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Highlights 

The chapter starts with a discussion on the properties and importance of transition metal 

chalcogenides in a number of areas of science.  

 

The iron-sulphur (Fe-S) system, as the most important earth mineral, shares some unique 

properties, mainly due to their complex crystal structures. The binary phases of Fe-S 

system are discussed in detail with the help of phase diagram.  

 

Emphasis on the pyrrhotite group has been given, as they have important contribution as 

the earth mineral and to the several industrial applications. The structure and the 

interesting magnetic properties of some important pyrrhotites are highlighted. 

 

The uniqueness of pyrrhotite with trigonal phase of Fe7S8 is highlighted and brief history 

of the material is presented. A literature review is explored to discuss the crystal structure, 

synthesis pathways, and the magnetic properties of the trigonal Fe7S8 pyrrhotite. 

 

The scope of this thesis is mentioned at the end of this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Transition metal chacogenides, Iron-sulphide group, pyrrhotite, magnetism, 

phase diagram, crystal structure 
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1.1. Transition metal chalcogenides 

The sulphides, selenides, and tellurides of the elements1 are commonly referred to as 

"chalcogenides" of transition metals. The accessible d orbitals of the chalcogens take part in 

bonding with transition metals, strengthening the metal-to-chalcogen bonds1. These bonds 

contribute in deciding the properties of the TMCs, making them very attractive candidate for 

applications in devices including magnetic materials, thermoelectric devices2, batteries3, 

supercapacitors4, fuel-cells5, sensors, etc. For this reason, transition metal chalcogenides, 

especially the late transition metal (Fe, Co and Ni) chalcogenides have recently gained 

interest in last few decades. The two-dimensional transition metal dichalcogenides (TMD’s) 

materials are of fundamental and technological5–8 importance. A large gap between two 

inequivalent valleys in the k-space leads to the formation of band gap in TMDs. Such an 

arrangement of the valleys give rise to many applications in the field of valley-coupled 

spintronics9–11. The spacing between the layers in TMD’s introduces of many species, which 

makes the materials a potential candidate for energy storage6,12,13 applications in Li-ion 

batteries, supercapacitors etc. Bismuth selenide (Bi2Se3) is a well-studied topological 

insulator14 (TI), possessing robust surface states. These surface states in Tis are protected by 

time-reversal symmetry. The career transport in a TIs has a purely quantum topological 

origin, making them a potential candidate for application in spintronics and dissipation-less 

electronics15. Some compounds belonging to the family M2X3 (M refers to Pb, Sb, Bi and X 

refers to S, Se, Te) possess thermoelectric (TE) properties with low bandgap16–18. A material 

with low electrical resistivity and high Seebeck coefficient is a potential TE material. 

Following the criteria, the materials with M2Te3 composition are theoretically considered to 

be the best thermoelectric materials. However, the toxicity of tellurium led to the 

development of alternate materials. It has been shown that the highly crystalline and oriented 

nanostructures19–21 of these materials (such as Bi2S3) enhance the thermoelectric properties. 
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In Bi2S3, the c-axis16 is the direction of highly anisotropic and covalent chemical bonds, while 

the directions associated with a and b-axes are bonded by weak ionic and van Der Waal’s 

interactions. Because of effective mass anisotropy, the c-axis direction possesses higher 

career mobility than a-axis, making the oriented nanostructures preferable for enhancing the 

TE properties. The TE materials are used in the various power generation applications. 

Decades of discoveries and studies have shown that some of the metal sulphides are cost-

effective and ample due to their occurrences as minerals in the earth’s crust. For example—

Pyrite (FeS2) has a band gap of 0.9 eV, find diverse applications in photovoltaic cells, glass 

colorants, etc22,23. Metal chalcogenide semiconductor—galena (PbS) has a bandgap of ~0.37 

eV and hence is found suitable as infrared detectors and photo optic devices24. Sphalerite (β-

ZnS), hawleyite (CdS), and wurtzite (α-ZnS) have gained popularity because of their 

effortless conversion to quantum dots24–26 and their application in LEDs of narrow 

wavelength for display. Materials such as cobalt sulphide (Co3S4), and FeNi2S4 (violarite) 

have gained attention as anode material27. Owing to the ferrimagnetic ordering in Fe3S4 

(greigite), the material has various vital functions in both the bio-geochemical cycle and 

novel technological applications28,29. The iron-suphur (Fe-S) system is an exceptional 

illustration of the diversity in structure and properties ranging from semiconductor to metallic 

behaviour and diamagnetic to magnet-like properties, and so forth.  

In recent years, the nanoparticles of MCs have been discovered to have extensive biomedical 

applications30,31. The iron sulphide nanoparticles have been intensively used in photothermal 

therapy and performing imaging32. The superparamagnetic iron nanoparticles have also been 

suitably used for magnetic resonance imaging, when combined with high near infra-red 

absorbance. The bismuth selenide nanoparticles have shown applications in both real-time 

monitoring of tumor, as well as in therapeutic functions30. Figure 1.1 represent the summary 

of vast and diverse fields of applications associated with transition metal chalcogenides. 
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Figure 1.1: Schematic to show the diversity in applications of transition metal chalcogenides. 

Some of the areas are indicated under each class where TMCs are used. 

1.2. What makes chalcogenides different from oxides? 

Considerable differences have been observed between the chalcogenides and their oxide 

counterparts. Dr. Jellinek in 1988 used qualitative arguments in one his review articles1 to 

illustrated the differences in composition, structure, and physical properties between 

chalcogenides and the oxides. Primarily, the origin of these differences lies in difference 

between the atoms of oxygen and chalcogen. Compared to the oxygen atom, the chalcogen 

atoms exhibit relatively lesser electronegativity, are relatively larger and heavier down the 

group in the periodic table. These atomic differences cause the differences in the bond 

between transition metal and chalcogen, and bond between the transition metal and oxygen. 

As the consequence of less electronegativity of chalcogen atoms, the bonds between metal 

and chalcogen become relatively more covalent than bonds between metal and oxygen. 

Usually, oxygen possesses the oxidation state of -2 in transition metal oxides, however, the 
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smaller size and lesser electronegativity of chalcogen atoms allow them to have additional 

oxidation states (for instance -1). The chalcogen atoms have d-orbitals of accessible energy 

(3d for S, 4d for Se, 5d for Te) in contrast to oxygen atom, which contribute in making metal-

chalcogen bonds. These differences are also highlighted in figure 1.2. The metal-chalcogen 

bonds are primarily covalent due to the comparatively less electronegativity of chalcogen 

atoms, which is caused by a substantial mixing of the valence s and p orbitals of the 

chalcogen. Chalcogenides consequently have a wide valence band and a wide conduction 

band. Chalcogenides therefore possess a smaller energy-gap than oxides between the top of 

the valence band and the bottom of the conduction band. In contrast, the valence band of 

oxides likes to dwell at a substantially lower energy than that of chalcogenides because 

oxygen has a much higher electronegativity than chalcogen elements, however, the 

conduction band is mostly unaffected. The energy gap in sulphides is typically 1-3 eV, 

however it can be less in selenides and even zero in tellurides. Chalcogenides have a variety 

of electrical and optical properties as a result of their narrow bandgap. 

 

 

Figure 1.2: Scheme to highlight the atomic properties of chalcogen atom as compared to the 

oxygen atom. 

Have d-orbitals 
of accessible 

energy

Larger atomic 
size

Less 
electronegative
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1.3. The binary iron-sulphur (Fe-S) system: 

The experimental data obtained by thermo-analytical method was used to deducet the phase 

relationship of Fe-S system. Charma and Chang (0-100%) and Schiirmann and Henke (0-50 

at. % S) 33 performed the thermodynamic measurements to establish the phase relationships 

(temperature concentration) up to a 1 bar S2 pressure in the Fe-S system. The empirically 

determined phase relationships between the various phases of the Fe-S system are shown in 

Figure 1.3. 

Figure 1.3: Experimentally established phase relationships between the phases of the Fe-S 

system34.  

The three important regions (Fe-FeS, Fe1-xS and FeS2, and FeS-S) have been identified. The 

data of Hansen, Nagamori et. al.35, Burgmann et. al.36 and Rau37 were used to construct the 

part diagram Fe-FeS region, and the part diagram FeS-S region was constructed from the data 

of Arnold, Hansen33, Elliott33 and Shunk and Rau33. The system consists of a monotectic 

between FeS and S (1082°C, ~ 64.5 at. % S), a eutectic between Fe and FeS (988°C, 44.6 at. 

% S) and a melting phase (l188 °C, 52 at.% S), Fel-xS. These regions are discussed here. 
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1.3.1 Fe-FeS region  

Using experimental data that was published by Nagamori et. al., Hansen and Shunk, the 

phase relationship in the Fe-S system was established. The curve of S2 (vapour, 1 bar) 

saturates between 1200-1600 °C, as taken from discovery made by Henke and Schiirmann. 

Suphur is observed to be soluble with Fe in solid form, which is shown in Figure 1.4. The 

maximum solubility in α-Fe, δ-Fe, γ-Fe and corresponds to concentrations of 0.033, 0.24, 

0.09 at.% S, respectively, at 927 °C, according to data from Hansen, Margot et. al.,  Grabke, 

and. and Barloga et. al. 

 

Figure 1.4: Part of Fe-S phase diagram which represents the solid solubility of S in Fe34. 

1.3.2. Fe1-xS and FeS2  

The NiAs-like structure of Fe1-xS crystallizes with two low-temperature modifications. It also 

exhibits a broad homogeneity range with congruent melting point at 1188 °C. Figure 1.3 

shows the transformation temperature (shown as hatched lines) of Fel-xS at 315 °C and 138 

°C, obtained from the specific heat measurements by Hirone38. Recent studies by Rau (547-

1100 °C, 100 bar) and Burgmann (700-1300 °C) have established the phase boundaries in the 

range 500-1188 °C. All these except the FeS are superstructures of the NiAs structure39. The 
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two structural types of iron disulphide (FeS2) that are found are cubic pyrite and 

orthorhombic marcasite. It melts incongruently34 at (742 ± 1) °C and decomposes34 at 697 °C. 

The transformation temperature, obtained from specific heat measurements, is ~425 °C40.  

1.3.3. FeS-S region  

Following specific heat experiments by Arnold33, Figure 1.3 shows that FeS-S (L1 and L2) 

can cohabit in equilibrium with crystalline Fe1-xS and vapour at temperatures of 1092 °C or 

1082 °C. The phase diagram demonstrates that the monotectic type of phase relationships 

exist at this temperature, with the monotectic point located at ~64.5 at.% S. Pyrrhotite (Fel-xS) 

may coexist in equilibrium with L2 and vapour between the ranges of 742 and 1082 °C, and 

between 425 and 742 °C with pyrite and vapour. 

1.4. Iron sulphides in Earth and Mineral Sciences 

The iron sulphides (pyrites and pyrrhotites) are by far the most common sulphide 

biogeochemical minerals41. The properties of these minerals are of at par importance in many 

applications including mineral processing, metallurgical extraction, geophysical response, 

detection of submarine bacteria movement, prevention of corrosion in sulphide atmosphere, 

coal beneficiation, rock magnetism and so forth41. 

1.5. The NiAs structure—basic building block of pyrrhotite structures: 

The phases in the Fe-S system are characterised by the general formula Fe1-xS
42, are 

derivatives of based on the hexagonal NiAs structure. There are three basic compositions 

with Fe1-xS formula—hexagonal troilite (FeS, stoichiometric end member of Fe1-xS group), 

hexagonal smythite (Fe9S11, metastable phase related to Fe1-xS group), and monoclinic and 

trigonal pyrrhotite (Fe1-xS, non-stoichiometric stable group)42. The crystal structure of NiAs 

(a = 3.438, c = 5.880)43 provides the basis for the structure of many pyrrhotite 

superstructures.  In the composition Fe7S8, the hexagonal NiAs structure is found. The metal 

atoms (Ni) are arranged in a hexagonal lattice within the basic structure of NiAs, whereas the 
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As atoms are arranged in a hexagonal close-packed lattice44. The relatively more 

electronegative As atoms form an octahedral coordination with the Ni atoms while being in 

trigonal prismatic coordination (figure 1.5). With such a structure, metal atoms can be 

omitted along specific crystallographic orientations, which leads to the non-stoichiometry 

within the derivatives of NiAs-type structures.  

 

Figure 1.5: Illustration of the simple NiAs fundamental structure of pyrrhotite. 

1.6. The pyrrhotite group: 

One of the most prevalent metal sulphide minerals, pyrrhotites, is found in several ore 

deposits around the globe. The pyrrhotite mineral group has the general formula— Fe1-xS, 

where 0 ≤ x < 0.125. Owing to the ordered vacancies within the structure of the pyrrhotites, 

they tend to occur in several superstructures45,46. Extension of the unit cell dimension in the 

direction of perpendicular to ab-plane results in the formation of the Fe1-xS family of 

superstructures45. Because of variations in composition (Fe7S8 to Fe11S12), the crystal system, 

and the physical qualities, these pyrrhotite superstructures possess non-stoichiometry within 

the structure. Such variations arise due to metal cation vacancies in the pyrrhotite structure 

(which is confined to every alternate layer)45,47,48, the associated stacking sequence of these 

vacancies, and repetition of the Fe vacancy layers along a particular direction within the 

superstructure. Thus, the magnetic ordering in these superstructures is the consequence of the 

ordered Fe vacancies within the structure47,49,50.  
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A number of pyrrhotite superstructures have been identified in the literature, however, the 

naturally occurring pyrrhotites exist in only three phases— stoichiometric troilite (FeS)36,45, 

magnetic 4C pyrrhotite (4C Fe7S8), and non-magnetic NC pyrrhotite36. Owing to the iron site 

vacancies, the high temperature disordered forms of pyrrhotite structures tend to develop 

ordered states upon cooling, leading to the development of a variety of pyrrhotite 

superstructures46,48,51, which are shown in table 1.1. 

Table 1.1: Summary of the different pyrrhotite varieties with some of their key physical 

attributes. Adapted from Posfai et al.46 (2000) and Fleet51 (2006). 

Type Composition Structure Magnetic 

properties 

Other 

names 

Stability Occurrence 

1C FeS Hexagonal Paramagnetic - High 

temperatur

e phase 

Synthetic 

2C FeS Hexagonal Antiferromagnetic Troilite <147 °C Natural and 

lunar 

3C Fe7S8 Trigonal Antiferromagnetic 2A, 3C <262 °C Synthetic 

4C Fe7S8 Monoclinic Ferrimagnetic Magnetic 

Pyrrhotite 

<254 °C Natural 

NC Fe9S10, 

Fe11S12 

Orthorhombic, 

Monoclinic 

Antiferromagnetic 5C, 

6C 

pyrrhotite 

<209 °C Natural 

- Fe7+xS8 Monoclinic Antiferromagnetic Anomalous 

Pyrrhotite 

- Natural 

 

In 1963, Wuench established a nomenclature system52 based on the structural dimensions of 

the NiAs lattice to identify and describe these superstructures. The unit cell dimension of 
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NiAs being repeated either along the c-axis or a-axis is used to characterise the dimensions of 

superlattice. For instance, pyrrhotite is named as a 1C pyrrhotite if it has the structure and cell 

dimension of NiAs. Similar to this, the 2C (troilite), 3C (trigonal pyrrhotite), and 4C 

(monoclinic pyrrhotite) are used to refer to pyrrhotites with unit cell parameters of c that are, 

respectively, two, three, and four times as large as that of c in the NiAs unit cell, and so forth. 

Following this nomenclature system, numerous pyrrhotites varieties were identified, and the 

distinct physical attributes of these pyrrhotite superstructures are summarized in table 1.1. 

The unit cell parameters and symmetry of each superstructure are given in table 1.2.  

Table 1.2: Summary of pyrrhotite superstructures and unit cell dimensions found in the 

literature. * Indicates no structure solution presented in the given references. 

Type Composition Structure Symmet

ry 

a (Å) b (Å) c (Å) β (°) Reference 

1C FeS Hexagonal 𝑃6̅3𝑚𝑐 3.602 - 5.009 - 53,54 

2C FeS Hexagonal 𝑃6̅2𝑐 5.962 - 11.750 - 39,51 

3C 

3C 

Fe7S8 

Fe7S8 

Trigonal 

Trigonal 

𝑃31 

𝑃3121 

6.867 

6.866 

- 

- 

17.062 

17.088 

- 54–57 

56 

4C 

4C 

Fe7S8 

Fe7S8 

Monoclinic 

Monoclinic 

F2/d 

C2/c or 

F2/d 

11.902 

11.926 

6.859 

6.882 

22.787 

12.925 

90.26 

118.00 

47,58 

39,47 

5C* Fe9S10 Orthorhombic C*ca 6.885 11.94 28.676 - 39,54 

6C Fe11S12 Monoclinic Fd 6.895 11.95 34.518 90.00 39,51 
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1.6.1. Crystal structure 

A) Metastable 1C pyrrhotite  

 

One of the high temperature forms of pyrrhotites, 1C pyrrhotite, consists of disordered 

distribution of iron vacancies53,54 within the structure (figure 1.3). Pyrrhotite with single 

derivative of the unit cell dimension of NiAs in the direction of c-axis53 is called a NiAs-type 

structure (figure 1.6a). The 1C pyrrhotite possesses paramagnetic ordering53,54.  

B) 2C Troilite  

Stoichiometric troilite (FeS) possesses hexagonal structure with space group P62c39, and 

structural parameters as a =1.7A, and c = 2C, where A and C correspond to the NiAs unit cell 

dimensions (figure 1.6b). The FeS has ordered structure with completely filled metal cation 

sites and no vacancies. In general, triolite forms in environments with stable ferrous iron. 

Because of the favourable reducing conditions found in extraterrestrial locations, troilite is 

widely known for its existence in lunar samples39. However, at times it has also been found in 

some nickel deposits. Troilite possesses antiferromagnetic ordering39 below than 140 °C. 

However, the compound has a tendency to experience a shift ~315 °C (TC). The troilite 

structure then takes the form of 1C structure of the NiAs at this temperature. However, the 

structural transformation with the α-magnetic phase transition is still a matter of debate.  

C) 3C pyrrhotite structure  

Fleet (1971) was able to identify and determine the structure of 3C Fe7S8 (space group P31)
48, 

which is metastable at room temperature and is formed either by shock or quenching of 

crystals with compositions in the vicinity of ~Fe7S8. A single crystal of 3C Fe7S8 was taken to 

determine its crystal structure by considering the contribution of the twinning of crystals. 

Based on the P31 space group, another structural study was carried out by Nishiguchi 

(1977)59 on a synthesized single crystal of 3C Fe7S8. However, Fleet and Nishiguchi did not 

examine the possibility of a P3121 space group in the structure. Later in 1979, the structure of 
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3C Fe7S8 was refined by Nakano et. al. with space group P312156 based on Fe-vacanies and 

unit cell parameters a = 6.8652±0.0006 Å, c = 17.047±0.002 Å, confirming the trigonal 

symmetry. The structure is essentially the same as that of 3C Fe7Se8, as reported by Okazaki 

& Hirakawa (1956), which has the P3121 symmetry49. The structure is better considered as 

P3121, as Fleet (1971) in his study suggested general positions of Fe-vacancies in P31 

symmetry, whereas in P3121, the arrangement of Fe-vacancies is suggested to be on one set 

of Wyckoff 3a sites56. Figure 1.6c illustrates a layered 3C Fe7S8 structure with vacant and 

filled iron layers stacked normal to the c-axis in an order expressed as AFBFCF, where A, B, 

and C identify the layers containing Fe-vacancies, and F denotes the layer without Fe-

vacancy. The arrangement of vacancy-containing alternate layers is same for both 4C and 3C 

superstructures. The arrangement of vacancies and the type of Fe-clustering in the alternate 

layers of Fe and S in the lattice53, however, differ between the 4C and 3C structures of Fe7S8, 

according to Nakazawa et. al.  

D) 4C pyrrhotite structure 

Bertaut (1953) first proposed the structure of 4C pyrrhotite, where unit cell parameters of a = 

3.46A, b=2A, c = 4C, where A and C stand for the dimensions of the NiAs unit cell. This 

structure is known to be a monoclinic structure with the F2/d space group47. Fe-vacany layers 

ordered along the c-axis define the 4C pyrrhotite superstructure. Due to the presence of iron 

vacancies, iron occupies the octahedral coordination, and sulphur is in a combination of the 

five-fold and six-fold coordination. The Fe layers with and without vacancy are alternately 

sequenced as AFBFCFDF, where A, B, C, and D denote layers containing Fe-vacanies 

(marked by blue circles), and F is an iron layer without vacancy, as shown in figure 1.6d. 

Because the structure lacks one-fourth of the iron atoms, according to Bertuat47 (1953) and 

Tokonami et. al.56 (1972), the presence of ferric iron preserves the charge balance and to 
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explain the non-stoichiometry in the pyrrhotite structure, and the formula Fe7S8 can be 

described as Fe2
3+Fe5

2+S8 . The description of the stalking of layers with and without 

vacancies for the 4C structure was subsequently used to develop the vacancy arrangement for 

the 3C pyrrhotite48,56 and 6C pyrrhotite39 structures. However, Powell58 in 2004 refined the 

4C pyrrhotite structure as C2/c space group58 using a synthetic pyrrhotite sample by means of 

powder neutron diffraction. 

The 4C pyrrhotite is a well-documented form of pyrrhotite found in abundance in natural 

terrestrial occurrences as well as different geographical regions around the world (Carpenter 

and Desborough (1964), Arnold (1967))60,61. However, Arnold (1967) demonstrated that 

naturally occurring 4C pyrrhotites may co-exist with NC pyrrhotites (figure 1.3), which has 

been verified by many subsequent studies of pyrrhotite done by Naldrett and Kullerud,  

Lianxing and Vokes, Posfai62–64.  

Further, Clark (1966) has identified an anomalous pyrrhotite with Fe7+xS8 composition65, 

which is recognized with having a monoclinic structure and antiferromagnetic ordering 

unlike normal monoclinic pyrrhotite that is ferrimagnetic. 

E) NC pyrrhotite structures (5C and 6C)  

Nakazawa and Morimoto in 1971 grouped together a certain type of pyrrhotites for simplicity 

during phase relationship studies53. This group of pyrrhotites is classified as NC pyrrhotite 

(intermediate or non-magnetic pyrrhotite). The value of N, which ranges from 5 to 11 and 

may be either integral or non-integral, represents the repetition of a unit cell dimension in the 

direction of c-axis of the NiAs unit cell. According to Morimoto et al. (1970), the NC 

superstructures (N is integral) of pyrrhotite can be represented as: Fen-1Sn (n>8)39. The 

structure will either be n/2C for an even number of n (for example, 5C pyrrhotite with 

composition Fe9S10 or 6C pyrrhotite with composition Fe11S12) or nC for an odd value of n 

(for example, 11C pyrrhotite with composition Fe10S11). Due to the complexity in the 
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ordering of vacancies in NC structure, there aren't any comprehensive crystal structure 

solutions in the literature. Theoretically, Vaughan66, Nakazawa and Morimoto53 in 1971, 

Posfai and Dodony46 in 1990  gave the number of vacancies for integral NC pyrrhotites based 

on the 4C monoclinic structure. By indtroducing more filled Fe layers to the 4C structure, it is 

possible to estimate the distribution of vacancies in these pyrrhotites. Furthermore, in 1964, 

Carpenter and Desborough67 quantitatively deduced the iron content for NC pyrrhotites, which 

varies between 47.0 and 48.0 atomic % iron. For 5C pyrrhotites, Vaughan66 suggested a 

structure in 1971 by alternating the vacancies between filled layers as shown in figure 1.6e. 

