to interatomic distances and bond angles. The systematic 
introduction of Fe3+ into the B-site modifies these super-
exchange paths in a non-linear way, as the strength of the 
interactions depends on the proximity and number of neigh-
boring magnetic ions. Additionally, the presence of CoS2 
impurity and other potential crystal defects can also affect 
the measured magnetic parameters in a non-linear manner. 

associated magnetic parameters. The effect of Ni dopants on 
CuCo2S4 NTSs was reported in an earlier study [39]. In that 
study, while ferromagnetism was detected for the CuCo2S4, 
paramagnetic nature was observed upon addition of Ni 
atoms at low Ts. It agrees with our findings for CoFexNi2-xS4 
(x < 0.03) NTSs at 10 K. The results in this work highlight 
that the Fe dopants can be harnessed to achieve desired 
magnetic properties of CoFexNi2-xS4 NTSs.

The non-linear changes of magnetic parameters (Ms, 
Mr, SQR, etc.) with the concentration of Fe doping are a 
significant finding and can be explained by several factors. 
This behavior reflects the competing influences of cation 
redistribution, surface spin disorder, and interparticle inter-
actions, which collectively govern the effective anisotropy 
in nanostructured systems. As discussed previously, the 
system transitions from a paramagnetic to a ferromagnetic 
state occurred at a critical concentration of x = 0.03. This is 
a non-linear phenomenon. The magnetic properties change 

Fig. 9  Magnetic parameters of CoFexNi2-xS4 (x ≤ 0.06) NTSs versus `x` 
at RT and 10 K

 

Fig. 8  M vs. 1/H2 at (a) RT and (b) 10 K for CoFexNi2-xS4 (x ≤ 0.06) 
NTSs
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FCNSII. They are very close to each other and negative. It 
indicates that FCNS NTSs are thermodynamically stable, 
and Fe doping has only a minimal effect on stability. This is 
consistent with the similar chemical and structural proper-
ties of Fe and Ni and suggests that Fe can be incorporated 
into the CNS without compromising its structural integrity 
or introducing instability. Thus, Fe doping is energetically 
favorable and retains stability. In the FCNS NTSs, upon 
addition of Fe, due to the hybridization between the TM-d 
and S-p orbitals, a change in the electronic structure can be 
expected. It suggests an accompanying coupling between 
them, which can tune the magnetism. It can be exhibited by 
the spin magnetic moment per atom with the help of Mul-
liken analysis [45]. It is respectively obtained as 40.04 µ B , 
42.05 µ B  and 44.05 µ B  for the CNS, FCNSI and FCNSII 
structures. As Fe carries a different magnetic moment com-
pared to Ni, the substitution modifies the magnetic ordering 
due to changes in superexchange interactions between Fe, 
Co, and the surrounding S atoms. As Fe introduces a higher 

These defects can act as pinning sites for domain walls or 
create localized strain fields that alter magnetic anisotropy. 
The impact of these defects may be more pronounced at 
certain doping concentrations, contributing to the observed 
non-linearity.

3.4  DFT (Density Functional Theory) Calculations

For the sake of completeness, we also conducted DFT 
calculations on CoFexNi2-xS4 NTSs. To that end, pure 
(CoNi2S4: CNS) and, using two distinct concentrations, Fe 
doped (CoFexNi2-xS4: FCNS) NTSs are modeled and inves-
tigated with the help of QuantumATK software [23, 27, 
28]. The influence of Fe dopant on the structural, electronic 
and magnetic characteristics is demonstrated by formation 
energy, DOS (spin dependent density of states) and induced 
spin magnetic moment. Pure CNS composed of 56 atoms: 
8 Co, 16 Ni and 32 S atoms. For the doped NTSs, Fe con-
centrations of x = 1.8% (FCNSI) and x = 3.6% (FCNSII) are 
employed to reveal the effect of doping. The unit cell (with 
lattice parameters of 9.387 Å) representing the Fe doped 
NTS is shown in Fig. 10. As Ni has a similar ionic radius to 
Fe, slight distortions in the lattice occur due to substitution. 
FCNSI (FCNSII) implies substitution of an (two) Ni atom(s) 
by a (two) Fe dopant(s) in the unit cell. After modeling 
them, through setting a force tolerance of 0.01 eV/Å, their 
optimization is conducted. It yields the optimized individual 
distances in the unit cell. Next, DFT calculations are imple-
mented using SGGA (spin resolved generalized gradient 
approximation) with PBE (Perdew-Burke-Ernzerhof) func-
tional (SGGA.PBE) for the electrons’ exchange and cor-
relation effects. It was already reported that SGGA can be 
applied in spinel ferrites [40, 41]. To accurately describe the 
hybridization of S-p and transition metal (TM)-d orbitals, 
Hubbard (U) correction term is involved in the approxima-
tion [41, 42]. It is respectively set to 5.5, 3.3, 3.5 and eV for 
Ni-3d, Co-3d and Fe-3d electrons. For the ion cores, Pseu-
doDojo pseudopotentials [43] are applied. For the mesh cut-
off energy, 120 Hartree with (3,3,3) k-point mesh within the 
Monkhorst-Pack scheme [44] was employed. The Medium 
basis sets of local numerical orbitals were used to represent 
the electronic structure of valence electrons.

To the best of our knowledge, for the FCNS NTSs, no the-
oretical work was reported in the literature. Stability is a cru-
cial factor for potential experimental works and associated 
applications of nanostructures. The stability of FCNS NTSs 
is explored with the help of formation energy (FE) which is 
defined by FE = (Et

system −
∑

iniE
i
atom)/

∑
ini where 

Et
system is the total energy of the system, Ei

atom stands for 
the energy of the isolated atom and ni denotes the num-
ber of individual atoms. The FE is respectively obtained 
as −1.68, −1.69 and − 1.70 eV for the CNS, FCNSI and 

Fig. 10  Spin up and spin down DOS for both pure and Fe doped struc-
tures in the energy range −10 eV ≤ E ≤ 10 eV in the vicinity of the 
EF (which is zero)
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hard nature. The hysteresis loops, displaying kinks at 
10 K, become smoother at 300 K. The squareness ratio 
becomes around 0.5 at x = 0.04 and x = 0.05 at both tem-
peratures, which implies strong ferromagnetic interac-
tions. For samples with x = 0.03 and x = 0.06, it is found to 
be approximately 0.3 at 300 K and 0.1 at 10 K. It signifies 
larger multidomain structures at these Ni concentrations. 
Replacing oxygen with sulphur to CoFexNi2−xS4 leads to 
adjustment in the crystal structure, bond angles and dis-
tances between cations and the anion change due to the 
larger size of S²⁻ compared to O²⁻. Sulphur’s influence on 
the electronic environment around the cations can lead 
to different alignments of magnetic moments. DFT cal-
culation suggested that the main effect of Fe doping may 
be localized and impacts the magnetic properties more 
than the electronic structure. Our findings highlight that 
the Fe dopants can be harnessed to achieve desired mag-
netic properties of CoFexNi2−xS4 NTSs. They might find 
applications in areas where their unique electrical and 
magnetic properties are advantageous, such as in certain 
types of sensors, catalysts, or electronic devices.
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