Based on the earlier model given by Morimoto39 in 1975, De Villiers68 in 2009 reported a 

Cmca structure of 5C pyrrhotite, which was later studied by Elliot69 in 2010 and reported a 

P21/c structure, and finally refined in 2012 by Liles and De Villiers70 to a P21 structure. 

The structure of 6C pyrrhotite was first determined by Koto et. al.39 (1975) using a single 

crystal with Fe11S12 stoichiometry. Two possible space groups (Fd and F2/d) were proposed 

in the study. However, Koto39 in 1975 carried out the study using the space group Fd, which 

gave occupancies as a subset of a a Wyckoff set, where 12 independent Fe positions were 

possible. Further, in 1971, Nakazawa and Morimoto53 observed that every third layer of the 

6C superstructure has a Fe-vacancy layer. However, according to Koto et al. (1975), the 

vacancy distribution in 6C superstructure consisted of partially-occupied Fe sites with fully 

occupied Fe sites in the alternate layer. 
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Figure 1.6: Schematic shows essential phases from the binary Fe-S phase diagram with a 

different crystalline structure. 

1.6.2. Magnetic structure 

An initial study of the magnetic structures of the Fe1-xS solid solution, extracted from the 

naturally obtained samples, was carried out by Haraldsen71 (1941). Much later in 1956 and 

1961, Schwarz work on both synthetic66 (e.g., LOTGERING, 1956) and natural pyrrhotites 

(SCHWARZ, 1968) render a much more detailed examination desirable. Furthermore, 

standards yielding a correlation between composition and intrinsic magnetic properties are 

required for the calibration of a thermomagnetic method of analysis of coexisting natural 

pyrrhotites (SCHWARZ, 1968). The literature on the structural and magnetic characteristics 

of some  pyrrhotites has been reviewed in detail by WARD (1970)72. One of the most 

recently published diagrams is that of TAYLOR73 (1970), as shown in figure 1.7.  
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Figure 1.7:  Relations among condensed phases in the central portion of the Fe-S system 

below 350°C66. 

The magnetic properties in the pyrrhotite are determined by the distribution of Fe vacancies 

in the alternate layers of the structures. The disordered vacancies in 1C pyrrhotite leads to the 

paramagnetism in the structure. In the absence of vacancies in the stoichiometric 2C FeS, the 

even and the odd Fe-layers are fully occupied and possess equal and opposite magnetic 

moments, causing antiferromagnetic ordering. 

A) 3C pyrrhotite structure 

In 2004, Powell et al. showed from the neutron diffraction data of 4C pyrrhotite that the 

crystallographic cell and magnetic unit cell of 4C pyrrhotite58 are identical. The Fe atoms 

within each c-plane in the structure are ferromagnetically aligned, while they are 

antiferromagnetically aligned in the adjacent plane, giving rise to the overall ferrimagnetic 



Ph.D. Thesis                                                                                                                  Chapter 1 

 

                                                                                                                             19 

Shubhra Jyotsna 

ordering in the structure. When vacancies preferentially arrange onto just one of the sets of 

layers, ferrimagnetism results48,58. The structure of 3C structure pyrrhotite with P3121 is 

similar to that of the 4C structure47,48,56, as in both structures ordered vacancies are present in 

alternate Fe-layers. However, there is a little information available in the literature about the 

magnetic structure of the 3C Fe7S8. However, in the equivalent phase, 3C Fe7Se8
49,50, the 

magnetic moment of Fe ions are aligned parallelly to one another (ferromagnetic ordering of 

moments) in the same c-plane, whereas the moments in neighboring c-plane are antiparallel 

(antiferromagnetic ordering of moments). Thus, 3C Fe7Se8 possesses ferrimagnetic ordering 

owing to a net spontaneous moment caused by the deficiency of Fe ions in the alternate 

layers50. Based on the structural similarity between 3C Fe7Se8 and 3C Fe7S8, the 3C 

pyrrhotites are known to exhibit ferrimagnetism. 

B) 4C pyrrhotite structure 

The ferrimagnetism in 4C Fe7S8 pyrrhotite was first explained by Neel74 in 1953 based on the 

crystal structure proposed by Bertaut (1953). The magnetic moments of Fe atoms are aligned 

parallelly within each Fe-layer, whereas the moments are antiparallelly aligned in the 

alternate Fe-layer. Such an interlayer arrangement of moments causes ferrimagnetic ordering 

in the lattice. 

C) NC structures (5C and 6C)  

Perhaps less clear than those of the well-understood 3C and 4C structures are the 

crystallographic space groups of the pyrrhotite structures with the 5C and 6C superstructures. 

The 5C structure (P21 space group), and the 6C structure (Cc space group), are reported to 

have partially ordered Fe/vacancy sites and monoclinic symmetry. When it comes to their 

magnetic characteristics, an antiferromagnetic pattern (or ferrimagnetic pattern, depending on 

the distribution of vacancies) is anticipated, with moments at high temperatures in the ab-

plane and at low temperatures perpendicular to the ab-plane. 
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1.7. What makes 3C Fe7S8 unique to study? 

The superstructure 3C Fe7S8 is based on the NiAs-type structure, which is revealed in the 

diffraction spots obtained from X-ray diffraction patterns48,56 for the single crystals of 3C 

Fe7S8. Due to the Fe-vacancies48,56 in the layered structure of 3C Fe7S8, the superstructures 

were identified as the weak spots in the diffraction pattern, which correspond to the NiAs-

type structure. Along the a-, b-, and c-axes, the lattice parameters of the superstructure are 

twice as those of the fundamental NiAs structure. The 3C Fe7S8 is known to be a metastable 

form of 4C Fe7S8
75,76, which is formed as a consequence of shock, or quenching. The 3C 

trigonal phase also possesses NiAs-type structure and exhibits ferrimagnetic properties47,48,50. 

The structural studies of 3C Fe7S8, done by Fleet48 (1971) with P31 symmetry and Nakano56 

(1979) with P3121 symmetry, reported the ferrimagnetic ordering74 in the compound as a 

result of ordered Fe vacancies within the layered structure. The 3C (P3121 symmetry) and 4C 

pyrrhotite structures are known to be similar as the Fe vacancies in both the structures lie in 

the alternate layers. The information about the magnetic structure of the 3C pyrrhotite 

appears to be little known. However, the equivalent phase, 3C Fe7Se8
49,77 is well documented 

and a known ferrimagnetic, as studied by Kawaminami and Okazaki in 1970. The discovery 

of 3C Fe7S8 is recent in a sense that the compound is the metastable form of 4C Fe7S8, and 

after many decades the compound started to gain little attention when a small group of 

researchers collected the sample from various submarine sediments around the world to study 

the mineral. In bulk phase, the compound showed ferrimagnetic ordering75–77 and some other 

promising magnetic properties. These properties are discussed in detail in the upcoming 

sections. 

1.8. Magnetic properties of 3C Fe7S8 

Before discussing the magnetism in 3C Fe7S8, we will first discuss below some basic 

phenomenon in the magnetism. 
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1.8.1. Ferrimagnetism: 

The term ferrimagnetism was coined by Neel (1948)74 while giving theoretical understanding 

of ferrites. Metal ions in two different crystallographic sites (A-site and B-site) combine to 

form a ferrite crystal. According to the assumption made by Neel, the ions at A-site and B-

site interact via a negative exchange interaction, making the two sublattices (A and B) 

magnetized spontaneously in opposite directions (figure 1.8a). The magnetic moments 

possess unequal magnitude in both sublattices in ferrimagnets. As a result, there is a net 

spontaneous magnetization in the crystal50 since the moments do not totally cancel one 

another, as shown for 3C Fe7S8 (figure 1.8b). A ferrimagnet78,79 consist of magnetic domains 

and exhibits features of a ferromagnet, such as— Curie temperature, hysteresis, remanence, 

and so forth.  

 

Figure 1.8: (a) In ferrimagnets, the magnetic structure is composed of two magnetic 

sublattices (blue and green). The magnetic moments (symbolized by length of the arrow here) 

of two sublattices are not equal and result in a net magnetic moment, (b) unit cell for a 3C 

Fe7Se8 superstructure, where black circles represent Fe atoms, open circles represent Fe 

vacancies, and Se atoms are omitted for clarity. A, B, and C represent the three nonequivalent 

Fe sites (atoms to the right of the label) as proven by Mössbauer spectroscopy49. 

(a) (b)
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1.8.2. Magnetocrystalline anisotropy 

Magnetocrystalline anisotropy78,80 is an inherent characteristic of a crystal, which means that, 

the magnetic moments of the crystal have taken some amount of energy to get magnetized 

along one particular direction. Therefore, the amount of energy required to magnetize the 

moments in one specific direction is known as anisotropy energy78,80 (Ea). For materials 

exhibiting uniaxial anisotropy, Ea can be expressed as following equation by neglecting the 

higher order terms.  

𝐸𝑎 = 𝐾𝑢𝑆𝑖𝑛2𝜃                                        (1.1) 

 

Where, Ku is the anisotropy constant and the angle between the easy-axis and the 

magnetization vector is denoted by θ, as shown in figure 1.9.  

 

Figure 1.9: Directions of easy-axis, magnetization and external field in case of single domain 

particle (Stoner-Wohlfarth particle) with uniaxial anisotropy are shown for representative 

purpose. 

The anisotropy constant (Ku) for a polycrystalline sample, aligned in an external magnetic 

field, can be estimated by extrapolating the M-H hysteresis curves in both the hard and easy 

axes80 (figure 1.10). 
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Figure 1.10: Schematic illustrating the calculation of Ku by extrapolating the hysteresis 

curves in hard and easy directions in a M-H hysteresis curve. 

The magnitude of the anisotropy constant determines the strength of the magnetocrystalline 

anisotropy in a material. The two local energy minima are separated by an energy barrier81, 

EB, and occur at θ= 0 and π, according to equation 1.1. 

 

Figure 1.11: Schematic of the free energy of a single-domain particle with uniaxial 

anisotropy as a function of magnetization direction. 

Spin-orbit coupling of electrons induces the magnetocrystalline anisotropy in a crystal80. 

When an external field is applied, the spin of an electron tends to reorient under the influence 

of applied field, which in-turn induces the reorientation of the orbit of that electron, as the 

spin and orbital motion of the electron is coupled. However, the orbit resists the spin 

orientation as it is strongly coupled to the lattice. 
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1.8.3. Stoner-Wohlfarth model (SW model) 

The simplest analytical model to explain the hysteresis in ferromagnets82 was developed in 

1948 by Edmund Clifton Stoner and Erich Peter Wohlfarth. Based on coherent reversal in 

single-domain particles, it is an exactly soluble coercivity model. As a result of free energy 

minimization, formation of domain structure in ferromagnets and ferrimagnets takes place. In 

the model, a system of non-interacting uniaxial randomly oriented single domain particles80 

(Stoner–Wohlfarth particle in figure 1.9) was considered. As depicted from figure 1.9, φ 

represents the angle between the direction of the applied magnetic field (H) and the easy-axis. 

The shape of the hysteresis loops was estimated for different values of φ. The free energy 

density of the system is defined as81: 

𝐸𝑡𝑜𝑡 =  𝐾𝑢𝑆𝑖𝑛2𝜃 − 𝜇0𝑀𝐻𝐶𝑜𝑠(𝛼 − 𝜃) (1.2) 

 

Minimizing Etot with respect to θ will give rise to one of the energy minima (figure 1.12). In 

the range of magnetic field, hysteresis occurs where there are two minima80.  

 

Figure 1.12: An energy landscape with metastable minima gives rise to remanence and 

coercivity83. 

According to the above equation, when α= 0, the hysteresis loop is exactly square, and the 

coercivity then equals the anisotropy field, as given below: 
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𝐻𝐶 =
2𝐾𝑢

𝜇0𝑀𝑆
 

(1.3) 

 

where Ms represents the saturation magnetization of a particle. The SW model was developed 

for a single-domain, uniaxial, randomly oriented, non-interacting particle system. The fact 

that the anisotropy constant, Ku, is proportional to the cube of saturation magnetization, MS, 

suggests that the material exhibits uniaxial magnetocrystalline anisotropy80. 

1.8.4. Maximum energy product 

After a permanent magnet is manufactured, its usefulness is decided by the amount of energy 

that can be stored in it80. The maximum energy product (BHmax) is the figure of merit for 

assessing the quality of a permanent magnet. It is a measurement of the magnetic energy of a 

material. Figure 1.13 shows the path followed by induction B when a magnet is subjected to 

and then removal of an external magnetic field H. The point P designates the operational 

point of the magnet, which is established by the point where the line OC and the second 

quadrant of the hysteresis loop converge. The demagnetization curve of the material is 

located in this quadrant. 

The rectangle drawn through the point P under the B-H curve in the second quadrant of 

hysteresis loop shows largest area, and gives the BHmax of the material80. 

 

 

 



Ph.D. Thesis                                                                                                                  Chapter 1 

 

                                                                                                                             26 

Shubhra Jyotsna 

 

Figure 1.13: Calculation of maximum energy product is done on the second quadrant of the 

B-H hysteresis loop. The area of the shaded region gives the maximum energy product value 

for the material. Point P is the operating point. 

1.8.5. Besnus transition 

A discontinuous change in magnetic properties at a temperature ~30-34 K is denoted as 

Besnus transition84. This transition is known for the key diagnostic feature to identify the 4C 

pyrrhotite. The Besnus transition can be explained as the spin rotation that correlates with the 

structural changes at an atomic level, caused by the highly ordered vacancy arrangement in 

4C pyrrhotite75,77. Fe2+ spin rotation affects the spin-orbit coupling with no crystallography 

change, as a result magnetocrystalline anisotropy changes77. Besnus transition represents a 

close link between the structural and magnetic properties in Earth mineral. Such a transition 

has been observed for merely 4C pyrrhotite in bulk and nano phases so far75–77. However, a 

deeper investigation about Besnus transition in variety of compounds is required to build the 

understanding of the magnetic phenomenon that occurs at low-temperature. 

1.9. Synthesis pathways of 3C Fe7S8 

There have been limited synthetic pathways reported in the literature for 3C pyrrhotite. In 

1968, Fleet48 made a single crystal of 3C Fe7S8 using a solid-state route, wherein Fe sponge 

and S crystals were used with composition 45.48 atomic per cent Fe. The mixture was kept in 

M-H curve

B-H curve

P

BHmax
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an evacuated SiO2 tube at 900 °C for 2 days, 500 °C for 3 days, and then was quenched in 

water. Two years later in 1970, the synthesized single crystal was used to study its crystal 

structure (P31 symmetry) for the first time. After a decade, in 1978, dry method was used by 

Nakano et. al. to form single crystals of 3C Fe7S8, which was further used to refine its crystal 

structure with P3121 symmetry56. Very recently in two subsequent years (2017 and 2018), 

Horng and Roberts identified occurrence of 3C pyrrhotite (as a metastable phase of 4C 

pyrrhotite) in various marine sediment cores around the world76,85. Extracts were obtained by 

crushing the rock into powder and extracting pyrrhotite with a rare-earth magnet. These 

powder samples were used to investigate the magnetic properties.  

Table 1.13: List of the synthesis routes for the preparation of 3C Fe7S8 pyrrhotites. 

 

The aforementioned methods are solid-state procedures that require complex pathways 

(including high-temperature furnaces with a particular environment), high purity elements as 

precursors, which can worsen the energy-economy scale and so on. Contrarily, solid-state 

methods have quite a few important advantages over chemical methods when it comes to 

cost, extensive manufacturing, and so forth. In comparison to solid-state approaches, 

chemical procedures are significantly more effective, efficient, affordable, and give greater 

phase purity. Additionally, these techniques offer simpler control over size, shape, and 

structure and often need significantly lower temperatures for phase formation. Several reports 

have dealt with the synthesis of many phases of Fe1-xS system, both in bulk and nano phases. 

S. No. Year Phase Method Temperature

1. 1968 Single crystal Solid-state 900  C → Quenched

2. 1978 Single crystal Solid-state 900  C → Quenched

3. 1980 Single crystal Solid-state 923 K

4. 2017 Bulk powder sample Solid-state Laboratory temperature

5. 2018 Bulk powder sample Solid-state Laboratory temperature
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However, there is no report in the literature upon the synthesis of trigonal phase of pyrrhotite 

using the chemical route. Therefore, it is important to adopt a straightforward and cost-

effective reaction pathway, as well as one with clearly defined tunability and high 

crystallinity of the system. 

it is necessary to adapt a simple and economical reaction pathway (low temperature, quick 

reaction time, and cost-effective). 

1.10. Significance of nano dimension in magnetism 

Materials with at least one dimension between 1 and 100 nanometers (nm) are known as 

nanoparticles. The reduction in the size of a particle is reduced induces an increased surface 

area to volume ratio86. The surface area to volume ratio increases dramatically in 

nanoparticles, bringing a high proportion of atoms to the particle's surface. The change in size 

of the particle brings change in its structure, which leads to the change in its properties and 

mechanism from its bulk counterpart86 (figure 1.14).  

 

Figure 1.14: Representation of effects of size reduction on the structure and properties of a 

material from bulk to nano dimension. 

When we go from bulk to nano dimension, only the structure sensitive magnetic properties—

coercivity, blocking temperature, Neel or Curie temperature, and others, are expected to 

change significantly. Analysis of geometric data, such as—composition, size, shape, and 

crystal structure and magnetic data (magnetization values, coercivity (HC), transition 

temperature values) provide information about the characteristics of a magnetic nanoparticle. 

Change in 
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Change in 
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Change in 
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Some of the possibilities when we go from bulk to nano are: (a) Ferromagnetic particles 

becoming single domain 

(b) Superparamagnetism in small ferromagnetic particles (i.e., particles which are 

ferromagnetic in bulk)  

(c) Antiferromagnetic particles (in bulk) behaving like ferromagnets, and so forth. 

The characteristics of a nanoparticles are governed by two fundamental aspects: 

(a) Effects of finite-size (quantum confinement of electron and single/multi-domain 

structures) 

(b) Surface symmetry breaking at the surface of particle, dangling bonds, oxidation, surface 

strain, surfactants, or even different physical and chemical structures of the inside (core) and 

surface (shell) components the nanoparticles86 can all lead to surface effects. 

As we reduce the dimension of the system, there is an increase in magnetic moment. This 

demonstrates the basic differences in magnetic behaviour between bulk materials and 

nanostructures. Since surface spins typically do not follow the same ordering as spins inside 

the material, this effect is more notable. Thus, nanocrystals with more surface will have lower 

B/atom values than bulk materials (table 1.4)86. 

Table 1.4: Example of the systems, indicating an increase in magnetic moment/atom as size 

of nanoparticles is reduced. 

 
Magnetic Moment (µB/atom) 

 
0D 1D 2D Bulk 

Ni 2.0 1.1 0.68 0.56 

Fe 4.0 3.3 2.96 2.27 

 

 

Increasing magnetic moment/atom 
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When the surface to bulk atoms ratio is high (due to the decreased dimensions of the 

particle), the role of surface in magnetism becomes significant. In contrast to the core of the 

particle, the surface atoms are exposed to different surroundings, which causes certain types 

of surface defects, such as— dangling bonds, lattice disorder, vacancies, and so forth. Thus, 

these surface imperfections give rise to uncompensated disordered spins at the surface of the 

nanoparticles, resulting in surface magnetization. 

The surface effects can cause alteration (up or down) in the value of magnetization and 

enhancement in effective magnetic anisotropy of a nanoparticle. There has been a reported 

decrease in the magnetization of certain oxide nanoparticles, which has been connected to the  

surface of nanoparticles having a magnetic dead layer, the surface spins behaving like spin 

glasses, or the canted spins. In contrary, certain metallic nanoparticles were observed to 

exhibit an increased value of magnetization. The overall magnetization of a nanoparticle can 

be thought as a result of spins on the surface and the contribution from the core of the 

particle86. Investigating the pyrrhotite's magnetic properties of the pyrrhotites at the nano 

scale will therefore be interesting and intriguing. In this thesis, some of the most significant 

properties of magnetic nanoparticles are addressed and discussed. 

1.11. Influence of Gd-substitution 

Substitution is well known to be one of the effective routes to modulate various physical 

properties of nanoparticles, such as—optical, electrical, magnetic properties. Co, Ni, Mn, and 

Pt are recognised to be efficient dopants87–93 of magnetic nanoparticles with the potential to 

enhance their magnetic properties. However, a rare-earth element has a significantly greater 

potential for displaying strong magnetic characteristics than a transition metal because of the 

substantial unquenched orbital angular momentum assigned to the f-electrons, which exhibit 

higher spin-orbit coupling94,95. The orbital component of the magnetic moment is 

significantly larger for the rare-earth ions than the transition metal ions because crystal-field 
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effects are less and spin-orbit coupling is stronger for f-electrons of transition metal ions than 

for d-electrons. Additionally, materials formed from these elements have the potential to 

display highly advantageous magnetic properties due to the special f-electronic structure of 

metals in the rare earth series. Rare earth elements comprise of 15 kinds of lanthanide 

elements ranging from lanthanum to lutetium in the periodic table. In recent decades, the 

development of lanthanides-based nanomaterials with novel optical, electrical and magnetic 

properties has been an emerging research field96,97. Substitution with rare-earth ions in the 

parent structure induces many interesting optical, electrical and magnetic properties due to 

their partially occupied 4f electronic state, thereby modulating the structural disorder and 

lattice strain in the structure. In particular, the gadolinium (Gd) ion is of importance because 

of its large magnetic moment94, which comes from the partially occupied 4f electronic state 

(figure 1.15), resulting in excellent magnetic properties. 

 

Figure 1.15: Schematic illustration of the electronic configuration of gadolinium with +3 

oxidation state. 

1s

2s

2p

3s

3p

4s

3d

4p

E
n

er
g
y

Gd: 64

1s2 2s2 2p6 3s2 3p6 3d6 4s2 4p6 5s2 4d10 5p6 6s2 4f7 5d1

Oxidation state: +3

Gd3+

5s

5p

4f

5d

6p

7s

5f

4d

6s

6d

7p

8s

4f

5d

6s



Ph.D. Thesis                                                                                                                  Chapter 1 

 

                                                                                                                             32 

Shubhra Jyotsna 

There has been no report on the modulation of trigonal iron sulphide nanoparticles upon the 

addition of Gd ion. In this study, we substitute Gd ions using the thermal decomposition 

method to synthesize Gd-substituted trigonal phase of iron sulphide nanoparticles and 

investigate the influence of Gd-substitution on the various structural characteristics and 

physical properties of the fundamental compound.  

1.12. Objective of the thesis 

 

As discussed in the previous section, the research is focused primarily on understanding the 

physical characteristics of the compound at nanoscale. The trigonal Fe7S8 may hold copious 

potential for many industrial and technical applications. In order to use this material in real 

life applications, it is very important to understand the structure and the physical properties of 

this material. The literature holds narrow information about the phases and properties of the 

compound. for e.g., magnetic properties and dielectric properties. In this thesis, efforts are 

dedicated to understand the physical properties— magnetic and dielectric characteristics of 

the compound, and how are they important for fundamental understanding and technical 

applications. Further, in order to modify the existing properties of trigonal iron sulphide, the 

structure of the compound was modified by substituting a rare-earth element.  

1.13. Thesis Outline: 

Chapter 1 

In the first chapter, the transition metal chalcogenides are introduced and their applications in 

various fields are discussed. A review about Fe-S system is presented, which was narrowed 

down to the pyrrhotites. It is highlighted in the chapter as why the trigonal Fe7S8 is of 

fundamental and technological importance. Brief literature review of the trigonal Fe7S8 is 

given, highlighting the structural and magnetic characteristics of the compound. In the end, 

objective of the thesis is discussed.  
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Chapter 2 

The second chapter discusses the structural aspects of trigonal phase of Fe7S8 at nanoscale. In 

order to modify the characteristics, the compound was substituted with a rare-earth element— 

Gd. The chapter further discusses and compares the different structural parameters of all the 

samples. 

Chapter 3 

The third chapter discusses the magnetic characteristic of trigonal phase of Fe7S8 at nanoscale 

with the aim of understanding the magnetism in the compound and finally to calculate the 

energy product. The magnetic characteristics of the compound were modified by the 

substitution of Gd of varying at%. The chapter further discusses and compares the different 

magnetic parameters of all the samples. 

Chapter 4 

The fourth chapter discusses the dielectric properties of trigonal phase of Fe7S8 at nanoscale 

The dielectric characteristics of the compound were modified by the substitution of Gd of 

varying at%. The chapter further discusses and compares the different dielectric parameters 

of all the samples. 

Chapter 5 

The conclusion of this thesis and scope of future works are discussed in fifth chapter. 
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Synthesis and structural study of 3C Fe7S8 and Gd-substituted 3C 

Fe7S8 nanoparticles 
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Highlights 

Below are some of the findings that we would like to highlight. 

• The trigonal 3C Fe7S8 and the Gd-substituted iron sulphide samples were synthesized 

using the thermal decomposition method at the nanoscale.  

• The trigonal phase was obtained after quenching the sample from a high temperature 

to the wet ice.  

• The Gd-substituted samples were substituted in 5%, 10%, 15%, 20% and 20% 

concentration in the trigonal 3C Fe7S8 lattice are represented as x=0.05, 0.1, 0.15, 

0.2, 0.20.  

• The crystallite size of the nanoparticles increases as the concentration of Gd is 

increased in the trigonal 3C Fe7S8 lattice.  

• The lattice parameters, obtained after the refinement, increase with the increase in 

the concentration of Gd-substitution in the lattice. 

• The as-synthesized samples exhibit distorted hexagonal shaped morphology of 

variable size. However, the average particle size of the nanoparticles increases with 

the increase in the concentration Gd in the lattice.  

• The presence of Fe2+, Fe3+ and Gd3+ ions in all the as-synthesized samples were 

confirmed by the means of XPS analysis. Raman spectra indicate towards the lattice 

strain in the samples.  
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2.1. Introduction 

2.1.1. Powder X-ray diffraction (PXRD) 

The classical phenomena of wave interference, whereby monochromatic electromagnetic 

waves superimpose to generate a resultant wave, serves as the basis for X-ray diffractive 

diffraction1. The path difference between the two interfering waves determines the 

amplitude of the resulting wave. The amplitude of the wave increases as a result of 

constructive interference when the path difference between the interfering waves is an 

integral (N) multiple of the incident wavelength1. Conversely, if the path difference is N/2 

of the incident wavelength, the amplitude decreases and the monochromatic waves get 

destructively interfered with1. Diffraction happens when the waves resulted from 

constructive interference get scattered by an object. Theoretically, the atoms in an infinite 

crystal are periodically arranged. The incident X-ray beam is diffracted by the atoms of 

the crystal, and a reflection pattern is created in the reciprocal space. Bragg's law governs 

the positions and magnitudes of intensities according to the following equation1. 

2𝑑ℎ𝑘𝑙𝑆𝑖𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆 (2.1) 

Where, θhkl is the diffraction angle (Bragg angle),  is the wavelength of the incident X-

ray beam, n represents the diffraction order, {hkl} are the Miller indices, representing the 

reflection in the reciprocal space, and dhkl is the d-spacing between planes of the lattice. 

Each diffracted wave has a unique phase and intensity when it is diffracted by a crystal 

lattice at Bragg angles. As a result, the information about the crystal structure is contained 

in the intensity, direction, and phase of the diffracted waves. However, the only data 

received directly from the XRD experiments is electron density1–5. The electron density is 

used to calculate the intensity of the wave. Atoms are arranged in regular, orderly patterns 

in crystalline materials. A crystal may diffract wave because its atoms are arranged in a 
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periodic pattern of coherent scatterers. When the atoms of a periodic array scatter light 

coherently, it is called diffraction. A diffraction pattern is created as a result of diffraction 

from several atomic planes and contains details on the atomic configuration within the 

crystal. The incident X-rays diffract as lines and resolve as "spots" of Bragg intensities on 

the detector plane for a single crystal (figure 2.1). The incident X-rays for a 

polycrystalline powder sample diffract as cones and resolve as Debye rings1,6 (figure 2.1). 

Figure 2.1: The intensities observed (schematic) from XRD experiments performed using 

a single crystal and powder sample are projected in the 2D reciprocal space. Intensity 

‘spots’ are formed if the diffracting material is in the form of a single crystal. (Debye) 

‘Rings’ are formed6 if the diffracting material is an ideal powder. 
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2.1.2. Rietveld method  

A list of experimental Bragg intensities (Ihkl) diffracted at different angles (hkl) is required 

in order to reconstruct structural information about a crystalline material from the X-ray 

diffraction data7,8. Due to systematic and accidental factors, the measured diffractogram 

(or observed powder patterns) in powder diffraction frequently consists of several 

overlapped Bragg peaks. Thus, it becomes crucial to refine the structure and index the 

Bragg peaks., The Rietveld method9 is intended to refine the crystal structure from the 

integrated intensities derived from the experimental XRD data using the parameters in the 

models of the structure. By minimizing the difference between a (theoretical) powder 

pattern generated from a model and the experimentally observed powder pattern in a least 

squares sense, the observed intensities obtained from the diffraction data are often refined. 

The lattice parameters, space group details, profile parameters, and background 

parameters are used to calculate the theoretical powder pattern. The feedback9 between 

improving the structural knowledge and allocating observed intensity to partially 

overlapping individual Bragg reflections is a vital component. 

2.1.3. Core mathematics and procedures in the Rietveld method  

The fact that no effort is made to assign the measured intensity to a specific Bragg 

reflection or to resolve the overlapped reflections is a key component of a Rietveld 

method9. As a result, a reasonably good starting theoretical model is required10. A known 

approximation of structural model of the specimen11,12 is used to calculate the starting 

values for the structure factors in the Rietveld method. At each of the several thousand 

equal steps (i) in the diffraction pattern, a numerical intensity value (yi) is recorded9,10. At 

any arbitrary position in the pattern, many Bragg reflections contribute to the intensity. By 

adding the calculated contributions from the neighboring Bragg reflections and the 
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background, the computed intensities (yci) are derived from |FK|2 values, according to the 

following equation9,11. 

𝑦𝑐𝑖 = 𝑠 ∑ 𝐿𝐾 |𝐹𝐾| 2 𝜑(2𝜃𝑖 − 2𝜃𝐾)𝑃𝐾𝐴 + 𝑦𝑏𝑖

𝐾

 
(2.2) 

Where, s represents the scale factor, K stands for the Miller indices, h, k, l, represents 

Bragg reflection, LK represents the Lorentz factor, φ represents profile function of each 

reflection, PK stands for function of preferred orientation, A stands for the absorption 

factor, FK represents the structure factor, and ybi stands for the background intensity. 

2.1.4. Chemical structure of trigonal 3C Fe7S8 

The first ever determination of the crystal structure of trigonal 3C Fe7S8 was done by Fleet13 

(1971) using a single crystal of 3C Fe7S8 (space group P31), which was formed as a 

consequence of quenching. The crystal structure was solved by considering the contribution 

of the crystal twinning. Based on the P31 space group, another structural study was carried 

out by Nishiguchi14 (1977) on a synthesized single crystal of 3C Fe7S8. However, Fleet and 

Nishiguchi did not examine the possibility of a P3121 space group in the structure. Later in 

1979, the structure of 3C Fe7S8 was refined by Nakano15, with space group P3121 based on 

Fe-vacanies and unit cell parameters a = 6.8652±0.0006 Å, c = 17.047±0.002 Å, confirming 

the trigonal symmetry. The structure is essentially the same as that of 3C Fe7Se8, as reported 

by Okazaki & Hirakawa16,17 (1956), which has the P3121 symmetry. Figure 2.2 illustrates a 

layered 3C Fe7S8 structure with vacant and filled iron layers stacked normal to the c-axis in a 

sequence described as AFBFCF, where A, B, and C denote the layers containing Fe-

vacancies, and F represents the layer without Fe-vacancy. The arrangement of vacancy-

containing alternate layers is same for both 4C and 3C superstructures13,15,18. However, the 

arrangement of vacancies and the type of Fe-clustering in the alternate layers of Fe and S in 

the lattice are different19 in the 4C and 3C structures of Fe7S8, as suggested by Nakazawa et. 
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al. Based on Bertuat (1953) model for 4C Fe7S8, the Fe ions position as Fe2+ and Fe3+ in the 

vacancy layers to account for the non-stoichiometry in the structure.  

 

Figure 2.2:  Crystal structure of trigonal 3C Fe7S8 with P3121 space group, according to 

Nakano et. al15. 

However, being a metastable state20,21 of 4C Fe7S8, the compound is usually synthesized in 

the laboratories. Probably, for this particular reason, there has been a little information about 

the various physical and chemical properties the compound. However, a few marine sediment 

cores around the world have been recently identified20–22 as the source of trigonal 3C Fe7S8. 

As a consequence of either shock or quenching effect, the compound is known to occur as the 

metastable (at room temperature) form of 4C Fe7S8. A few scientific groups20–22 have 

extracted the powder sample from such natural resources and confirmed its trigonal 

symmetry. The study was done using the bulk sample. Significant shift in the properties is 

known when the size is reduced to nano-dimensions, owing to the large surface to volume 

ratio23–25. However, to the best of our literature survey, we have not encountered the synthesis 

of the trigonal phase of Fe7S8 in nano-dimension, may be because the compound is lesser 
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known. Synthesis of iron sulphide production is highly sophisticated as even slight 

stoichiometry variations have big impact on the structural and physical properties of the 

material. The solid-state synthesis approaches, however, are not adaptable enough to produce 

the necessary phase. In contrast, thermal decomposition method26–30 appears to be a 

promising wet synthesis pathway for fabricating the trigonal phase of iron sulphide among 

the other chemical pathways, especially, when control over size of the particles is of 

importance. Therefore, it will be intriguing and interesting to understand the various behavior 

of the compound at nanoscale. This chapter discusses the synthesis of 3C Fe7S8 nanoparticles 

and the structural analysis. We have further investigated the changes in the structural 

properties, when substituted with a rare earth element—Gd. Substitution with Gd has been 

taken as a case study. 

2.2. Experiment details 

2.2.1. Materials 

Thiourea (NH2CSNH2, 99.9 %), iron (II) chloride (FeCl2.4H2O, 99.9 %), gadolinium (III) 

nitrate (Gd(NO3)3.6H2O, 99.99 %) and olaylamine (OLA, 99.9 %) were purchased from 

Sigma-Aldrich chemicals. All chemicals were used without any further purification.  

2.2.2. Characterization techniques 

Technical description of the instruments used for characterization 

The phase purity and crystallinity of the as-synthesized samples were characterized by 

powder X-ray diffraction (PXRD) using a PANalytical X’PERT PRO instrument, and the 

iron-filtered Cu-Kα radiation (λ = 1.54 Å) in the 2θ range of 10 −80  covered in a step size of 

0.08° with a count time of 2s. The operating voltage and current for the PXRD instrument 

were kept at 30 kV and 40 mA, respectively. A highly sensitive surface technique—X-ray 

Photoelectron Spectroscopy data were recorded for Fe and S on Thermo Fisher Scientific X-

ray Photoelectron Spectrometer (XPS) K-Alpha+. The monochromatic Al Kα (hν = 1486.6 
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eV) as the X-ray source was operated with a beam current of 6 mA and voltage of 12 kV 

coupled with a Physical Electronics 04–548 dual Mg/Al anode and in an ultra-high vacuum 

system with a base pressure of ≤5 × 10− 9 Torr. The spot size of 400 μm was used during the 

XPS measurement. The recorded XPS data were deconvoluted using XPS PEAK 41. All 

measurements mentioned above were performed at a laboratory temperature (23 °C ± 2 °C). 

Raman spectroscopy measurements were recorded at laboratory temperature (23 °C ± 2 °C) 

on an HR 800 Raman spectrophotometer (Jobin Yvon, HORIBA, France) equipped with an 

achromatic Czerny−Turner type monochromator (800 mm focal-length) with silver-treated 

mirrors. Monochromatic radiation emitted by a 632 nm laser, operating at 20 mW, was used. 

The specific structural details and morphology were obtained using an FEI Tecnai T20 

transmission electron microscope (TEM) equipped with a super-twin (s-twin) lens operated at 

200 keV accelerating voltage. The powders obtained were dispersed in n-hexane and then 

drop-casted on a carbon-coated copper TEM grid with 200 mesh and loaded in a single-tilt 

sample holder.  

Calculation of crystallite size 

Following the method given by Paul Scherrer31 in 1918, the crystallite size of as-synthesized 

3C Fe7S8 is calculated considering the effect of limited particle size on XRD patterns. Paul 

Scherrer approximated an expression to relate peak-broadening and crystallite size. The 

formula to estimate the crystallite size along the hkl plane from the measured width of their 

diffraction curves is given as equation 2.3:  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

(2.3) 

here, the width β of the diffraction curve at an intensity equal to half the maximum intensity, 

known as the full width at half maxima (FWHM), is usually measured in radians. The 

wavelength, λ of the incident X-rays for Cu Kα is λ ~0.154 nm, 𝜃 is the Bragg angle, 
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corresponding to the hkl plane (hkl are the Miller indices of the planes being analyzed), and 

K is the numerical constant typically referred to as the crystallite-shape factor, however, in 

the absence of details of shape information, K = 0.94 is a good approximation. Instead of 

directly considering the β values from peak broadening, the diffraction pattern from the line 

broadening of a standard material1, high crystalline silicon powder was measured to 

determine the instrumental profile, it is corrected from standard data using equation 2.4.  

                                                 𝛽 = 𝛽𝑀
2 − 𝛽𝑆

2                                    (2.4) 

Where βM and βS are the measured widths of the diffraction peaks of Fe7S8 and the standard 

sample. This results in subtracting the instrumental errors from the peak broadening. 

2.2.3. Synthesis pathway of 3C Fe7S8 nanoparticles 

Polycrystalline 3C Fe7S8 was synthesized by a thermal decomposition method, according to 

the steps reported by Lin et al.32 for the synthesis of hexagonal Fe1-xS pyrrhotite with a slight 

modification at the end of the procedure. A mixture of iron–oleylamine (Fe–OLA) and 

sulphur–oleylamine (S–OLA) complexes were prepared separately in a three-neck flask 

equipped with an inlet of nitrogen gas, condenser, magnetic stirrer, thermocouple, and 

heating mantle. The S–OLA complex was obtained from the reaction of NH2CSNH2 (4 

mmol) dissolved in OLA (10 mL) at 180 °C under nitrogen gas and then cooled down to 

laboratory temperature (27 °C ± 3 °C). The Fe–OLA complex was prepared separately by 

dissolving FeCl2.4H2O (2 mmol) at 150 °C in OLA. Further, the S–OLA complex was 

injected into the Fe–OLA complex. The mixture was initially heated at 180 °C for 2 h, 

followed by reflux (260 °C) for another 2 h, and was quenched from a relatively high 

temperature (260 °C) to wet ice (0 °C ± 3 °C). As the temperature of the suspension reached 

the laboratory temperature (27 °C ± 3 °C), n-hexane was added to it. Black precipitates were 

obtained, further separated via centrifugation, and then vacuum-dried to obtain the 3C Fe7S8 

nanoparticles. The schematic for the synthesis of trigonal 3C Fe7S8 nanoparticles is shown in 



Ph.D. Thesis  Chapter 2 

 

                                                                                                                             54 

Shubhra Jyotsna 

figure 2.3. 

 

Figure 2.3: Synthesis pathway of 3C Fe7S8 nanoparticles using a thermal decomposition 

method.   

2.2.4. Synthesis pathway of Gd-substituted 3C Fe7S8 nanoparticles 

Polycrystalline 3C Fe7S8 substituted with gadolinium (Gd) was synthesized by a thermal 

decomposition method32 with a slight modification at the end of the procedure. A mixture of 

iron with gadolinium–oleylamine (FeGd–OLA) and sulphur–oleylamine (S–OLA) complexes 

were prepared separately in a three-neck flask equipped with an inlet of nitrogen gas, 

condenser, magnetic stirrer, thermocouple, and heating mantle. The S–OLA complex was 

obtained from the reaction of NH2CSNH2 (4 mmol) dissolved in OLA (10 mL) at 180 °C 

under nitrogen gas and then cooled down to laboratory temperature (27 °C ± 3 °C). The 

FeGd–OLA complex was prepared separately by dissolving 2(1-x) mmol of FeCl2.4H2O and 

2x mmol of Gd(NO3)3.6H2O at 150 °C in OLA, where x denotes the atomic weight percent of 

Gd-substitition as x= 0.05, 0.1, 0.15, 0.2, 0.25, corresponding to the Gd substitution 

percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.  Further, the S–OLA complex 

was injected into the Fe–OLA complex. followed by reflux (260 °C) for another 2 h, and was 
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quenched from a relatively high temperature (260 °C) to wet ice (0 °C ± 3 °C). As the 

temperature of the suspension reached the laboratory temperature (27 °C ± 3 °C), n-hexane 

was added to it. Black precipitates were obtained, further separated via centrifugation, and 

then vacuum-dried to obtain the. The schematic for the synthesis of Gd-substituted iron 

sulphide nanoparticles is shown in figure 2.4. 

 

Figure 2.4: Synthesis pathway of Gd-substituted Fe7S8 nanoparticles using a thermal 

decomposition method.  

2.3. Results and discussions 

2.3.1. Crystallinity and phase formation of the as-synthesized samples 

The PXRD is used to confirm the composition, crystallinity, and phase purity of 3C Fe7S8 

and Gd-substituted 3C Fe7S8 nanoparticles, as shown in Figure 2.5a. The experimentally 

obtained diffraction peaks (relative intensities containing the c-axis and peak positions (table 

2.1)) for the as-synthesized unsubstituted 3C Fe7S8 are in good agreement with standard 

JCPDS data33 (JCPDS no. 710591), ensuring the hexagonal phase with the trigonal crystal 

structure (P3121 space group) of the as-synthesized product with no additional peak within 

the detection limit of the instrument. The most intense diffraction peak centered at 2θ ~44  
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corresponds to the plane (206). The peaks around 10°, 30°, 32°, 34°, 53°, 57°, 63°, 72°, and 

73° correspond to planes (100), (200), (006), (203), (220), (029), (400), (316), (046), and 

(0310), respectively.  

 

Figure 2.5: (a) Experimentally obtained XRD data for as-synthesized unsubstituted and Gd-

substituted (x=0, 0.05, 0.1, 0.15, 0.2, 0.25) trigonal Fe7S8 nanoparticles. The reflection peaks 

are indexed according to the JCPDS no: 710591, (b) representation of shift in peak position 

as the percentage of Gd increases from x=0 to x=0.25. The samples are labeled as x=0, 0.05, 

0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 

20% and 25%, respectively.   
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Table 2.1: Comparison of the relative intensities reported in JCPDS no: 710591 with that of 

the obtained experimental PXRD data for 3C Fe7S8 and Gd-substituted iron sulphide samples. 

The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.  The relative 

intensities are compared only for the planes containing c-axis. 

 

However, for Gd-substituted nanoparticles, the peak positions (figure 2.5b, 2.6) slightly shift 

towards lower angle side upon increasing the substitution percentage of Gd from x=0 to 

x=0.25. The lattice expansion34,35 caused by the inclusion of Gd3+ ions in the iron sulphide 

nanoparticles is responsible for the shifting of the peaks toward the lower angle side. It might 

as well be due to the relatively higher ionic radius of Gd3+ (0.94 Å) ions than Fe3+ (0.63 Å) 

and Fe2+ (0.77 Å) ions, structural modification, formation of gases and internal compressive 

stress. Moreover, no impurity peaks were observed upon Gd3+ substitution within the 

detection limit of the XRD instrument.  

Plane 

containing 

c-axis

(006) (203) (206) (029) (316) (046)

2θ ( ) Relative 

intensity

2θ ( ) Relative 

intensity

2θ ( ) Relative 

intensity

2θ ( ) Relative 

intensity

2θ ( ) Relative 

intensity

2θ ( ) Relative 

intensity

JCPDS #

710591

31.463 0.033 34.01 0.58 44.053 1 57.66 0.075 65.382 0.003 71.558 0.119

x=0 31.373 0.034 34.06 0.59 44.007 1 57.44 0.076 65.004 0.0035 71.186 0.107

x=0.05 31.428 0.035 34.26 0.62 44.119 1 57.58 0.074 65.281 0.0036 71.329 0.134

x=0.1 31.667 0.032 34.52 0.65 44.341 1 57.72 0.077 65.455 0.0038 71.562 0.168

x=0.15 31.734 0.036 34.78 0.61 44.547 1 57.76 0.078 65.624 0.0041 71.622 0.171

x=0.2 31.786 0.039 34.83 0.62 44.621 1 57.84 0.072 65.877 0.0037 71.864 0.179

x=0.25 31.942 0.031 32.97 0.64 44.843 1 58.03 0.077 65.992 0.0039 71.972 0.18
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Figure 2.6: Shift in peak positions of various reflection planes as the Gd content is increased. 

The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.   

Additionally, as seen in Figure 2.5b, the diffraction peaks become broader after Gd-

substitution, demonstrating that the substitution of Gd3+ ions in the lattice has an impact on 

the crystal size and crystallinity of the samples. The crystallite size for all the samples along 

different planes has been estimated according to the equation 2.3. For as-synthesized 3C 

Fe7S8 nanoparticles, the crystallite size corresponding to the highest intensity peak along the 

(206) plane is ~27 nm for 3C Fe7S8 nanoparticles, which keeps on increasing upon increasing 

the Gd-content in the lattice. The variation of crystallite size along different planes— (200), 

(203), (206), and (220), for all the samples are shown in figure 2.7 and tabulated in table 2.2. 
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Figure 2.7: Variation of crystallite size of the as-synthesized samples along various 

reflection planes— (200), (203), (206), and (220). The samples are labeled as x=0, 0.05, 0.1, 

0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 

20% and 25%, respectively.   

Table 2.2: Crystallite size of as-synthesized samples along different reflection planes. The 

samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.   

 

0.00 0.05 0.10 0.15 0.20 0.25

24

26

28

30

32

34
Along (200) plane

0.00 0.05 0.10 0.15 0.20 0.25

26

28

30

32

34

36

Along (203) plane

0.00 0.05 0.10 0.15 0.20 0.25

28

30

32

34

36

38
Along (220) planeAlong (206) plane

d
 (

n
m

)

x

d
 (

n
m

)

x

d
 (

n
m

)

x

d
 (

n
m

)

x

d
 (

n
m

)

x
0.00 0.05 0.10 0.15 0.20 0.25

30

32

34

36

38

40

x Crystallite size (nm)

Along (200) 

plane

Along 

(203) 

plane

Along (206)

plane

Along 

(220) plane

0 24 26 27 30

0.05 25 29 29 31

0.1 27 32 33 32

0.15 28 33 35 34

0.2 31 35 36 36

0.25 33 36 38 39



Ph.D. Thesis  Chapter 2 

 

                                                                                                                             60 

Shubhra Jyotsna 

Furthermore, to establish the phase purity of the as-synthesized 3C Fe7S8 and the series of 

Gd-substituted samples, the comprehensive analysis of crystal structure for all the samples 

was carried out by the Rietveld refinement technique9 in the trigonal phase with space group 

P3121 using the FullProf Suite program to determine structural parameters like the fractional 

lattice parameters, atomic coordinates, lattice parameters, and occupancy. The refinement is 

performed with the Fe7S8 model33 (ICSD collection code no. 2106932), and the 

corresponding profile for all the samples is shown in Figure 2.8. The twelve-coefficient 

polynomial has been used to model the background intensity. The Pseudo-Voigt profile 

functions were applied to refine the shape and FWHM parameters of the XRD peak profiles 

for all the samples. The refinement shows that the diffraction peaks corresponding to all the 

samples may be indexed in the hexagonal system with the P3121 space group. The goodness 

of fit parameter (χ2) was used to evaluated the quality of the refinement. The experimental 

diffraction pattern in Figure 2.8 is displayed as black circles, and the calculated diffraction 

pattern is shown as a red line. The vertical green lines indicate the Bragg-allowed peak 

positions. The bottom blue curve indicates the difference profile between the calculated and 

observed XRD pattern. As no extra diffraction peaks associated with impurity phases of Gd 

are seen in the Gd-substituted iron sulphide samples within the detection limit of the 

instrument, the XRD patterns show that substitution of Gd in the 3C Fe7S8 lattice has no 

effect on the trigonal structure of the 3C Fe7S8. The data obtained reveals the refined 3C 

Fe7S8 crystal structure with trigonal crystal geometry and the P3121 space group for all the 

samples. 

The values of refined cell parameters (a, b, c, α, β, and γ), the cell volume (V), the R-

factors— profile factor (Rp), weighted profile factor (wRp) along with χ2 for the as-

synthesized samples are summarized in table 2.3. The low values36 of various R-factors and 

χ2, obtained after the refinement, justify that the experimental data and the model used to 
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refine the XRD data match well. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 

0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively.   

 

Figure 2.8: Comparison between the observed XRD patterns of 3C Fe7S8 and Gd-substituted 

3C Fe7S8 nanoparticles (black circles), calculated XRD curve after crystal structure 

refinement by Rietveld method (red line), the difference (Iobs−Ical) between observed intensity 

(Iobs) and calculated intensity (Ical) (blue line), and Bragg positions (green vertical line) for 

various samples labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.  
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Table 2.3: The structural parameters obtained after Rietveld refinement of XRD data of as-

synthesized 3C Fe7S8 and Gd-substituted nanoparticles, using the Fullprof Suite program. 

The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively. The values χ2 and 

wRP (%) represent the chi-square and weighted profile R-value, respectively. Unit cell 

parameters are denoted by a, b, c, and γ. 

Sample Lattice parameters Reliability factors Goodness factor 

 
a=b (Å) c (Å) α =β (°) γ (°) V (Å3) wRp (%) Rp (%) χ2 

x=0 6.865 17.224 90 120 702 6.2 5.1 3.6 

x=0.05 6.881 17.302 90 120 703 6.1 5.3 3.8 

x=0.1 6.882 17.315 90 120 704 6.4 5.3 3.7 

x=0.15 6.885 17.317 90 120 704 6.1 4.9 3.6 

x=0.2 6.885 17.318 90 120 705 6.2 5.1 3.3 

x=0.25 6.889 17.321 90 120 708 6.1 5.1 3.1 

 

The lattice parameters obtained after the refinement show an increment in both a and c lattice 

constants (figure 2.9). The increase of the lattice parameters and no secondary peaks in the 

diffraction patterns indicated that the Gd ions have substituted the Fe3+ and Fe2+ sites and the 

resulting structures are isostructural with the 3C Fe7S8 crystal. The ionic radii of the Gd3+ ion 

can be used to directly relate the variation in lattice parameter values. The Fe2+ and Fe3+ ions 

with relatively smaller ionic radii are replaced by the Gd3+ ions having larger ionic radius. 

The ionic radii of the Gd3+ ion can be used to directly correlated to the fluctuation in lattice 

parameter values. The larger ionic radii Gd3+ ions are substituted for the smaller ionic radii 

Fe2+ and Fe3+ ions37,38. 
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Figure 2.9: Variation in the lattice parameters, a and c, of the as-synthesized samples with 

increasing Gd-substitution. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, 

corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively. 

2.3.2. Transmission electron microscopy (TEM) 

The shape, size, and existence of any secondary phases in a specimen can be revealed using 

TEM measurement. TEM measurement is used to reveal the information about the shape, 

size, and the presence of any secondary phase in a specimen. The bright-field TEM images 

(Figure 2.9a-f) show the morphology of the 3C Fe7S8 and Gd-substituted iron sulphide 

nanoparticles. Since the nanostructures are ferrimagnetic at room temperature, they are highly 

aggregated as seen in the figure. Additionally, the strong Lorentz interaction between the 

electrons and the orientated spins inside the particles has an impact on the image quality for 

magnetic particles39. The nanoparticles are oriented in different directions with respect to 

electron beams. This interaction between the particles and the electron beam changes the 

elastic scattering diffraction, which appears as different contrast in the TEM image. The 

nanoparticles were grown in hexagonal-shaped particles. However, some nanoparticles in all 
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the samples were observed to be disordered in shape, which can be related to the preferential 

growth of the low-interfacial energy surface planes. The hexagonal morphology observed in 

TEM can be related to the diffracted planes, which confirms that the dominant growth of 

direction is <0001>. This indicates that the growth of a low-energy facet occurs along its c-

axis40. The HCP packing and tendency of the nanoparticles to have energy stability through 

energy minimization are thought to facilitate the formation of hexagonal-shaped 

nanoparticles. Figure 2.9-2.11 show the morphology of all the samples at three different 

scales— 0.5 µm, 200 nm and 50 nm. After Gd substitution, the morphology of the samples 

has not changed noticeably. 

Figure 2.9: High-resolution transmission electron microscope images (a) for 3C Fe7S8 and 

(b-f) for Gd-substituted iron sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 

0.1, at 0.5 µm scale. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, 

corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively.   
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Figure 2.10: High-resolution transmission electron microscope images (a) for 3C Fe7S8 and 

(b-f) for Gd-substituted iron sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 

0.1, at 200 nm scale. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, 

corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively.   
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Figure 2.11: High-resolution transmission electron microscope images (a) for 3C Fe7S8 and 

(b-f) for Gd-substituted iron sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 

0.1, at 200 nm scale. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, 

corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively.   

From high resolution images (figure 2.12), the region (marked as the black circle) gives the 

interplanar spacing of ~0.59 nm, which corresponds to the (200) plane of the 3C Fe7S8 lattice. 
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Figure 2.12: High-resolution transmission electron microscope images (a) for 3C Fe7S8 and 

(b-f) for Gd-substituted iron sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 

0.1. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.   

In the SAED pattern (Figure 2.13a-f), the reflection planes (200), (203), (006), and (206) are 

indexed for all the samples, revealing the crystalline nature of 3C Fe7S8 nanoparticles. The 

analysis is consistent with the findings of XRD data. The prepared nanoparticles are 

composed of many nanocrystals. The growth direction of these nanocrystallites, along 

<0001> direction, reveals the most stable (minimum energy) facet. This particular growth of 

the nanoparticles may strongly be favored by OLA used as the surfactant41 in the synthesis.  
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Figure 2.13: Selected area electron diffraction pattern (a) for 3C Fe7S8 and (b-f) for Gd-

substituted iron sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 0.1. The 

samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd 

substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, respectively.   

Figure 2.14(a–f) displays the particle-size distribution histogram for each sample. It appears 

that when the concentration of Gd increases, the average particle size increases as well 

(figure 2.15). The agglomeration of the particles reveals that the particles are nanocrystalline, 

which may be related to the Oswald ripening process42, in which the synthesis temperature 

significantly affects the growth rate of nanoparticles. When the reaction temperature is high, 

the dissolution rate of small nanoparticles in a supersaturated solution increase, resulting in 

the formation of large nanoparticles.  
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Figure 2.14: Particle size distribution (a) for 3C Fe7S8 and (b-f) for Gd-substituted iron 

sulphide samples as x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 0.1. The samples are labeled as 

x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 

10%, 15%, 20% and 25%, respectively.   
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Figure 2.15: Variation of average particle size distribution for the samples with increasing 

Gd content. 

2.3.3. X-ray photoelectron spectroscopy (XPS) measurements 

The XPS technique was used to investigate the surface composition and the oxidation state in 

3C Fe7S8 and Gd-substituted iron sulphide samples of the Fe, S, and Gd. For all samples, the 

core-level binding energy (BE) was aligned with the carbon43 BE (~284 eV). The survey scan 

spectrum confirmed the existence of Fe and S in the material, as seen in figure 2.16a. The 

survey spectra depicted in figure 2.16(b–f) provide evidence of Gd, Fe, and S. The presence 

of C 1s and N 1s in the survey spectra may be due to the capping of oleylamine on the surface 

of the nanoparticles41. The survey spectra for all the samples show the presence of O 1s due 

to the surface oxidation of the compound by the local ambiance.  
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Figure 2.16: XPS survey spectra (a) for 3C Fe7S8 and (b-f) for Gd-substituted iron sulphide 

samples as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The spectra confirmed the presence of Fe, and 

S in 3C Fe7S8 nanoparticles and Fe, S, and Gd in Gd-substituted samples. The samples are 

labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage 

as 0, 5%, 10%, 15%, 20% and 25%, respectively.   
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The Fe 2p XPS spectra 

Figure 2.17a shows the XPS spectra of Fe 2p core level BE of 3C Fe7S8 containing two 

characteristic peaks at ~711 and ~724 eV corresponding to Fe 2p3/2 and Fe 2p1/2, 

respectively44, with the spin-orbit splitting energy of 13 eV. The peak Fe 2p1/2 (~724 eV) 

further divides into two peaks at ~723 eV and ~725 eV. In the Fe 2p core-level spectrum, the 

presence of the Fe2+ state in the compound44 is implied by the peaks at 707 and 720 eV. The 

deconvoluted peaks of Fe3+ 2p3/2 and Fe3+ 2p1/2 states of iron at ∼711 eV and ~724 eV, 

respectively, correspond to the presence of Fe3+ in the compound44. The deconvoluted peaks 

at BE ~711 eV and ~723 eV are due to the Fe-S bond. The peak at ~725 eV is due to 2p1/2 of 

Fe2+ in the compound, attributed to the Fe-O bond may be due to the surface oxidation45. 

Peaks at ~714 eV in figure 2.19(b-f) correspond to the +3 oxidation state of Fe. Hence, Fe 

exists in two oxidation states─Fe2+ and Fe3+, to account for the electron neutrality in the 

compound. In figure 2.17b-f, the core level Fe 2p spectra are shown for Gd-substituted iron 

sulphide sample. 
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Figure 2.17: High-resolution spectra of Fe 2p (a) for 3C Fe7S8 and (b-f) for Gd-substituted 

iron sulphide samples as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 

0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 

15%, 20% and 25%, respectively.   

The S 2p XPS spectra 

Figure 2.18a-f shows the XPS spectrum of S 2p in 3C Fe7S8 and Gd-substituted iron sulphide 

samples. In figure 2.20a, the spin-orbit doublets at ~161 and ~164 eV correspond to the 
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characteristic peaks of S 2p3/2 and S 2p1/2 of Fe-S species46, respectively. After 

deconvolution, two subpeaks were obtained for a distinct peak at ~162 eV, whose binding 

energies are nearly the same, signifying the presence of C-S-C and C=S bonds46, 

respectively. In addition, the deconvolution also depicts that the core S 2p contains S-O bond, 

corresponding to the peaks ~165 and ~168 eV, indicating the surface oxidation45,46. Upon Gd-

substitution, similar binding energies can be seen in the S 2p spectra of all Gd-substituted 

samples, with the S 2p3/2 and S 2p1/2 peaks located at ~161 and ~164 eV, respectively. For 

Gd-substituted materials, the peak at higher binding energy of ~169 eV is attributed to the S-

O associated sulphate species46, indicating that the surface of the samples are susceptible to 

oxidation upon air exposure. 
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Figure 2.18: High-resolution spectra of S 2p (a) for 3C Fe7S8 and (b-f) for Gd-substituted 

iron sulphide samples as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 

0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 

15%, 20% and 25%, respectively.   

The Gd 3d XPS spectra 

In figure 2.19, Gd 3d peaks of Gd-substituted samples verify the presence of Gd in the 

samples. The spectra exhibit a similar shape and equivalent peak position for x=0.05, 0.1 and 

0.15. However, the shape of spectra changes for x=0.2 and 0.25, and the peak positions 
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remain equivalent. Additionally, Gd 3d3/2 and Gd 3d5/2 levels are observed in all samples at 

binding energies of ~1220 and ~1187 eV, respectively. The position of Gd 3d level for all the 

samples suggests that Gd ions are in the Gd3+ oxidation state. 

Additionally, Gd 3d3/2 and Gd 3d5/2 levels are seen in all samples ~1220 and ~1187 eV, 

respectively. According to the position of Gd 3d level, +3 oxidation state of Gd is present in 

all samples. 

Also, Gd 3d3/2 and Gd 3d5/2 levels are observed at binding energy ~1220 and ~1187 eV, 

respectively for all the samples. The positions of Gd 3d levels suggest that the oxidation state 

of Gd ion is Gd3+ in all the samples. The multiplet splitting at binding energy ~1190 eV and 

~1225 eV in Gd 3d spectra indicate the presence of Gd-O bond due to the surface oxidation47. 
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Figure 2.19: (a-e) High-resolution spectra of Gd 3d for Gd-substituted iron sulphide samples 

as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, 

and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 

25%, respectively.   

The Gd 4d XPS spectra 

As shown in figure 2.20, the two prominent peaks at ~141 eV and ~149 eV in the 

deconvoluted Gd 4d core level XPS spectra can be attributed to the Gd 4d5/2 and Gd 4d3/2 

states, respectively. These two peaks, which are indicative of the existence of Gd3+ ions in as-

synthesised samples, are the result of spin-orbit coupling47 for Gd-substituted iron sulphide 
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materials. Moreover, the intensity of signals shows little change, including the Gd 4d peak. 

This indicates that Gd ions were within the bulk of the magnetite crystals and not just on the 

surface. Due to interactions between the 4d and 4f valence band electrons, which result in the 

formation of the final ionic states at ~148 and ~149 eV, the Gd 4d peak exhibits multiplet 

splitting. The literature states47 that the position of Gd 4d binding energy for pure metal is 

between 140.4 eV and 141.6 eV. Our measured profiles reveal a profile that is similar to 

those that have been documented in the literature. However, in this instance, the lines show 

FWHM for the peaks at ~141 eV of 2.2 eV (x=0.05), 2.3 eV (x=0.1), 2.2 eV (x=0.15), 2.4 eV 

(x=0.2 eV), and 2.3 (x=0.25).  Additionally, the fact that the peak position in all samples at a 

lower binding energy suggests that there is a mixture of metal and oxide phases present47, 

with binding energies ranging from 141 eV (rare-earth metal) to 143 eV. (oxide). 
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Figure 2.20: (a-e) High-resolution spectra of Gd 4d for Gd-substituted iron sulphide samples 

as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, 

and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 

25%, respectively.   

The O 1s XPS spectra 

The XPS spectrum of O 1s for 3C Fe7S8 in figure 2.21a reveals four types of oxygen46— OI 

(~530 eV), OII (~531 eV), OIII (~533 eV), and OIV (~535 eV). These four types of oxygen 

correspond to lattice oxygen at the surface of the compound, —OH group, S—O group, and 

physi-/chemisorbed water on surfaces as a result of air exposure, respectively. It is evident 

that the compound readily undergoes surface oxidation when exposed to air while preparing 
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the sample for the measurement. For all the samples (figure 2.21b-f), O 1s core level spectra 

are nearly identical.  

 

Figure 2.21: High-resolution spectra of O 1s (a) for 3C Fe7S8 and (b-f) for Gd-substituted 

iron sulphide samples as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 

0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 

15%, 20% and 25%, respectively.   

2.3.4.  Raman spectroscopy 

Lattice strain and bond disorder may both be studied very effectively using Raman scattering. 

Raman spectroscopy at laboratory temperature (23 °C ± 2 °C) was recorded in the frequency 
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range from 100 to 1500 cm-1 to under the laser of 632 nm wavelength (figure 2.22). The 

Raman spectra of all the samples were found to be similar, with a small variation in peak 

position and full-width at half-maximum (FWHM). Due to the lack of prior studies on the 

Raman spectra of 3C Fe7S8, which led us to conclude that this is the first study of its kind, we 

compared our results to those of 3C Fe7Se8, which crystallizes in the same P3121 space group 

symmetry and 4C pyrrhotite. The Raman spectra of trigonal Fe7S8 revealed the strongest 

phonon bands ~218, 280 cm-1, which are also characteristic peaks of pyrrhotite48. The data 

shows two A1g (~218, 488 cm-1) and three Eg (~280, 403, 602 cm-1) Raman active modes. 

The small peak at ~ 602 cm-1 corresponds to the Fe-O bond49. The distinct peak at ~1300 cm-

1 can be attributed to C=C from the oleylamine41. The peak ~1080 cm-1 may arise due to the 

asymmetric stretching of the S-O bond49. We found that both Raman peaks shift towards the 

higher wavelength with a dip at x=0.15, and then shift back to lower wavelength as the Gd 

concentration increases. This result leads to the conclusion that the lattice strain increases for 

Gd-substitution up to x= 0.15 and reduces for higher Gd concentrations. As with peak and 

higher doping concentration samples, the FWHM likewise exhibits the same substitution 

concentration (x=0.15) (figure 2.23).  
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Figure 2.22: Raman shift of 3C Fe7S8 and for Gd-substituted iron sulphide samples plotted 

from 100-1500 cm-1 as x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25. The samples are labeled as x=0, 

0.05, 0.1, 0.15, 0.2, and 0.25, corresponding to the Gd substitution percentage as 0, 5%, 10%, 

15%, 20% and 25%, respectively.   

 

Figure 2.23: Variation of the FWHM of Raman modes of 218 cm-1 and 280 cm-1 in the 

Raman spectra for 3C Fe7S8 and Gd-substituted iron sulphide samples as x = 0, 0.05, 0.1, 

0.15, 0.2, and 0.25. The samples are labeled as x=0, 0.05, 0.1, 0.15, 0.2, and 0.25, 

corresponding to the Gd substitution percentage as 0, 5%, 10%, 15%, 20% and 25%, 

respectively.   
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2.4. Conclusions 

The trigonal 3C Fe7S8 were synthesized using the thermal decomposition method at the 

nanoscale. The trigonal phase was obtained after quenching the sample from a high 

temperature to the wet ice. The Gd-substituted samples, substituted in 5%, 10%, 15%, 20% 

and 20% concentration in the trigonal 3C Fe7S8 lattice are represented as x=0.05, 0.1, 0.15, 

0.2, 0.20. All the Gd-substituted samples were synthesized using the similar pathway, used 

for the synthesis of 3C Fe7S8 nanoparticles.  

The phase purity and crystallinity of all the samples were confirmed using PXRD. The 

reflection peaks match well with those of the JCPDS card number 710591. The crystallite 

size, estimated using the Scherrer’s formula for all the samples, increase as the concentration 

of Gd is increased in the trigonal 3C Fe7S8 lattice. A shift towards the lower angle has been 

observed as the concentration of Gd-substitution in the lattice is increased, indicating the 

lattice expansion. Rietveld refinement was performed on all the as-synthesized samples. The 

lower values of χ2 for all the samples indicate good fit. The lattice parameters, obtained after 

the refinement, increase with the increase in the concentration of Gd-substitution in the 

lattice. 

The as-synthesized samples exhibit distorted hexagonal shaped morphology of variable size. 

However, the average particle size of the nanoparticles increases with the increase in the 

concentration Gd in the lattice. The presence of Fe2+, Fe3+ and Gd3+ ions in all the as-

synthesized samples were confirmed by the means of XPS analysis. Raman spectra indicate 

towards the lattice strain in the samples. The precise control over the tuning of morphology 

and the substitution of a foreign element to is subject to more vigorous research in this area. 
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Highlights 

Below are some of the findings that we would like to highlight. 

• The ZFC and FC magnetization data, recorded at 100 Oe and 1000 Oe, reveal magnetic 

ordering with high TC (above 300 K) in all the samples.  

• The hysteresis curves measured at different temperatures (7 K, 33 K, 210 K, and 300 

K) show the ferrimagnetic behavior of 3C Fe7S8 nanoparticles and Gd-substituted 3C 

iron sulphide nanoparticles.  

• The magnetic parameters— coercivity (HC), magnetization (M60 kOe), the effective 

anisotropy constant (Keff), and the maximum energy product (BHmax) appear to increase 

as the measuring temperature is lowered down. With the increase in the concentration 

of Gd, these values of HC and Keff increase as the measurement temperature is lowered 

down. 

• The highest value of BHmax is possessed by unsubstituted 3C Fe7S8 nanoparticles at 7 

K. The high value of BHmax at a lower temperature signifies that the compound may be 

considered for low-temperature industrial applications. 
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3.1. Introduction 

Due to the fascinating and peculiar thermal, electrical, optical, and magnetic properties, iron 

sulphides (Fe-S) have attracted a lot of attention lately1–5. The Fe-S system exhibits a number 

of stable polymorphs under ambient conditions, including FeS, FeS2, 4C Fe7S8 (monoclinic 

NiAs-type), 3C Fe7S8 (hexagonal NiAs-type), and others6–14. These compounds could be 

metal, semiconductors, or superconductors depending on the composition of Fe:S, and their 

magnetic characteristics can range greatly from antiferromagnetic to ferro- to ferrimagnetic15–

18. Recent research has revealed that the bulk form of 3C Fe7S8, which is naturally occurring 

metastable phase of 4C Fe7S8, exhibits ferromagnetic ordering19,20. There is, however, scant 

information in the literature about the magnetic characteristics of the compound in different 

phases. The physical and chemical properties of materials can be further tuned in their 

nanoscopic forms.  

Based on a deep literature survey, we believe that the 3C Fe7S8 pyrrhotite has not been 

studied intensively as its single crystal and the bulk phase and the magnetic ordering of the 

compound is still not fully understood. There is no report on the synthesis of the compound in 

the nano phase. However, an equivalent phase, 3C Fe7Se8, as reported by Okazaki & 

Hirakawa (1956), has the P3121 symmetry21,22 as well. The magnetic moments14 of the Fe 

ions in 3C Fe7Se8 are parallel to one another (ferromagnetic ordering of moments), while the 

magnetic moments in the adjacent c-plane are antiparallel (antiferromagnetic ordering of 

moments). As a result, 3C Fe7Se8 exhibits ferrimagnetic ordering23 due to a net spontaneous 

moment below the ordering temperature brought on by a deficiency of Fe ions14,24 in 

alternating layers. At room temperature (RT), where the Curie temperature (TC) is ~453 K, 

3C Fe7Se8 exhibits ferrimagnetic nature in both its bulk and nanostructured forms21. Based on 

the structural similarity14,20,22 between 3C Fe7Se8 and 3C Fe7S8, the 3C pyrrhotites are known 

to exhibit ferrimagnetism22.  
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Permanent magnets are widely used in devices including loudspeakers, rotors, printers, 

phones, televisions, cars, and more25–28. The Fe-Nd-B29 class of permanent magnets, with 

energy-product values ranging from 20 MGOe to more than 50 MGO, is the most effective 

class of magnets currently known. Ordinary rare-earth hard magnets have been used 

extensively worldwide up until this point. There has been substantial rare-earth mining 

because of the increase in demand for Fe-Nd-B magnets, which are utilised in permanent 

magnets. Due to the radioactive compounds30,31, they contain, these minerals can be relatively 

expensive to mine and can be hazardous. It is well known that Nd2Fe14B is the perfect hard 

magnetic material32,33. The scope of replacing it with a rare-earth-free material and keeping 

the same energy-product is currently thin. However, rare-earth free permanent magnetic 

materials, which are reasonably cost-effective and non-toxic to produce, may be able to 

replace rare-earth magnets for a number of applications. However, there is very little 

probability of obtaining a high energy-product without employing a rare earth ion. The room-

temperature ferromagnetic phase of MnBi is recognized to be a viable candidate among the 

rare-earth free magnetic materials34, with a high anisotropy constant. The low melting point 

of Bi and high vapour pressure35 of Mn, however, make its processing difficult. FePt exhibits 

a high energy product and large uniaxial magnetocrystalline anisotropy36, however, owing to 

the presence of platinum makes it expensive for its mass production. Among chalcogenides, 

Fe3Se4 has been studied for the application for rare-earth free magnetic material37, however, 

the low saturation magnetization of this compound causes its energy-product to be low. 

The maximum energy-product, (BHmax), is the most imperative figure of merit for the hard-

magnets38. The maximum area of the rectangle under the B-H curve in the second quadrant of 

the B-H hysteresis loop is used to determine the maximum energy-product (BHmax), which is 

a measure of the magnetic energy stored in the material. The maximum energy product is 

defined as follows: 
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𝐵𝐻𝑚𝑎𝑥 =
1

4
µ0𝑀𝑆

2 
(3.1) 

where MS is the saturation magnetization, and µ0 is the magnetic permeability of free space. 

According to the aforementioned equation, MS plays a crucial role in determining the energy 

product of the material. 

Substitution is well known to be one of the effective routes to modulate various physical 

properties of nanoparticles, such as— optical, electrical, magnetic properties. It is well known 

that the transition metals such as— Co, Ni, Mn, and Pt are efficient dopants39–42 of magnetic 

nanoparticles with the potential to enhance their magnetic characteristics. However, a rare-

earth element has a far greater potential for displaying strong magnetic characteristics43,44 

than a transition metal because of the substantial unquenched orbital angular momentum 

attributed to the f-electrons45 that exhibit higher spin-orbit coupling. The orbital component 

of the magnetic moment is significantly larger for the rare-earth ions than the transition metal 

ions, as the crystal-field effects are less and spin-orbit coupling is stronger for f-electrons of 

transition metal ions than for d-electrons. Additionally, materials manufactured from these 

elements have the potential to display useful magnetic properties due to the unique f-

electronic structure of metals in the rare-earth series. Rare earth elements comprise of 15 

kinds of lanthanide elements ranging from lanthanum to lutetium in the periodic table. In 

recent decades, the development of lanthanides-based nanomaterials46–48 with novel optical, 

electrical and magnetic properties has been an emerging research field. Due to their partially 

occupied 4f electronic state, the substitution of rare-earth ions in the fundamental structure 

offers distinctive optical, electrical, and magnetic properties, thereby modulating the 

structural disorder and lattice strain in the structure. The large magnetic moment of the Gd 

ion, which results from the partially occupied 4f electronic state (figure 3.1), as well as its 

outstanding magnetic characteristics, make it particularly intriguing. 
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Figure 3.1: Schematic illustration of the electronic configuration of gadolinium with +3 

oxidation state. 

Unfortunately, there has been no information in the literature on the modification of trigonal 

iron sulphide in bulk or nano phases upon the addition of a transition metal or a rare-earth 

ion. Therefore, it will be intriguing and interesting to study the modification in the magnetic 

properties of 3C Fe7S8 nanoparticles and the Gd-substituted 3C Fe7S8, owing to the 

ferrimagnetic ordering in the compound and high value of magnetic moment of Gd ion. We 

have introduced Gd ions using the thermal decomposition method to synthesize Gd-

substituted trigonal phase of iron sulphide nanoparticles. The substitution was made in 5%, 

10%, 15%, 20% and 25% concentration of Gd ions in the parent compound, represented in 

the thesis throughout as x= 0.05, 0.1, 0.15, 0.2, and 0.25, respectively. The single phase 3C 

Fe7S8 is represented as x= 0. By contrasting the various magnetic properties of all the as-

synthesized samples, this chapter discusses the fundamental ideas of magnetic ordering in the 
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compound and its attributes. The net ferrimagnetic moment of the system was shown to be 

favorably influenced by the substitution with Gd ions. By substituting Gd ions, we found that 

the magnetization of 3C Fe7S8 nanostructures, measured at 60 kOe, increased significantly. 

3.2. Characterization techniques 

The magnetic measurements were performed using the Physical Property Measurement 

System (PPMS) manufactured by Quantum Design Inc., San Diego, California, equipped 

with a vibrating sample magnetometer (VSM) and superconducting magnet. The powder 

samples were precisely weighed and packed inside a plastic sample holder, which fits into a 

brass sample holder provided by Quantum Design Inc. with a negligible contribution to an 

overall magnetic signal. The magnetization versus temperature (M−T) measurements in zero-

field- cooled (ZFC) and field-cooled (FC) modes was performed at a temperature sweep from 

7 K to 300 K in a field of 100 Oe and 1000 Oe using the VSM attachment. The magnetization 

versus field (M–H) loops were collected at a rate of 50 Oe s-1 in a field sweep from ±60 kOe 

at the vibrating frequency of 40 Hz. 

3.3. Results and discussion 

In Chapter 2, the 3C Fe7S8 and Gd-substituted 3C Fe7S8 compounds were synthesized via 

thermal decomposition method. The discussion in Chapter 2 demonstrates that the as-

synthesized phases are single phase and devoid of any secondary phases within the detection 

limit of laboratory XRD. The morphology of phase appears to be distorted hexagonal for all 

samples. All the Gd-substituted samples were found to have +3 oxidation state of Gd 

according to XPS measurements. 

A schematic representation of an electronic configuration of iron is shown in figure 3.2. Iron 

is most likely to be in the +2 and +3 oxidation states. Figure 3.2 depicts the outermost shell 

electronic configuration of Fe2+ and Fe3+. In Fe2+ there are four and in Fe3+ there are five 

unpaired electrons. 
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Figure 3.2: Schematic illustration of the electronic configuration of iron with two oxidation 

states, Fe2+ and Fe3+. 

3.3.1. Magnetic properties of 3C Fe7S8 nanoparticles 

In the NiAs-type crystal structures of 3C Fe7S8, the cations are octahedrally coordinated by 

six anions (FeS6 octahedra), and the coordination polyhedron of the anions is a trigonal prism 

produced by six cations (SFe6 prisms)49. Two different forms of Fe ionic states, Fe2+ and 

Fe3+, as well as ordered Fe vacancies14,49, can be found in Fe1-xS compounds. The magnetic 

behaviour of the compounds is produced by these configurations21,24. The compound exhibits 

overall ferrimagnetic behavior because each layer is of the ferromagnetic order in the 

opposite direction from the adjacent layer. In the Fe1-xS system, figure 3.3(a,b) depicts the 

crystal field splitting (CFS) of the d-orbitals into the 3-fold t2g and 2-fold eg states of 3d Fe 

cations (Fe2+/Fe3+). The octahedrally coordinated Fe2+ and Fe3+ ions have 4 and 5 unpaired 

electrons, respectively. Figure 3.3c depicts the CFS of the d-orbitals at the tetrahedral site 
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into 3d Fe cations (Fe3+) in the Fe1-xS system in 2-fold eg and 3-fold t2g states. 

 

 

 

Figure 3.3: (a) and (b) Crystal field splitting (CSF) of the 3d-orbitals of Fe cations 

(Fe2+/Fe3+) at the octahedral site into 3-fold t2g and 2-fold eg states, (c) at the tetrahedral site 

(Fe3+) into 2-fold eg and 3-fold t2g states in the Fe1-xS system. 

The Fe ions are coupled together. Their shared S ion facilitates the localised electronic orbital 

overlap on the Fe ion sites. Therefore, exchange interactions are present in these molecules 
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octahedron-octahedron in the Fe1-xS compounds.  

 

 

Figure 3.4: Fe1-xS exhibits the exchange interactions: the overlap of localized electronic 

orbitals on Fe ion sites is mediated through their common S ion. 

The basic building block of Fe1-xS superstructures with cation vacancies is the NiAs-type 

crystal structure. The crystal structure of the 3C Fe7S8 (Fe5
2+Fe2

3+S8
2-) is hexagonal NiAs-

type. The compound displays the P3121 space group, with lattice parameters a = 

6.8652±0.0006 Å, c = 17.047±0.002 Å. 

 

Figure 3.5: (a) Schematic of the unit cell of 3C Fe7S8, solid red spheres represent the Fe 

cations, the open blue circles represent Fe cation vacancies, S sites are omitted for the clarity, 

(b) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. temperature (M-T) 
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curves for the sample 3C Fe7S8 nanoparticles at 1000 Oe (black curve) and 100 Oe (red 

curve), (b) ZFC M-T curves for the sample 3C Fe7S8 at applied external fields of 1000 Oe 

and 100 Oe in the temperature range of 7-300 K. 

As already mentioned, the magnetic properties of the 3C Fe7S8 compound are not clearly 

discussed in the earlier reports. Hence, to investigate the magnetic properties of the as-

synthesized 3C Fe7S8 nanoparticles, the ZFC-FC M-T measurements have been recorded 

using SQUID-VSM. Figure 3.5a shows the ZFC-FC M-T curves obtained for as-synthesized 

3C Fe7S8 nanoparticles at the applied magnetic field of 100 Oe and 1000 Oe, respectively. 

The ZFC and FC M-T curves are split in the temperature range from 7 to 300 K. Without 

using an external magnetic field, the sample is first cooled to 7 K in the ZFC procedure. After 

applying the magnetic field (100 Oe or 1000 Oe), the magnetization is measured for 

increasing temperature till 300 K. In the same magnetic field, in the FC process, the 

magnetization is recorded for decreasing temperature till 7 K. The M-T curves show that the 

ZFC and FC curves do not follow the same path. Hence, in each case (100 and 1000 Oe), the 

M-T curves show an irreversible behavior. The emergence of an ordered magnetic state with 

a high TC of the sample above 300 K is shown by the divergence of the ZFC-FC M-T curves 

of 3C Fe7S8 over the entire range of temperature up to 300 K. The magnetization and shapes 

of ZFC and FC curves at a specific field strength are strongly influenced by the magnetic 

anisotropy50. The spins are aligned in a preferred direction by magnetic anisotropy. The spins 

are locked in random directions throughout the ZFC process as the sample is cooled down 

without a magnetic field being applied. The resultant magnetization depends on the 

anisotropy of the system when an external field is applied50 at the lowest temperature (7 K). 

To rotate the spins in the direction of the applied magnetic field in a highly anisotropic 

system, a large anisotropic field is necessary, leading to a small magnetization. Because the 

spins are locked in a specific direction, dependent on the magnetic field strength during the 
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FC process, the magnetization increases as the temperature decreases50.  

The interparticle interaction, particle size, anisotropy energy, and measurement time scale 

influence the blocking temperature51 (TB). The spins freeze and orient randomly above TB 

because the thermal activation energy is now greater than the effective anisotropy energy. 

Spins, however, freez in the direction of their easy axis below TB. 

The sample exhibits coercivity below TB and becomes zero above TB. As shown in the TEM 

images, the as-synthesized nanoparticles are agglomerated as many nanocrystallites; hence 

the average blocking temperature (TB) is considered as the peak of the ZFC curve50,51. 

Polydispersity in the sample may cause the blocking phenomena for each particle on each 

side of the ZFC peak, resulting in the bifurcation of the ZFC-FC curve above TB. Figure 3.5b 

shows the TB for the sample as 210 K at 1000 Oe applied magnetic field. However, there is 

no noticeable peak in the ZFC curve at 100 Oe. Hence, now the question is to consider how 

the energy barrier (the temperature where the ZFC curve exhibits a maximum) disappears as 

the external magnetic field is decreased to 100 Oe. The applied magnetic field, interparticle 

interaction, magnetic anisotropy energy, and thermal activation energy impact the blocking 

phenomena of the spins. Magnetic moment of each particle is parallel to the easy axis and 

separated from its antiparallel direction by an energy barrier38,52, KuV. The easy axes of the 

particles are randomly oriented when there is no applied magnetic field, and the system has 

no net magnetization. The energy barrier shifts51 from KuV to KuV[1 ± (H/Ho)]
2 when an 

external magnetic field (H) lower than the anisotropic field (Ha) is applied, where Ku and V 

are the uniaxial anisotropy constant and the particle volume, respectively. The formula for Ho 

is Ho=2Ha=2Ku/MS. A moment flip from parallel to antiparallel is represented by the (+) sign, 

and a moment flip from antiparallel to parallel by the (-) sign. The ZFC curves of the 

specimen at 100 and 1000 Oe magnetic fields are shown in figure 3.5b. A peak appears at 

~210 K at a higher applied magnetic field (1000 Oe) and diminishes as the magnetic field is 
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reduced to 100 Oe. The argument discussed above is also supported by the fact that TB 

depends directly on anisotropy energy. With the decrease in the anisotropy energy, a decrease 

in TB will also be observed. This again explains the shape of ZFC-FC curves obtained at 1000 

Oe and 100 Oe. Another low-temperature magnetic transition is observed at ~33 K. The 

structure of 3C pyrrhotite with space group P3121 resembles that of the 4C structure14,22,24 in 

the sense that vacancies are confined to alternate layers of iron. Powder samples of 4C 

pyrrhotite show an anomaly at low-temperature ~30-34 K (known as Besnus 

transition19,20,53,54). This low-temperature magnetic transition stems from the spin rotation19,20, 

which can be related to the structural changes at an atomic level caused by the highly ordered 

vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with no 

crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.5b) for as-synthesized 3C pyrrhotite may be assigned as the 

Besnus transition. 

To acquire further insights into the magnetic properties of the 3C Fe7S8 nanoparticles, the M-

H curves were measured using a SQUID-VSM. Figure 3.6(a-d) shows M-H hysteresis curves 

taken at 7, 33, 210 K, and 300 K in the magnetic field range of ±60 kOe because of the 

anomalies observed at these temperature values in M-T graphs (figure 3.5b).  



Ph.D. Thesis  Chapter 3 

 

                                                                                                                             102 

Shubhra Jyotsna 

 

Figure 3.6: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-H hysteresis loops 

illustrate the increase in M60 kOe, HC, and MR values of the sample with decrease in 

temperature. 

As shown in Figure 3.6(a-d), the sample demonstrates ferrimagnetic-like behavior at all 

measurement temperatures. However, at the maximum applied magnetic field of 60 kOe, the 

magnetization did not exhibit saturation. Such behavior indicates that the spins of the system 

require a high anisotropic field to align in a particular direction. We observed an initial 

remanence in the sample at all measurement temperatures. Remanence comes from the 

vacancies in the specimen. The presence of initial remanence in the M-H hysteresis loop may 

be attributed to the induced magnetization due to the Fe vacancies in a powdered 

polycrystalline sample. The hysteresis curves illustrate that HC, M60 kOe, and MR values of the 

sample increase with a decrease in temperature. Among all four measurement temperature 

values, the 3C Fe7S8 NPs appear to exhibit hysteresis with HC ∼1.0 kOe, M60 kOe, ~23 emu g-1, 

and MR ~10 emu g-1 at 300 K, which increases to HC ∼3.0 kOe, M60 kOe, ~26 emu g-1,and MR 
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∼13 kOe at 7 K (table 3.1).  

Table 3.1: Summary of the magnetic parameters calculated for the sample 3C Fe7S8 

nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field, may 

have contributed to the increase in these values at the lower temperature51,55. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer but are coupled antiferromagnetically to each 

other between adjacent layers. The vacancies in every second layer contribute to the spin 

orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound. The neutron diffraction of the compound is still awaited. However, in the 

equivalent phase22, 3C Fe7Se8, the moments of Fe ions are in c-plane are parallel to one 

another (ferromagnetic ordering of moments), whereas the moments of Fe ions in the 

adjacent c-plane are antiparallel (antiferromagnetic ordering of moments). Thus, owing to a 

net spontaneous moment caused by the uncompensated moments below the ordering 

temperature, 3C Fe7Se8 possesses ferrimagnetic ordering, which further suggests the 3C 

Measurement 

temperature

(K)

HC 

(kOe)

MR

(emu g-1)

M60 kOe

(emu g-1)

MR/MS Ha

(kOe)

Keff

(erg cc-1)  105

BHmax

(kG Oe)

7 3.3 13.1 25.65 0.510 11.7 1.50 128.7

33 2.6 12.3 25.60 0.480 8.2 1.05 115.2

210 1.5 11.5 24.62 0.467 5.1 0.63 102.2

300 1.0 10.0 22.80 0.439 4.4 0.50 71.7
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pyrrhotite exhibits ferrimagnetic ordering. 

For a polycrystalline powdered sample, calculation of the magnetic anisotropy constant (K) is 

not simple as it is composed of several agglomerated nanocrystallites (shown in the TEM 

image in chapter 2). Therefore, the orientation of the powdered sample along one easy axis 

and subsequently the hard axis is not as straightforward as it may be for a single crystal in 

VSM. The magnetic anisotropy of any materials is its intrinsic property. Therefore, 

calculation of K from the measured hysteresis loop of the particles in the specimen of the 

sample will give the effective magnetic anisotropy (Keff) of all the particles oriented in 

random directions. The ordered Fe vacancies in 3C Fe7S8 structure brings about a highly 

anisotropic crystal field and spin-orbit coupling, which in turn greatly increases the 

magnetocrystalline anisotropy51 of the system. The field necessary to saturate the 

magnetization in the hard direction is known as the anisotropy field (Ha). The value of Keff at 

all temperatures is calculated from Ms and Ha using the following equation. 

𝐾𝑒𝑓𝑓 =
1

2
𝑀𝑆𝐻𝑎 

 

(3.2) 

The value of Keff is 0.5×105 erg cc-1 at 300 K, which increases to 1.5×105 erg cc-1 at 7 K (table 

3.1). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against ln 

(M60 kOe), as shown in figure 3.7. For a system with uniaxial magnetocrystalline anisotropy38, 

Keff should be proportional to M60 k Oe
3, whereas for a cubic magnetocrystalline anisotropy, 

Keff should be proportional to M60 kOe
10. The linear fit of the plot gives a slope of 7.2, 

indicating that the sample predominantly exhibits uniaxial anisotropy. 
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Figure 3.7: Linear relationship between Keff and M60 kOe in the logarithmic scale, with a slope 

of 7.2, indicating that the sample predominantly exhibits uniaxial anisotropy. 

The maximum area of the rectangle under the B-H curve in the second quadrant of the B-H 

hysteresis loop is used to determine the maximum energy-product (BHmax), which is a 

measure of the magnetic energy stored in the material38 (figure 3.8(a-h)). The BHmax for all 

the samples is estimated using the equation 3.1. The 2nd quadrant of the B-H loop for 3C 

Fe7S8 nanostructure at all temperatures is shown in the inset of the figure. The area under the 

gray shaded portion represents the BHmax of the sample. For the given set of measurement 

temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 300 K is 71.7 kG 

Oe, which becomes 128 kG Oe at 7 K (table 3.1), making the compound valuable for various 

applications at low-temperature. 
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Figure 3.8: (a-h) M-H plot and B-H plot for the sample 3C Fe7S8 nanoparticles. The inset in 

each figure shows the calculation of the maximum energy product from B-H hysteresis loop 

at 7, 33, 210 and 300 K. 

3.3.2. Magnetic properties of the Gd-substituted trigonal Fe7S8 nanoparticles 

(i) x=0.05 

To investigate the magnetic properties of the 5 at% Gd-substituted 3C Fe7S8 nanoparticles, 

the ZFC-FC M-T measurements have been recorded using SQUID-VSM. Figure 3.9a shows 

the ZFC-FC M-T curves obtained for as-synthesized 5 at% Gd-substituted 3C Fe7S8 

nanoparticles at the applied magnetic field of 1000 Oe. The ZFC and FC M-T curves are split 

in the temperature range from 7 to 300 K. The M-T curves show that the ZFC and FC curves 

do not follow the same path. Hence, the M-T curves show an irreversible behavior. The 

emergence of an ordered magnetic state with a high TC of the sample above 300 K is shown 
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by the divergence of the ZFC-FC M-T curves of 5 at% Gd-substituted 3C Fe7S8 over the 

entire range of temperature up to 300 K. As shown in the TEM images, the as-synthesized 

nanoparticles are agglomerated as many nanocrystallites; hence peak of the ZFC curve is 

regarded as the average blocking temperature (TB). Polydispersity in the sample may cause 

the blocking phenomena for each particle on each side of the ZFC peak51, resulting in the 

bifurcation of the ZFC-FC curve above TB. Figure 3.9b shows the TB for the sample at ~210 

K at 1000 Oe applied magnetic field. Another low-temperature magnetic transition is 

observed at ~33 K. The structure of 3C pyrrhotite with space group P3121 resembles that of 

the 4C structure14,22,24 in the sense that vacancies are confined to alternate layers of iron. 

Powder samples of 4C pyrrhotite show an anomaly at low-temperature ~30-34 K (known as 

Besnus transition19,20). This low-temperature magnetic transition stems from the spin rotation, 

which can be related to the structural changes at an atomic level caused by the highly ordered 

vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with no 

crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.9b) for as-synthesized sample may be assigned as the Besnus 

transition. 
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Figure 3.9: (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. temperature 

(M-T) curves for the sample 5 at% Gd-substituted 3C Fe7S8 nanoparticles at 1000 Oe, (b) 

ZFC M-T curves for the sample 5 at% Gd-substituted 3C Fe7S8 at applied external fields of 

1000 Oe in the temperature range of 7-300 K. 

To acquire further insights into the magnetic properties of the 5 at% Gd-substituted 3C Fe7S8 

nanoparticles, the M-H curves were measured using a SQUID-VSM. Figure 3.10(a-d) shows 

M-H hysteresis curves taken at 7, 33, 210 K, and 300 K in the magnetic field range of ±60 

kOe because of the anomalies observed at these temperature values in M-T graphs (figure 

3.9b). As shown in Figure 3.10(a-d), the sample demonstrates ferrimagnetic-like behavior at 

all measurement temperatures. However, at the maximum applied magnetic field of 60 kOe, 

the magnetization does not exhibit saturation. Such behavior indicates that the spins of the 

system require a high anisotropic field to align in a particular direction. We observed an 
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initial remanence in the sample at all measurement temperatures. Remanence comes from the 

vacancies in the specimen. The presence of initial remanence in the M-H hysteresis loop may 

be attributed to the induced magnetization due to the Fe vacancies in a powdered 

polycrystalline sample. The hysteresis curves illustrate that HC, M60 kOe, and MR values of the 

sample increase with a decrease in temperature.  

 

Figure 3.10: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 5 at% Gd-substituted 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-

H hysteresis loops illustrate the increase in M60 kOe, HC, and MR values of the sample with 

decrease in temperature. 

Among all four measurement temperature values, the 5 at% Gd-substituted 3C Fe7S8 NPs 

appear to exhibit hysteresis with HC ∼1.0 kOe, M60 kOe, ~23 emu g-1, and MR ~10 emu g-1 at 

300 K, which increases to HC ∼3.0 kOe, M60 kOe, ~26 emu g-1,and MR ∼13 kOe at 7 K (table 

3.2).  
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Table 3.2: Summary of the magnetic parameters calculated for the sample 5 at% Gd-

substituted 3C Fe7S8 nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field, may 

have contributed to the increase in these values at the lower temperature51,55. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer, however, are coupled antiferromagnetically to 

each other between adjacent layers. The vacancies in every second layer contribute to the 

spin orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound.  

The value of Keff is 3.0×105 erg cc-1 at 300 K, which increases to 9.3×105 erg cc-1 at 7 K (table 

3.2). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against ln 

(M60 kOe), as shown in figure 3.11.  

Measurement 

temperature

(K)

HC 

(kOe)

MR

(emu g-1)

M60 kOe

(emu g-1)

MR/MS Ha

(kOe)

Keff

(erg cc-1) ×105

BHmax

(kG Oe)

7 3.4 13.2 25.6 0.516 12.3 9.27 135.2

33 2.8 12.4 25.2 0.492 8.9 6.56 118.4

210 1.9 11.6 24.8 0.468 5.3 3.36 107.5

300 1.3 10.1 23 0.439 4.7 3.01 79.1
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Figure 3.11: Linear relationship between Keff and M60 kOe in the logarithmic scale for the 

sample with 5 at% Gd-substituted 3C Fe7S8 nanoparticles, with a slope of 7.4, indicating that 

the sample predominantly exhibits uniaxial anisotropy. 

For a system with uniaxial magnetocrystalline anisotropy38, Keff should be proportional to M60 

k Oe
3, whereas for a cubic magnetocrystalline anisotropy, Keff should be proportional to M60 

kOe
10. The linear fit of the plot gives a slope of 7.4, indicating that the sample predominantly 

exhibits uniaxial anisotropy. 

The BHmax for all the samples is estimated using the equation 3.1. The 2nd quadrant of the B-

H loop for 3C Fe7S8 nanostructure at all temperatures is shown in the inset of the figure 3.12. 

The area under the gray shaded portion represents the BHmax of the sample38. For the given 

set of measurement temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 

300 K is 79.1 kG Oe, which becomes 135.2 kG Oe at 7 K (table 3.2), making the compound 

valuable for various applications at low-temperature. 
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Figure 3.12: (a-h) M-H plot and B-H plot for the sample 5 at% Gd-substituted 3C Fe7S8 

nanoparticles. The inset in each figure shows the calculation of the maximum energy product 

from B-H hysteresis loop at 7, 33, 210 and 300 K. 

(ii) x=0.1 

To investigate the magnetic properties of the 10 at% Gd-substituted 3C Fe7S8 nanoparticles, 

the ZFC-FC M-T measurements have been recorded using SQUID-VSM. Figure 3.13a shows 

the ZFC-FC M-T curves obtained for as-synthesized 10 at% Gd-substituted 3C Fe7S8 

nanoparticles at the applied magnetic field of 1000 Oe, respectively. The ZFC and FC M-T 

curves are split in the temperature range from 7 to 300 K. The M-T curves show that the ZFC 

and FC curves do not follow the same path. Hence, the M-T curves show an irreversible 

behavior. The emergence of an ordered magnetic state with a high TC of the sample above 
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300 K is shown by the divergence of the ZFC-FC M-T curves of 10 at% Gd-substituted 3C 

Fe7S8 over the entire range of temperature up to 300 K. As shown in the TEM images, the as-

synthesized nanoparticles are agglomerated as many nanocrystallites; hence the peak of ZFC 

curve is regarded as the average blocking temperature (TB). Polydispersity in the sample may 

cause the blocking phenomena for each particle on each side of the ZFC peak51, resulting in 

the bifurcation of the ZFC-FC curve above TB. Figure 3.13b shows the TB for the sample at 

~210 K at 1000 Oe applied magnetic field. Another low-temperature magnetic transition20 is 

observed at ~33 K. The structure of 3C pyrrhotite with space group P3121 resembles that of 

the 4C structure in the sense that vacancies are confined to alternate layers of iron. Powder 

samples of 4C pyrrhotite show an anomaly at low-temperature ~30-34 K (known as Besnus 

transition19,20). This low-temperature magnetic transition stems from the spin rotation, which 

can be related to the structural changes at an atomic level caused by the highly ordered 

vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with no 

crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.13b) for as-synthesized 3C pyrrhotite may be assigned as the 

Besnus transition. 
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Figure 3.13: (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. 

temperature (M-T) curves for the sample 10 at% Gd-substituted 3C Fe7S8 nanoparticles at 

1000 Oe, (b) ZFC M-T curves for the sample 10 at% Gd-substituted 3C Fe7S8 at applied 

external fields of 1000 Oe in the temperature range of 7-300 K. 

To acquire further insights into the magnetic properties of the 10 at% Gd-substituted 3C 

Fe7S8 nanoparticles, the M-H curves were measured using a SQUID-VSM. Figure 3.14(a-d) 

shows M-H hysteresis curves taken at 7, 33, 210 K, and 300 K in the magnetic field range of 

±60 kOe because of the anomalies observed at these temperature values in M-T graphs 

(figure 3.13b). As shown in Figure 3.14(a-d), the sample demonstrates ferrimagnetic-like 

behavior at all measurement temperatures. However, at the maximum applied magnetic field 

of 60 kOe, the magnetization does not exhibit saturation at the highest applied magnetic field 

of 60 kOe. Such behavior indicates that the spins of the system require a high anisotropic 
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field to align in a particular direction. We observed an initial remanence in the sample at all 

measurement temperatures. Remanence comes from the vacancies in the specimen. The 

presence of initial remanence in the M-H hysteresis loop may be attributed to the induced 

magnetization due to the Fe vacancies in a powdered polycrystalline sample. The hysteresis 

curves illustrate that HC, M60 kOe, and MR values of the sample increase with a decrease in 

temperature.  

 

Figure 3.14: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 10 at% Gd-substituted 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-

H hysteresis loops illustrate the increase in M60 kOe, HC, and MR values of the sample with 

decrease in temperature. 

Among all four measurement temperature values, the 10 at% Gd-substituted 3C Fe7S8 NPs 

appear to exhibit hysteresis with HC ∼2.0 kOe, M60 kOe, ~25 emu g-1, and MR ~10 emu g-1 at 

300 K, which increases to HC ∼4.0 kOe, M60 kOe, ~26 emu g-1,and MR ∼13 kOe at 7 K (table 

3.3).  
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Table 3.3: Summary of the magnetic parameters calculated for the sample 10 at% Gd-

substituted 3C Fe7S8 nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field, may 

have contributed to the increase in these values at the lower temperature51,55. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer, however, are coupled antiferromagnetically to 

each other between adjacent layers. The vacancies in every second layer contribute to the 

spin orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound.  

The value of Keff is 3.4×105 erg cc-1 at 300 K, which increases to 9.5×105 erg cc-1 at 7 K (table 

3.3). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against ln 

(M60 kOe), as shown in figure 3.15.  

Measurement 

temperature

(K)

HC 

(kOe)

MR 

(emu g-1)

M60 kOe

(emu g-1)

MR/

MS

Ha

(kOe)

Keff

(erg cc-1)  105

BHmax

(kG Oe)

7 3.5 13.4 25.7 0.521 12.3 9.47 139.4

33 2.8 12.6 25.3 0.498 8.9 7.36 124.1

210 2.1 11.7 24.7 0.474 5.3 3.42 112.7

300 1.5 10.2 24.5 0.416 4.7 3.43 83.2
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Figure 3.15: Linear relationship between Keff and M60 kOe in the logarithmic scale for the 

sample with 10 at% Gd-substituted 3C Fe7S8 nanoparticles, with a slope of 7.3, indicating 

that the sample predominantly exhibits uniaxial anisotropy. 

For a system with uniaxial magnetocrystalline anisotropy38, Keff should be proportional to M60 

k Oe
3, whereas for a cubic magnetocrystalline anisotropy, Keff should be proportional to M60 

kOe
10. The linear fit of the plot gives a slope of 7.3, indicating that the sample predominantly 

exhibits uniaxial anisotropy. 

The BHmax for all the samples is estimated using the equation 3.1. The 2nd quadrant of the B-

H loop for 3C Fe7S8 nanostructure at all temperatures is shown in the inset of the figure 3.16. 

The area under the gray shaded portion represents the BHmax of the sample38. For the given 

set of measurement temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 

300 K is 83.2 kG Oe, which becomes 139.4 kG Oe at 7 K (table 3.3), making the compound 

valuable for various applications at low-temperature. 
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Figure 3.16: (a-h) M-H plot and B-H plot for the sample 10 at% Gd-substituted 3C Fe7S8 

nanoparticles. The inset in each figure shows the calculation of the maximum energy product 

from B-H hysteresis loop at 7, 33, 210 and 300 K. 

(iii) x=0.15 

To investigate the magnetic properties of the 15 at% Gd-substituted 3C Fe7S8 nanoparticles, 

the ZFC-FC M-T measurements have been recorded using SQUID-VSM. Figure 3.17a shows 

the ZFC-FC M-T curves obtained for as-synthesized 15 at% Gd-substituted 3C Fe7S8 

nanoparticles at the applied magnetic field of 1000 Oe, respectively. The ZFC and FC M-T 

curves are split in the temperature range from 7 to 300 K. The M-T curves show that the ZFC 

and FC curves do not follow the same path. Hence, the M-T curves show an irreversible 

behavior. The emergence of an ordered magnetic state with a high TC of the sample above 
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300 K is shown by the divergence of the ZFC-FC M-T curves of 15 at% Gd-substituted 3C 

Fe7S8 over the entire range of temperature up to 300 K. As shown in the TEM images, the as-

synthesized nanoparticles are agglomerated as many nanocrystallites; hence the peak of the 

ZFC curve is regarded as the average blocking temperature (TB). Polydispersity in the sample 

may cause the blocking phenomena for each particle on each side of the ZFC peak51, 

resulting in the bifurcation of the ZFC-FC curve above TB. Figure 3.17b shows the TB for the 

sample at ~210 K at 1000 Oe applied magnetic field. Another low-temperature magnetic 

transition is observed at ~33 K20. The structure of 3C pyrrhotite with space group P3121 

resembles that of the 4C structure in the sense that vacancies are confined to alternate layers 

of iron. Powder samples of 4C pyrrhotite show an anomaly at low-temperature ~30-34 K 

(known as Besnus transition19,20). This low-temperature magnetic transition stems from the 

spin rotation, which can be related to the structural changes at an atomic level caused by the 

highly ordered vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with 

no crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.17b) for as-synthesized 3C pyrrhotite may be assigned as the 

Besnus transition. 
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Figure 3.17: (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. 

temperature (M-T) curves for the sample 15 at% Gd-substituted 3C Fe7S8 nanoparticles at 

1000 Oe, (b) ZFC M-T curves for the sample 15 at% Gd-substituted 3C Fe7S8 at applied 

external fields of 1000 Oe in the temperature range of 7-300 K. 

To acquire further insights into the magnetic properties of the 15 at% Gd-substituted 3C 

Fe7S8 nanoparticles, the M-H curves were measured using a SQUID-VSM. Figure 3.18(a-d) 

shows M-H hysteresis curves taken at 7, 33, 210 K, and 300 K in the magnetic field range of 

±60 kOe because of the anomalies observed at these temperature values in M-T graphs 

(figure 3.17b). As shown in Figure 3.18(a-d), the sample demonstrates ferrimagnetic-like 

behavior at all measurement temperatures. However, at the maximum applied magnetic field 

of 60 kOe, the magnetization does not exhibit saturation. Such behavior indicates that the 

spins of the system require a high anisotropic field to align in a particular direction. We 
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observed an initial remanence in the sample at all measurement temperatures. Remanence 

comes from the vacancies in the specimen. The presence of initial remanence in the M-H 

hysteresis loop may be attributed to the induced magnetization due to the Fe vacancies in a 

powdered polycrystalline sample. The hysteresis curves illustrate that HC, M60 kOe, and MR 

values of the sample increase with a decrease in temperature.  

 

Figure 3.18: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 15 at% Gd-substituted 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-

H hysteresis loops illustrate the increase in M60 kOe, HC, and MR values of the sample with 

decrease in temperature. 

Among all four measurement temperature values, the 15 at% Gd-substituted 3C Fe7S8 NPs 

appear to exhibit hysteresis with HC ∼2.0 kOe, M60 kOe, ~25 emu g-1, and MR ~10 emu g-1 at 

300 K, which increases to HC ∼4.0 kOe, M60 kOe, ~26 emu g-1,and MR ∼14 kOe at 7 K (table 

3.4).  
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Table 3.4: Summary of the magnetic parameters calculated for the sample 15 at% Gd-

substituted 3C Fe7S8 nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field51,55, 

may have contributed to the increase in these values at the lower temperature. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer, however, are coupled antiferromagnetically to 

each other between adjacent layers. The vacancies in every second layer contribute to the 

spin orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound.  

The value of Keff is 3.54×105 erg cc-1 at 300 K, which increases to 9.59×105 erg cc-1 at 7 K 

(table 3.4). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against 

ln (M60 kOe), as shown in figure 3.19.  

Measurement 

temperature

(K)

HC (kOe) MR 

(emu g-1)

M60 kOe

(emu g-1)

MR/MS Ha

(kOe)

Keff

(erg cc-1)  105

BHmax

(kG Oe)

7 3.8 13.5 25.7 0.525 12.3 9.59 141.8

33 3 12.7 25.4 0.5 8.9 7.51 126.3

210 2.2 11.9 24.8 0.479 5.3 3.57 115.5

300 1.6 10.4 24.7 0.421 4.7 3.54 87.3
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Figure 3.19: Linear relationship between Keff and M60 kOe in the logarithmic scale for the 

sample with 15 at% Gd-substituted 3C Fe7S8 nanoparticles, with a slope of 7.9, indicating 

that the sample predominantly exhibits uniaxial anisotropy. 

For a system with uniaxial magnetocrystalline anisotropy38, Keff should be proportional to M60 

k Oe
3, whereas for a cubic magnetocrystalline anisotropy, Keff should be proportional to M60 

kOe
10. The linear fit of the plot gives a slope of 7.9, indicating that the sample predominantly 

exhibits uniaxial anisotropy. 

The BHmax for all the samples is estimated using the equation 3.1. The 2nd quadrant of the B-

H loop for 3C Fe7S8 nanostructure at all temperatures is shown in the inset of the figure 3.20. 

The area under the gray shaded portion represents the BHmax of the sample38. For the given 

set of measurement temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 

300 K is 87.3 kG Oe, which becomes 141.8 kG Oe at 7 K (table 3.1), making the compound 

valuable for various applications at low-temperature. 
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Figure 3.20: (a-h) M-H plot and B-H plot for the sample 15 at% Gd-substituted 3C Fe7S8 

nanoparticles. The inset in each figure shows the calculation of the maximum energy product 

from B-H hysteresis loop at 7, 33, 210 and 300 K. 

(iv) x=0.2 

To investigate the magnetic properties of the 20 at% Gd-substituted 3C Fe7S8 nanoparticles, 

the ZFC-FC M-T measurements have been recorded using SQUID-VSM. Figure 3.21a shows 

the ZFC-FC M-T curves obtained for as-synthesized 20 at% Gd-substituted 3C Fe7S8 

nanoparticles at the applied magnetic field of 1000 Oe, respectively. The ZFC and FC M-T 

curves are split in the temperature range from 7 to 300 K. The M-T curves show that the ZFC 

and FC curves do not follow the same path. Hence, the M-T curves show an irreversible 

behavior. The emergence of an ordered magnetic state with a high TC of the sample above 
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300 K is shown by the divergence of the ZFC-FC M-T curves of 20 at% Gd-substituted 3C 

Fe7S8 over the entire range of temperature up to 300 K. As shown in the TEM images, the as-

synthesized nanoparticles are agglomerated as many nanocrystallites; hence the ZFC peak is 

regarded as the average blocking temperature (TB). Polydispersity in the sample may cause 

the blocking phenomena for each particle on each side of the ZFC peak51, resulting in the 

bifurcation of the ZFC-FC curve above TB. Figure 3.21b shows the TB for the sample at ~210 

K at 1000 Oe applied magnetic field. Another low-temperature magnetic transition is 

observed at ~33 K20. The structure of 3C pyrrhotite with space group P3121 resembles that of 

the 4C structure in the sense that vacancies are confined to alternate layers of iron. Powder 

samples of 4C pyrrhotite show an anomaly at low-temperature ~30-34 K (known as Besnus 

transition19,20). This low-temperature magnetic transition stems from the spin rotation, which 

can be related to the structural changes at an atomic level caused by the highly ordered 

vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with no 

crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.21b) for as-synthesized 3C pyrrhotite may be assigned as the 

Besnus transition. 
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Figure 3.21: (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. 

temperature (M-T) curves for the sample 20 at% Gd-substituted 3C Fe7S8 nanoparticles at 

1000 Oe, (b) ZFC M-T curves for the sample 20 at% Gd-substituted 3C Fe7S8 at applied 

external fields of 1000 Oe in the temperature range of 7-300 K. 

To acquire further insights into the magnetic properties of the 20 at% Gd-substituted 3C 

Fe7S8 nanoparticles, the M-H curves were measured using a SQUID-VSM. Figure 3.12(a-d) 

shows M-H hysteresis curves taken at 7, 33, 210 K, and 300 K in the magnetic field range of 

±60 kOe because of the anomalies observed at these temperature values in M-T graphs 

(figure 3.21b). As shown in Figure 3.22(a-d), the sample demonstrates ferrimagnetic-like 

behavior at all measurement temperatures. However, at the maximum applied magnetic field 

of 60 kOe, the magnetization does not exhibit saturation. Such behavior indicates that the 
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spins of the system require a high anisotropic field to align in a particular direction. We 

observed an initial remanence in the sample at all measurement temperatures. Remanence 

comes from the vacancies in the specimen. The presence of initial remanence in the M-H 

hysteresis loop may be attributed to the induced magnetization due to the Fe vacancies in a 

powdered polycrystalline sample. The hysteresis curves illustrate that HC, M60 kOe, and MR 

values of the sample increase with a decrease in temperature.  

 

Figure 3.22: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 20 at% Gd-substituted 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-

H hysteresis loops illustrate the increase in M60 kOe, HC, and MR values of the sample with 

decrease in temperature. 

Among all four measurement temperature values, the 20 at% Gd-substituted 3C Fe7S8 NPs 

appear to exhibit hysteresis with HC ∼2.0 kOe, M60 kOe, ~25 emu g-1, and MR ~11 emu g-1 at 

300 K, which increases to HC ∼4.0 kOe, M60 kOe, ~26 emu g-1,and MR ∼14 kOe at 7 K (table 

3.5).  
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Table 3.5: Summary of the magnetic parameters calculated for the sample 20 at% Gd-

substituted 3C Fe7S8 nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field, may 

have contributed to the increase in these values at the lower temperature51,55. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer, however, are coupled antiferromagnetically to 

each other between adjacent layers. The vacancies in every second layer contribute to the 

spin orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound.  

The value of Keff is 3.69×105 erg cc-1 at 300 K, which increases to 9.85×105 erg cc-1 at 7 K 

(table 3.5). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against 

ln (M60 kOe), as shown in figure 3.23.  

Measurement 

temperature

(K)

HC 

(kOe)

MR 

(emu g-1)

M60 kOe

(emu g-1)

MR/MS H

(kOe)

Keff

(erg cc-1)  105

BHmax

(kG Oe)

7 3.8 13.6 25.9 0.525 12.3 9.85 143.2

33 3.1 12.9 25.5 0.506 8.9 7.55 128.1

210 2.3 12.1 24.9 0.486 5.3 4.39 118.4

300 1.8 10.5 24.8 0.423 4.7 3.69 89.9
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Figure 3.23: Linear relationship between Keff and M60 kOe in the logarithmic scale for the 

sample with 20 at% Gd-substituted 3C Fe7S8 nanoparticles, with a slope of 7.2, indicating 

that the sample predominantly exhibits uniaxial anisotropy. 

For a system with uniaxial magnetocrystalline anisotropy38, Keff should be proportional to M60 

k Oe
3, whereas for a cubic magnetocrystalline anisotropy, Keff should be proportional to M60 

kOe
10. The linear fit of the plot gives a slope of 7.2, indicating that the sample predominantly 

exhibits uniaxial anisotropy. 

The BHmax for all the samples is estimated using the equation 3.1. The 2nd quadrant of the B-

H loop for 3C Fe7S8 nanostructure at all temperatures is shown in the inset of the figure 3.24. 

The area under the gray shaded portion represents the BHmax of the sample38. For the given 

set of measurement temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 

300 K is 89.9 kG Oe, at 300 K, which becomes 143.2 kG Oe at 7 K (table 3.1), making the 

compound valuable for various applications at low-temperature. 

4.97 4.98 4.99 5.00 5.01 5.02 5.03 5.04 5.05
5.8

6.0

6.2

6.4

6.6

6.8

7.0

 

 

Equation y = a + b*x

Residual Sum o 0.0024

Pearson's r
0.99787

Adj. R-Square 0.99363

Value Standard Err

ln (Keff) Slope 7.1873 0.65534

x=0.2

ln
 (

K
ef

f)

ln (M
60 kOe

)



Ph.D. Thesis  Chapter 3 

 

                                                                                                                             130 

Shubhra Jyotsna 

 

Figure 3.24: (a-h) M-H plot and B-H plot for the sample 20 at% Gd-substituted 3C Fe7S8 

nanoparticles. The inset in each figure shows the calculation of the maximum energy product 

from B-H hysteresis loop at 7, 33, 210 and 300 K. 

(iv) x=0.25 

To investigate the magnetic properties of the 25 at% Gd-substituted 3C Fe7S8 nanoparticles, 

the ZFC-FC M-T measurements have been recorded using SQUID-VSM. Figure 3.25a shows 
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nanoparticles at the applied magnetic field of 1000 Oe, respectively. The ZFC and FC M-T 

curves are split in the temperature range from 7 to 300 K. The M-T curves show that the ZFC 

and FC curves do not follow the same path. Hence, the M-T curves show an irreversible 

behavior. The emergence of an ordered magnetic state with a high TC of the sample above 

300 K is shown by the divergence of the ZFC-FC M-T curves of 25 at% Gd-substituted 3C 
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Fe7S8 over the entire range of temperature up to 300 K. As shown in the TEM images, the as-

synthesized nanoparticles are agglomerated as many nanocrystallites; hence the ZFC peak is 

regarded as the average blocking temperature (TB). Polydispersity in the sample may cause 

the blocking phenomena for each particle on each side of the ZFC peak51, resulting in the 

bifurcation of the ZFC-FC curve above TB. Figure 3.25b shows the TB for the sample at ~210 

K at 1000 Oe applied magnetic field. Another low-temperature magnetic transition is 

observed at ~33 K20. The structure of 3C pyrrhotite with space group P3121 resembles that of 

the 4C structure in the sense that vacancies are confined to alternate layers of iron. Powder 

samples of 4C pyrrhotite show an anomaly at low-temperature ~30-34 K (known as Besnus 

transition19,20). This low-temperature magnetic transition stems from the spin rotation, which 

can be related to the structural changes at an atomic level caused by the highly ordered 

vacancies in 4C pyrrhotite, which in turn affect the spin-orbit coupling with no 

crystallography change of the structure. Assuming the similar spin arrangements in 3C and 

4C pyrrhotites, the low-temperature magnetic transition observed at ~33 K at 1000 Oe 

applied magnetic field (Figure 3.25b) for as-synthesized 3C pyrrhotite may be assigned as the 

Besnus transition. 
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Figure 3.25: (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. 

temperature (M-T) curves for the sample 25 at% Gd-substituted 3C Fe7S8 nanoparticles at 

1000 Oe, (b) ZFC M-T curves for the sample 25 at% Gd-substituted 3C Fe7S8 at applied 

external fields of 1000 Oe in the temperature range of 7-300 K. 

To acquire further insights into the magnetic properties of the 25 at% Gd-substituted 3C 

Fe7S8 nanoparticles, the M-H curves were measured using a SQUID-VSM. Figure 3.10(a-d) 

shows M-H hysteresis curves taken at 7, 33, 210 K, and 300 K in the magnetic field range of 

±60 kOe because of the anomalies observed at these temperature values in M-T graphs 

(figure 3.25b). As shown in Figure 3.26(a-d), the sample demonstrates ferrimagnetic-like 

behavior at all measurement temperatures. However, at the maximum applied magnetic field 

of 60 kOe, the magnetization does not exhibit saturation. Such behavior indicates that the 

spins of the system require a high anisotropic field to align in a particular direction. We 
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observed an initial remanence in the sample at all measurement temperatures. Remanence 

comes from the vacancies in the specimen. The presence of initial remanence in the M-H 

hysteresis loop may be attributed to the induced magnetization due to the Fe vacancies in a 

powdered polycrystalline sample. The hysteresis curves illustrate that HC, M60 kOe, and MR 

values of the sample increase with a decrease in temperature.  

 

Figure 3.26: (a-d) Magnetization vs. external magnetic field (M-H) hysteresis loops of the 

sample 25 at% Gd-substituted 3C Fe7S8 nanoparticles at 7 K, 33 K, 210 K and 300 K. The M-

H hysteresis loops illustrate the increase in M60 kOe, HC, and MR values of the sample with 

decrease in temperature. 

Among all four measurement temperature values, the 25 at% Gd-substituted 3C Fe7S8 NPs 

appear to exhibit hysteresis with HC ∼2.0 kOe, M60 kOe, ~25 emu g-1, and MR ~13 emu g-1 at 

300 K, which increases to HC ∼4.0 kOe, M60 kOe, ~26 emu g-1,and MR ∼14 kOe at 7 K (table 

3.6).  
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Table 3.6: Summary of the magnetic parameters calculated for the sample 25 at% Gd-

substituted 3C Fe7S8 nanoparticles at different measurement temperatures. 

 

The decrease in thermal activation energy and the rise in total effective magnetic anisotropy, 

which creates more spins available to align in the direction of the applied magnetic field, may 

have contributed to the increase in these values at the lower temperature51,55. Fe2+ and Fe3+ 

ionic states, as well as ordered Fe vacancies, are present in the Fe1-xS compounds in addition 

to alternate levels of the lattice. The magnetic moments of Fe in the compound are 

ferromagnetically arranged inside each layer, however, are coupled antiferromagnetically to 

each other between adjacent layers. The vacancies in every second layer contribute to the 

spin orientation. The presence of ionic states of iron and the vacancies in the lattice lead to 

uncompensated magnetic moments, giving rise to the ferrimagnetic ordering in the 

compound.  

The value of Keff is 3.76×105 erg cc-1 at 300 K, which increases to 10.09×105 erg cc-1 at 7 K 

(table 3.6). To determine the type of magnetocrystalline anisotropy, ln (Keff) is plotted against 

ln (M60 kOe), as shown in figure 3.27.  

Measurement 

temperature

(K)

HC (kOe) MR

(emu g-1)

M60 kOe

(emu g-1)

MR/MS Ha

(kOe)

Keff

(erg cc-1)  105

BHmax

(kG Oe)

7 3.9 13.7 26 0.527 12.3 10.09 146.8

33 3.3 13.1 25.7 0.509 8.9 7.68 132.3

210 2.5 12.3 25 0.492 5.3 4.5 119.2

300 2 10.9 24.9 0.438 4.7 3.76 91.4



Ph.D. Thesis  Chapter 3 

 

                                                                                                                             135 

Shubhra Jyotsna 

 

Figure 3.27: Linear relationship between Keff and M60 kOe in the logarithmic scale for the 

sample with 25 at% Gd-substituted 3C Fe7S8 nanoparticles, with a slope of 7.4, indicating 

that the sample predominantly exhibits uniaxial anisotropy. 

For a system with uniaxial magnetocrystalline anisotropy38, Keff should be proportional to M60 

k Oe
3, whereas for a cubic magnetocrystalline anisotropy, Keff should be proportional to M60 

kOe
10. The linear fit of the plot gives a slope of 7.4, indicating that the sample predominantly 

exhibits uniaxial anisotropy. 

The BHmax for all the samples is estimated using the equation 3.1. The 2nd quadrant of the B-

H loop for 3C Fe7S8 nanostructure at all temperatures is shown in the inset of the figure 3.28. 

The area under the gray shaded portion represents the BHmax of the sample38. For the given 

set of measurement temperature values (7 K, 33 K, 210 K, and 300 K), the value of BHmax at 

300 K is 91.4 kG Oe, which becomes 146.8 kG Oe at 7 K (table 3.1), making the compound 

valuable for various applications at low-temperature. 
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Figure 3.28: (a-h) M-H plot and B-H plot for the sample 25 at% Gd-substituted 3C Fe7S8 

nanoparticles. The inset in each figure shows the calculation of the maximum energy product 

from B-H hysteresis loop at 7, 33, 210 and 300 K. 

3.3.3 Effect of Gd-substitution in 3C Fe7S8 lattice 

From the results shown above, we have observed the increase in the values HC, Keff, M60 kOe 
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compared to the Fe3+ ions (5 μB). The magnetic moment of Gd3+ ion comes from the 4f 7 

shell electrons. The dipole moments in Gd3+ are randomly oriented at the room temperature, 

owing to which their impact to magnetic moment contribution is very slight. As the 

temperature is decreased the moments of Gd3+ get aligned in the direction of applied 
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magnetic field, owing to the lesser thermal activation energy. Hence, the magnetization (at 60 

k Oe) increases with the decrease in temperature. The energy product depends directly on the 

saturation magnetization, resulting in the decrease in the value of BHmax as M60 kOe decreases. 

The HC values overall increases with Gd3+ substitution in the parent lattice. The huge 

enhancement in the values of HC could be due to the gain in the effective anisotropy constant 

(K). Figure 3.29(a-d) shows the variation of different magnetic parameters with the change in 

Gd concentration in the parent lattice. 

 

Figure 3.29: Variation of (a) HC, (b) M60 kOe, (c) Keff, and (d) BHmax at different measurement 

temperature as a function of change in the concentration of Gd3+ ions in the lattice. 
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3.4. Conclusions 

The impact of Gd-substitution on the magnetic properties of 3C Fe7S8 nanoparticles has been 

studied. The results show that the blocking temperature of all the samples remain nearly 

constant at all concentration of Gd in the lattice. The magnetization value measured at highest 

applied field (60 kOe) increased with the increase in the concentration of Gd. The value of 

coercivity increased as the concentration of Gd was increased, which resulted from the 

increase in the effective anisotropy constant. The increase in the M60 kOe resulted in the 

increased value of energy product. The pure phase of 3C Fe7S8 nanoparticles exhibited a high 

value of BHmax (~129 kG Oe) at 7 K. These values increased with increased Gd concentration 

in the lattice. The high value of energy product without the presence of rare earth indicate 

towards its low-temperature applications. The findings in this work open doors for vivid 

scope research in this area. 
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Dielectric properties of 3C Fe7S8 and Gd-substituted 3C Fe7S8 

nanoparticles 
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Highlights 

Below are some of the findings that we would like to highlight. 

• Both the real and out of phase parts of the complex dielectric permittivity (ε′ and ε′’, 

respectively) along with absolute permittivity (|ε|) and dielectric loss factor (tan δ) as a 

function of frequency for unsubstituted and Gd-substituted samples at different 

measurement temperatures (50, 100, 150, 200, 250 and 300 K) are measured.  

• The effect of the Gd substitution has been observed as the decrease in the values of ε′ 

and tan δ.  

• The material exhibits a negative temperature coefficient of resistance-type behavior-

type behavior.  

• The Cole-Cole plot highlights the decrease in resistivity from the grain with an 

increasing temperature and concentration of Gd, indicating the non-Debye kind of 

relaxation process.  
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4.1. Introduction 

Impedance spectroscopy is a technique that can be used to study all of the fundamental 

immittance levels1,2. The method that comprises the measurement of a material's small-

signal linear electrical response that follows to offer essential details regarding a system's 

electrical characteristics3–5, not only limited to data interpretation and measurement at the 

impedance level, given that impedance spectroscopy deals with complex quantities 

directly6,7. Although measurements are occasionally taken in the time domain and then 

Fourier converted to the frequency domain, analysis is often done in the frequency 

domain8–10. Given that impedance spectroscopy deals with complex quantities directly, 

the field of electrical engineering actually began in the 1880s with Oliver Heaviside's 

development of impedance11,12. Additionally, A.E. Kennelly and C.P. Steinmetz added 

complex representation and vector diagrams13 to their technique. It took very little time 

for field to start immittance responses in the complex plane with frequency and using the 

Argand diagram of mathematics14,15. Examples from the field of electrical engineering 

include P. H. Smith's Smith-Chart impedance diagram and C. W. Carter's circle 

diagram16. After the Cole-Cole plot, which is a plot of ε' on the x (or real) axis vs. ε'' on 

the y (or imaginary) axis, was introduced17–19 in 1941, the aforementioned methods were 

quickly adopted in the dielectric response area. These complex plane plots are now 

frequently used to depict the responses of all immittance kinds in two dimensions. 

Impedance spectroscopy can be divided into two basic categories: electrochemical 

impedance spectroscopy20 and everything else. In electrochemical impedance 

spectroscopy, materials with a strong ionic conduction bias are measured and examined. 

Ionically conducting glasses, solid and liquid electrolytes, fused salts, and polymers are a 

few examples of such materials, in which motion of ions in the interstitial space and 
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vacancies can contribute to conduction. The other class of impedance spectroscopy 

involves dielectric materials1, such as solid or liquid nonconductors with dipolar rotational 

electrical properties, and materials with a predominance of electronic conduction. 

Examples include glasses, amorphous semiconductors, single-crystal as well as polymers. 

Debye response1,21, which only involves a single time constant, is a crucial component of 

impedance spectroscopy. Figure 4.1 depicts the response as a Cole-Cole plot. The 

direction of increasing frequency is shown by the arrow. Complex representation of the 

Debye response is presented as ε=ε∞+[εo-ε∞]/[1+(iωτ). The formula, τ=RC, yields the time 

constant or relaxation time. 

 

Figure 4.1: Complex-plane plot of the complex dielectric constant for Debye frequency 

response. 

Binary metal chalcogenide, 3C Fe7S8, which was covered in earlier chapters, has not 

received much attention to date. However, the studies in chapter 3 show that even without 

Gd, it has a high uniaxial magnetic anisotropy constant, resulting in extremely high 

coercivity at room temperature. With a high Curie temperature (over 300 K) and a 

trigonal structure with the space group P3121, 3C Fe7S8 is ferrimagnetic at room 

temperature. However, owing to the excellent magnetic properties, the electrical 

properties of the trigonal iron sulphide is yet to be explored. The electrical structure 

variations with particle size and the high surface to volume ratio of nanocrystalline 
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materials may have a significant impact on the magnetic and dielectric properties of 

nanomaterials. 

In this chapter, we investigate a novel and unexpected perspective of 3C Fe7S8 in 

unsubstituted form using impedance spectroscopy. The Gd-substitution trigonal 3C Fe7S8 

nanoparticles have been synthesized to further tailor the dielectric properties of the material. 

We found that the Gd3+ content significantly influences both the dielectric constant and 

dielectric loss. The use of Gd3+ is intended to lower its dielectric loss. 

4.2. Characterization techniques 

The frequency-dependent dielectric measurements were performed using Novocontrol Beta 

NB Impedance Analyzer, capable of measuring impedance response of sample from few μHz 

to MHz. The analyzer was connected with home-built sample holder to couple with a helium 

closed cycle refrigerator (Janis Inc.) for temperature control of the sample space. The 

powdered sample was compressed in a hydraulic press in the form of circular pellet of 

diameter 13 mm and a custom designed sample holder was used to form parallel plate 

capacitor geometry. The principle of dielectric spectroscopy is illustrated schematically in 

figure 4.2. 

 
 

Figure 4.2: Principle of a dielectric/impedance measurement with a parallel plate geometry. 
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4.3. Results and discussions 

Both the real and out of phase parts of the complex dielectric permittivity (ε′ and ε′’, 

respectively) along with absolute permittivity (|ε|) and dielectric loss factor (tan δ) as a 

function of frequency for unsubstituted and Gd-substituted samples at different measurement 

temperatures (50, 100, 150, 200, 250 and 300 K) are shown in Figure 4.3 - 4.8, respectively. 

The curves illustrate that ε′, ε′′, |ε| and tan δ decrease with the increase of frequency.  

 
 

Figure 4.3: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 300 K. 

The Maxwell-Wagner theory22 can be used to describe the contributions from the dipolar, 

interfacial, atomic, ionic, and electronic polarisation to the permittivity values at low 

frequencies. Values of ε are larger because heavier dipoles can follow the external field at 
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low frequencies. The dipoles fall behind the field as the frequency increases, and the value of 

ε decreases. Due to ionic impurities in the sample, significantly higher values of permittivity 

are observed in several compounds.  

 

Figure 4.4: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 250 K. 

As clearly seen in the graphs the both ε′ and tan δ are higher in pure 3C Fe7S8 sample than 

Gd-substituted samples at all measurement temperatures. With the presence of Gd ions, a 

decrease in the values of ε′ and tan δ is observed with the increasing Gd content and is found 

to be minimum for x=0.25. A small polarizability of Gd3+ ion in comparison with Fe3+ and 

Fe3+ ions may be the reason for the small value of ε′. At higher frequencies, however, 
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electronic polarization takes over, and the contribution of dipolar polarization diminishes. 

The phenomena of dipole relaxation could be used to explain the decrease in dielectric 

constant as the frequency increases. As lowest dielectric loss is very desirable in nonvolatile 

FeRAM applications, materials like ours have potential to used in such applications.  

 

Figure 4.5: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 200 K. 

At lower frequency, a broad peak is observed for ε′′ and tan δ all the samples at 300 K (figure 

4.3). These peaks gradually start to disappear at 250 K (figure 4.4) and vanish completely 

beyond 150 K (figure 4.5-4.8). The sample behaves in a low-frequency domain with a 

negative temperature coefficient of resistance, as evidenced by the decreasing trend in the 
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dielectric parameters seen together with the rise in measurement temperature in the low-

frequency region. This implies that if the barrier qualities of the samples are reduced, it's 

feasible that the space charge will be released. 

The decreasing trend in the dielectric parameters observed along with the increase in 

measuring temperature in the low-frequency area shows that the sample behaves in a low-

frequency domain with a negative temperature coefficient of resistance. This implies that if 

the material's barrier qualities are reduced, it's feasible that the space charge will be released.

 

Figure 4.6: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 150 K. 

The value of the dielectric parameters shows a declining trend as frequency and temperature 
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increase, indicating a potential increase in conductivity as these two variables increase. This 

suggests that, as temperature rises, electrical conduction will increase, with the process 

requiring the release of space charge. 

 

Figure 4.7: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 100 K. 

The important elements of the fluctuation of ε′′ are (a) the relaxation frequency, or the 

emergence of the peak at a specific frequency, (b) a reduction in the amplitude of ε′′ and an 

apparent shift in the peak frequency toward the high-frequency area, and (c) the broadening 

nature of the peak as the temperature rises. Peak asymmetry and broadening as well as peak 

shifting towards low frequency are two characteristics that make the effects of Gd 

substitution on the compound's electrical processes abundantly obvious. Immobile charge 
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carriers or electrons may be the cause of relaxation at low and high temperatures, which may 

be a result of defects or vacancies in the samples. At 300 K, a dispersion in the medium 

frequency range (96 to 105 Hz) has been seen at a given temperature, followed by a gradual 

drop in the value of ε' in the low frequency region (100 Hz). The dispersion is observed to 

shift towards lower frequency as temperature increases and vanish below 150 K. The merging 

of ε' at higher frequencies is related to the non-alignment of dipoles with the electric field, or, 

more specifically, their failure to follow it. As a result, the polarization contribution is 

minimal, resulting in a static value for ε'. In general, the relaxation peak of the frequency 

versus frequency plot is influenced by the dispersion behaviour in ε'. The Gd3+ alteration may 

also be a likely cause of the dispersion characteristic in the samples. 

A small kink was observed around temperature 4.8×105 Hz in ε'' verses frequency curves for 

all the samples at all measurement temperatures. The kink is encircled in all the graphs. 

Although the feature is quite weak in nature, the kink observed in this combination may 
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indicate the presence of some coupling in the complex.

 

Figure 4.8: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured for 3C Fe7S8 and Gd-

substituted 3C Fe7S8 samples with ac 1 V rms value at 50 K. 

Complex Argand plane plots, also known as Cole-Cole plots, were explored to better 

understand the nature of dielectric relaxation in the samples under investigation. Figure 4.9 

displays the graphs for all the samples between the real (ε') and out of phase (ε") parts of the 

impedance at various temperatures. As seen in the figure, only one semi-circular-like arc is 

visible at high temperatures (plots at 300 K and 250 K), which may be due to the contribution 

from grains. The semi-circular-like arc shrinks in size as the temperature increases. This 

indicates that the intercept points on the x-axis are pushed toward the origin, further 
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demonstrating that the samples' grain/bulk resistance decreases with increasing temperature. 

Possible causes of the high-temperature electrical processes may include intra-grain 

phenomena. 

 

Figure 4.9: (a-f) Cole-Cole plot of as-synthesized unsubstituted and Gd-substituted 3C iron 

sulphide nanoparticles (ε’’ versus ε’) measured by impedance spectroscopy at temperatures 

50, 100, 150, 200, 250 and 300 K, respectively. 
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Conclusions 

In this chapter, observation of the dielectric behaviour of 3C Fe7S8 and Gd-substituted Fe7S8 

at different measurement temperatures is discussed. Both the real and out of phase parts of 

the complex dielectric permittivity (ε′ and ε′’, respectively) along with absolute permittivity 

(|ε|) and dielectric loss factor (tan δ) as a function of frequency for unsubstituted and Gd-

substituted samples at different measurement temperatures (50, 100, 150, 200, 250 and 300 

K) are measured. The A weak anomaly is observed in dielectric permittivity towards higher 

frequency range, of which the microscopic origin is not clearly understood. The effect of the 

Gd substitution has been observed as the decrease in the values of ε′ and tan δ. The origin of 

such behavior may be attributed to the random distribution of gadolinium in the lattice.  From 

the analysis, it is concluded that the material exhibits a negative temperature coefficient of 

resistance-type behavior-type behavior. The Cole-Cole plot highlights the decrease in 

resistivity from the grain with an increasing temperature and concentration of Gd, indicating 

the non-Debye kind of relaxation process. These results suggest that the Gd-substituted 

samples could be suitable for FeRAM applications.  
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Highlights 

This chapter summarized the work presented in the thesis and highlights the potential 

direction for future work. 
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5.1. Summary of the thesis 

The compounds in Fe-S system are of great importance because of their exciting and unique 

optical, thermal, electrical, and magnetic properties that are firmly related to the Fe−S 

elemental ratio as well as their crystalline structure. The family of iron sulphides has many 

compositions including FeS, FeS2, 4C Fe7S8, 3C Fe7S8, and so forth. Depending upon the 

composition of Fe:S, these compounds could be metal, or semiconductors, and their magnetic 

properties also vary a lot from antiferro- to ferro- to ferrimagnetic. Among the different 

phases in Fe-S system, 3C Fe7S8 seems intriguing because of its chemical structure, which 

may give rise to many interesting physical properties. Unfortunately, the compound has been 

less studied because of the fact that the compound exists as the metastable state of 4C Fe7S8 

in natural marine sediments around the world. The natural existence of the compound is 

recent. Prior to that, the compound was known to be obtained only by synthesis in the 

laboratories. However, we have little information about the compound in the literature. The 

compound was synthesized in the single crystal form using the solid-state routes in order to 

understand the crystal structure of the compound. Much later in 2017, the existence of the 

compound in the natural submarine sediments came int o the knowledge. The researchers 

extracted the bulk sample in the powder form to study its magnetic characteristics. The 

compound exhibits the ferrimagnetic ordering with a high TC of ~423 K. However, the 

neutron diffraction of the compound is still awaited. To the best of our knowledge, the 

compound has not been synthesized in the nano phase and its properties have not been 

investigated. A material can exhibit intriguing properties when the size of the particles is 

brought down to the nano scale. This thesis describes the efforts made to understand some of 

the physical properties of 3C Fe7S8 nanoparticles— the structural, magnetic and dielectric 

properties. We further made a conscious effort to understand the physical behaviour of the 

compound when modified with substitution of a rare-earth ion. The 3C Fe7S8 and Gd-



Ph.D. Thesis  Chapter 5 

 

                                                                                                                             162 

Shubhra Jyotsna 

substituted 3C Fe7S8 nanoparticles have been fabricated using the wet-chemical method— 

thermal decomposition method. An easy-to- control synthetic procedure was developed by 

introducing quenching at the end of the procedure.  

As evident from the results of the previous chapters, 3C Fe7S8 holds tremendous potential for 

both fundamental studies and technical applications. It is observed that the crystallite size and 

the lattice parameters increase with the increase in Gd concentration in 3C Fe7S8. The 

crystallite along the highest intensity peak, the (206) plane is in the range of about 33 nm-42 

nm with increasing Gd concentration. The morphology of all the samples is observed to in the 

form of distorted hexagon. The presence of two oxidation states of Fe— +2 and +3 in all the 

samples is confirmed using XPS. The presence of Gd3+ is evident in all the Gd-substituted 

sample. Further, the magnetic properties of these as-synthesized nanoparticles were studied. 

The correlation between the concentration of Gd3+ ions and the magnetic properties has been 

presented. The distinct arrangement of Fe and S atoms results in drastically varying magnetic 

properties with the change in Gd concentration due to the change in crystal field environment 

around Fe-ions, magnetocrystalline anisotropy, Fe-vacancies, and so forth. The crystal 

structure of 3C Fe7S8 is based on NiAs phase. The M-H hysteresis loops for each sample 

shows ferrimagnetic-like ordering, with a high value of Curie transition temperature (above 

300 K), as evident from the M-T curves. All the samples exhibit a low temperature transition 

at ~33 K (Besnus transition), which may occur because of the change in spin orientation of 

Fe2+ ions around that temperature. We have observed a high value of energy product in the 

samples, especially at the lower measurement temperatures, which makes the compounds a 

potential candidate in low-temperature applications. The magnetic parameters such as MS, 

HC, Keff, BHmax, and TB exhibited a strong dependence on size, shape and the concentration of 

Gd in the parent compound. For 3C Fe7S8 nanoparticles, the M60 kOe increases by lowering the 

temperature to 7 K to a maximum observed value of ~25 emu/g. The HC and MR values 



Ph.D. Thesis  Chapter 5 

 

                                                                                                                             163 

Shubhra Jyotsna 

increase with the decrease in the measurement temperature, to a maximum upto 3.3 kOe and 

31.1 emu/g, respectively, at 7 K. The BHmax increases linearly with the decrease in the 

measurement temperature up to a maximum value of ~128 kG Oe at 7 K. The intrinsic and 

extrinsic properties of the samples enhanced with the increased Gd concentration and 

decreased measurement temperature. However, the magnetic and dielectric properties can be 

tuned and optimised by modifying the parent compound 3C Fe7S8. Futher, in dielectric 

easurements, both the real and out of phase parts of the complex dielectric permittivity (ε′ and 

ε′’, respectively) along with absolute permittivity (|ε|) and dielectric loss factor (tan δ) as a 

function of frequency for unsubstituted and Gd-substituted samples at different measurement 

temperatures (50, 100, 150, 200, 250 and 300 K) are measured. The A weak anomaly is 

observed in dielectric permittivity towards higher frequency range, of which the microscopic 

origin is not clearly understood. The effect of the Gd substitution has been observed as the 

decrease in the values of ε′ and tan δ. The origin of such behavior may be attributed to the 

random distribution of gadolinium in the lattice.  From the analysis, it is concluded that the 

material exhibits a negative temperature coefficient of resistance-type behavior-type 

behavior. The Cole-Cole plot highlights the decrease in resistivity from the grain with an 

increasing temperature and concentration of Gd, indicating the non-Debye kind of relaxation 

process. These results suggest that the Gd-substituted samples could be suitable for FeRAM 

applications.  

In conclusion, the work provides an insight into the formation of 3C Fe7S8 nanoparticles, 

reported for the first time by introducing quenching in the thermal decomposition method. 

The three physical properties of the compound have been investigated— the structural, 

magnetic and the dielectric properties. These properties were further modified by the 

substitution of Gd ions. 

However, there is huge scope that open up with the work done in this thesis. These scopes are 
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discussed below. 

5.2. Directions for future work 

We believe that this thesis provides a deep understanding of the structural, magnetic and 

dielectric properties that 3C Fe7S8 exhibits at the nano scale. 

The simple thermal decomposition route has been proven to be a brilliant method to 

synthesize the phase by introducing quenching process in the method for the first time. 

However, there is a further need to understand and develop the formation mechanism of the 

phase using the wet chemical method. The magnetic and the dielectric properties of the 

compound have been examined for the first time. However, there is a need of deep 

understanding of the magnetic structure of the compound by employing neutron diffraction 

on the bulk sample or the single crystal. The findings in the presented work show that 

considerable attention should be given to tuning the size and morphology of the compound, 

which may have potential industrial and technical applications. These properties need to be 

compared to the bulk counterpart of the compound. These properties are yet to investigated 

for the bulk 3C Fe7S8. The other physical characteristics, which have not been covered in the 

thesis, such as— ferroelectric, magnetoelectric, catalytic characteristics, and so forth, need to 

be addressed in the future work. Future studies on this topic will look at the effects of 

stoichiometry, size and morphology on the above-mentioned characteristics of the compound 

both in bulk as well as in the nano phases.  

It will be interesting to explore a new area of the Fe-S system, which has received a narrow 

attention till date. Further, it will be interesting to modify the properties of the compound by 

incorporating the transition metal into the parent compound, and consciously forming the 

composites. Owing to the dangling bonds at the surface of the compound, it will be intriguing 

to investigate the surface effect of the compound by forming the thin film, followed by 

studying its properties.  
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Thus, the thesis opens a new door to for formation of trigonal phase of iron sulphide 

nanoparticles, which may be extended to understand its formation mechanism using the 

thermal decomposition method in the thesis. With appropriate modifications in the synthesis 

method, the properties of the compound can be modified for its industrial applications. 

Further, the properties can be investigated for the bulk counterpart of the compound. 
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chapter further discusses and compares the different magnetic parameters of all the samples. The fourth 

chapter discusses the dielectric properties of trigonal phase of Fe7S8 at nanoscale The dielectric 

characteristics of the compound were modified by the substitution of Gd of varying at%. The chapter further 

discusses and compares the different dielectric parameters of all the samples. The conclusion of this thesis 

and scope of future works are discussed in fifth chapter.  
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Abstract. The magnetic properties of trigonal 3C Fe7S8 nanoparticles, synthesized via the thermal decomposition

method, are investigated using temperature-dependent zero-field cooled (ZFC) and field-cooled (FC) magnetization

(M–T) curves. The M–T data, recorded at 100 and 1000 Oe, reveal magnetic ordering with high Curie transition

temperature (TC[ 300 K) in the specimen. The magnetization vs. applied magnetic field (M–H) data measured in the

temperature range from 7 to 300 K show that the compound exhibits ferrimagnetic ordering. The values of coercivity

(HC), saturation magnetization (M60 kOe) and remanent magnetization (MR) appear to increase at lower measuring

temperatures. As the result of increasing M60 kOe at lower measuring temperatures, within the temperature range of 7 to

300 K, the maximum energy product (BHmax) has the highest value of 128 kG Oe at 7 K.

Keywords. Pyrrhotites; Fe7S8; trigonal phase; ferrimagnetism; anisotropy; energy product.

1. Introduction

Iron sulphide (Fe-S) minerals are studied intensively to

understand the evolution of Earth [1,2]. These biogeo-

chemical minerals are categorized into various groups based

on their compositions, crystal structures and phase relations

[3–6]. In the Fe-S system, 1C FeS, 2C FeS, 3C Fe7S8 and

4C Fe7S8, where C denotes the c-axis of the NiAs unit cell,
are some of the known compounds that exhibit the magnetic

ordering in both bulk phase [3–6] and at the nanoscale

(except 3C Fe7S8) [7,8]. They also have applications in

catalysis [9], fuel cells, gas sensing [9], and so on. However,

there is hardly any study on the properties of the 3C Fe7S8
compound. Hence, it becomes essential to investigate the

compound and explore its possible applications.

In the Fe-S system, the Fe1-xS (0 B x B 0.125) group is

collectively called the pyrrhotite minerals [10]. These pyr-

rhotites have crystal structures identical to NiAs structure

(scheme 1a) [11,12]. In the NiAs structure, nickel atoms are in

octahedral coordination, and arsenic atoms are in trigonal

prismatic coordination. Similarly, in pyrrhotites, Fe atoms are

positioned on octahedral sites (scheme 1b and c), and S atoms

occupy the trigonal prismatic position (not shown in the

figure for clarity) of the hexagonal lattice. Further, pyrrhotites

form a lattice by extending the dimensions of the unit cell of

NiAs along the a-axis and c-axis and are known as super-

structures. Wuensch Bernhardt [13] introduced a nomenclature

system that describes these pyrrhotite superstructures.

Accordingly, the dimensions of the superlattice are decided

depending upon the repetition of the NiAs unit cell either

along the a-axis or c-axis [13]. For example, pyrrhotite with

the structure and cell dimensions of NiAs is referred to as a 1C

pyrrhotite. Similarly, pyrrhotites that have unit cell parameters

of c equal to two times, three times, and four times the

dimension of c in the NiAs unit cell are known as 2C (troilite),

3C (trigonal pyrrhotite) and 4C (monoclinic pyrrhotite),

respectively and so forth.

The pyrrhotite superstructures are non-stoichiometric

with varying crystal systems and composition, stability and

various physical properties, such as electronic, optical,

magnetic and so forth. The presence of metal cation

vacancies gives rise to such variations in the pyrrhotite

structure. The Fe7S8 composition exists in two structural

types—trigonal (3C type) and monoclinic (4C type) pyr-

rhotites, which also depends on the stacking sequence,

direction and repetition of the vacancy layers within the

superlattice. According to Nakazawa and Morimoto [3], the

4C and 3C structures of Fe7S8 differ in the arrangement of

vacancies and the type of Fe-clustering in the alternate

layers of Fe and S in the lattice [3]. The monoclinic 4C

Fe7S8 structure was first proposed by Bertaut [11] with unit

cell parameters of a = 2H3A, b = 2A, c = 4C [11], where A

and C represent the NiAs subcell dimensions. The super-

structures are characterized by the distinct ordering of

vacancy layers oriented along the c-axis. The Fe layers with
and without vacancy are alternately sequenced as
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AFBFCFDF, where A, B, C and D denote layers containing

Fe vacancies (marked by blue circles), and F is an iron layer

without vacancy, as shown in scheme 1b. As a quarter of

iron atoms are absent within this structure, it has been

proposed by Bertuat [11] that charge balance is maintained

by the presence of ferric iron in the pyrrhotite structure and

the hence to account for the non-stoichiometry in the pyr-

rhotite structure, Fe7S8 can be represented as Fe3þ2 Fe2þ5 S8.

Soon after the determination of the crystal structure of

monoclinic 4C Fe7S8, Fleet [12] was able to identify and

determine the crystal structure of the naturally occurring 3C

Fe7S8 with space group P31, considering the contribution of

the crystal twinning. Based on the P31 space group, a

similar structural study was made by Nishiguchi [14] in

1977 on a synthesized single crystal of 3C Fe7S8. However,

Fleet and Nishiguchi did not examine the possibility of a

P3121 space group in the structure. Later in 1979, the

structure of 3C Fe7S8 was refined by Nakano et al [6] with
space group P3121 based on Fe vacancies and unit cell

parameters a = 6.8652 ± 0.0006 Å, c = 17.047 ± 0.002 Å,

confirming the trigonal symmetry. The structure is essen-

tially the same as that of 3C Fe7Se8, as reported by Okazaki

Hirakawa [15], which has the P3121 symmetry. Scheme 1c

exhibits a layered 3C Fe7S8 structure with vacant and filled

iron layers stacked normal to the c-axis in a sequence

described as AFBFCF, where A, B and C denote the layers

containing Fe vacancies, and F represents the layer without

Fe vacancy.

There has been a little information about 3C Fe7S8
pyrrhotites in the literature. Due to the poor understanding

about the material, it was known that the compound exists

merely in the extra-terrestrial region. However, as the field

evolved, many researchers studied the crystal structure of

naturally obtained and synthetic sample by the means of

X-ray diffraction [6,12]. The compound started to gain

attention only after researchers found the sample of 3C

Fe7S8 pyrrhotite in selected submarine sediments around the

world as a metastable phase of 4C Fe7S8 pyrrhotite, formed

as a consequence of shock or quenching [16]. Soon after the

discovery of the trigonal phase of pyrrhotite, researchers

extracted the powder sample from the rock obtained from

the submarine sediments and studied its structure and

magnetic properties. Although the neutron diffraction of the

compound is still awaited, it was proposed that the com-

pound exhibits ferrimagnetic ordering [17]. However, based

on the limited studies available about 3C pyrrhotite, there is

a need to understand the material in detail. Any material

when reduced to nano-dimensions, may exhibit interesting

magnetic properties. To the best of our knowledge, we have

not found any report suggesting the synthesis of the com-

pound in the nanoscale regime and the changes in their

properties at the nanoscale. In the present investigation, the

trigonal 3C Fe7S8 pyrrhotite nanoparticles were synthesized

by adding a quenching process in the existing thermal

decomposition method, reported by Lin et al [18] for the
synthesis of hexagonal Fe1-xS pyrrhotite. The quenching

process introduced at a specific temperature led to the for-

mation of 3C trigonal Fe7S8 pyrrhotite nanoparticles. This

study is devoted to understand the magnetic properties of

the compound.
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Scheme 1. Schematic representation of (a) the NiAs unit cell. The pyrrhotite group is derived from the structure of hexagonal NiAs

subcell, (b) illustration of the vacancy structure in 4C Fe7S8 in the sequence AFBFCFDFA and based on the space group F2/d,
(c) illustration of the vacancy structure in 3C Fe7S8 in the sequence AFBFCFA and based on the space group P3121. Sulphur sites are
omitted for clarity.
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2. Experimental

2.1 Materials

Thiourea (NH2CSNH2, 99.9%), iron (II) chloride (FeCl2
�4H2O, 99.9%) and olaylamine (OLA, 99.9%) were pur-

chased from Sigma-Aldrich chemicals. All chemicals were

used without any further purification.

2.2 Characterization techniques

The phase purity and crystallinity of the as-synthesized

samples were characterized by powder X-ray diffraction

(PXRD) using a PANalytical X’PERT PRO instrument,

and the iron-filtered Cu-Ka radiation (k = 1.54 Å) in the

2h range of 10�-80� covered in a step size of 0.08� with a

count time of 2 s. The operating voltage and current for

the PXRD instrument were kept at 30 kV and 40 mA,

respectively. A highly sensitive surface technique—X-ray

Photoelectron Spectroscopy—data were recorded for Fe

and S on Thermo Fisher Scientific X-ray Photoelectron

Spectrometer (XPS) K-Alpha?. The monochromatic Al

Ka (hm = 1486.6 eV) as the X-ray source was operated

with a beam current of 6 mA and voltage of 12 kV cou-

pled with a Physical Electronics 04–548 dual Mg/Al anode

and in an ultra-high vacuum system with a base pressure

of B 5910-9 Torr. The spot size of 400 lm was used

during the XPS measurement. The recorded XPS data

were deconvoluted using XPS PEAK 41. All measure-

ments mentioned above were performed at a laboratory

temperature (23 ± 2 �C). Raman spectroscopy measure-

ments were recorded at laboratory temperature (23 ± 2 �C)
on an HR 800 Raman spectrophotometer (Jobin Yvon,

HORIBA, France) equipped with an achromatic Czer-

ny-Turner type monochromator (800 mm focal-length)

with silver-treated mirrors. Monochromatic radiation

emitted by a 632 nm laser, operating at 20 mW, was used.

The specific structural details and morphology were

obtained using an FEI Tecnai T20 transmission electron

microscope (TEM) equipped with a super-twin (s-twin)

lens operated at 200 keV accelerating voltage. The pow-

ders obtained were dispersed in n-hexane and then drop-

casted on a carbon-coated copper TEM grid with 200

mesh and loaded in a single-tilt sample holder. The

magnetic measurements were carried out using a super-

conducting quantum interference device-based S4 vibrat-

ing sample magnetometer (SQUID-VSM) manufactured by

Quantum Design, Inc., San Diego, USA. The powder

samples were precisely weighed and packed inside a

plastic sample holder, which fits into a brass specimen

holder provided by Quantum Design Inc. with a negligible

contribution to the overall magnetic signal. The M–H
loops are collected at a rate of 50 Oe s-1 in a field sweep

from ± 60 kOe at the vibrating frequency of 40 Hz. The

magnetization vs. temperature (M-T) measurements were

performed at a temperature sweep from 7 to 300 K in a

field of 100 and 1000 Oe following standard zero-field

cooled (ZFC) and field-cooled (FC) sequences.

2.3 Synthesis pathway of 3C Fe7S8 nanoparticles

Polycrystalline 3C Fe7S8 was synthesized by a thermal

decomposition method, according to the steps reported by

Lin et al [18] for the synthesis of hexagonal Fe1-xS pyr-

rhotite. A mixture of iron–oleylamine (Fe–OLA) and sul-

phur–oleylamine (S–OLA) complexes were prepared

separately in a three-neck flask equipped with an inlet of

nitrogen gas, condenser, magnetic stirrer, thermocouple and

heating mantle. The S–OLA complex was obtained from the

reaction of NH2CSNH2 (4 mmol) dissolved in OLA (10 ml)

at 180�C under nitrogen gas and then cooled down to lab-

oratory temperature (27 ± 3�C). The Fe–OLA complex was

prepared separately by dissolving FeCl2�4H2O (2 mmol) at

150�C in OLA. Further, the S–OLA complex was injected

into the Fe–OLA complex. The mixture was initially heated

at 180�C for 2 h, followed by reflux (260�C) for another 2 h,
and was quenched in wet ice (0 ± 3�C) from a relatively

high temperature (260�C). As the temperature of the sus-

pension reached the laboratory temperature (27 ± 3�C),
n-hexane was added to it. Black precipitates were obtained,

further separated via centrifugation, and then vacuum-dried

to obtain the 3C Fe7S8 nanoparticles. The schematic for the

synthesis of trigonal 3C Fe7S8 nanoparticles is shown in

scheme 2.

3. Results and discussions

3.1 Powder X-ray diffraction

The composition, crystallinity and phase purity of 3C Fe7S8
nanoparticles are confirmed by PXRD, as shown in

figure 1a. The experimentally obtained sample diffraction

peaks (relative intensities containing the c-axis and peak

positions (table 1)) are in good agreement with standard

JCPDS data (JCPDS no. 710591) [6], ensuring the hexag-

onal phase with the trigonal crystal structure (P3121 space

group) of the as-synthesized product with no additional

peak within the detection limit of the instrument. The most

intense diffraction peak centred at 2h *44� corresponds to
the plane (206). The peaks around 10�, 30�, 32�, 34�, 53�,
57�, 63�, 72�, and 73� correspond to planes (100), (200),

(006), (203), (220), (029), (400), (316), (046) and (0310),

respectively. Following the method given by Paul Scherrer

[19] in 1918, the crystallite size of as-synthesized 3C Fe7S8
is calculated considering the effect of limited particle size

on XRD patterns. Paul Scherrer approximated an expression

to relate peak-broadening and crystallite size. The formula

to estimate the crystallite size along the hkl plane from the
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measured width of their diffraction curves is given as

equation (1) [19]:

D ¼ Kk
bcosh

ð1Þ

here, the width b of the diffraction curve at an intensity

equal to half the maximum intensity, known as the full-

width at half-maxima (FWHM), is usually measured in

radians. The wavelength, k of the incident X-rays for Cu Ka

is k *0.154 nm, h is the Bragg angle, corresponding to the

hkl plane (hkl are the Miller indices of the planes being

analysed), and K is the numerical constant typically referred

to as the crystallite-shape factor, however, in the absence of

details of shape information, K = 0.94 is a good approxi-

mation. Instead of directly considering the b values from

peak broadening, it is corrected from standard data using

equation (2).

b ¼ b2M � b2S ð2Þ

where bM and bS are the measured widths of the diffraction

peaks of Fe7S8 and the standard sample. This results in

subtracting the instrumental errors from the peak broaden-

ing. The crystallite size corresponding to the highest

intensity peak along the (206) plane is *27 nm.

The comprehensive analysis of crystal structure was

carried out using the Rietveld refinement technique in the

trigonal phase with space group P3121 using the FullProf

Suite program to determine structural parameters like the

fractional lattice parameters, atomic coordinates, lattice

parameters and occupancy. The refinement is performed

with the Fe7S8 model (ICSD collection code no. 2106932)

[20], and the corresponding profile is shown in figure 1b.

The twelve-coefficient polynomial has been used to model

the background intensity. The Pseudo-Voigt profile func-

tions were applied to refine the shape and FWHM param-

eters of the XRD peak profiles. The refinement shows that

the diffraction peaks corresponding to this sample can be

indexed in the hexagonal system with the P3121 space

group. The quality of the refinement was evaluated through

the goodness of fit parameter (v2). Phase identification by

XRD for some systems, especially nanoscale materials, can

be particularly challenging because of nearly indistin-

guishable diffraction patterns [21]. Nanomaterial samples

that include multiple distinct subpopulations of different

sizes and/or shapes can produce more complex XRD pat-

terns [22]. In our experiment, the value is relatively higher

due to the fact that the model adopted for the refinement is

based on the bulk sample. However, when the dimension of

the particles reduces, the appropriate fitting of the model is

not simple as it is in the case of a bulk sample [21,22].

Moreover, due to a shorter scan time (15 min), fitting the

model in the refinement method will give a relatively larger

value of v2 (= 3.6). The experimental diffraction pattern in

figure 1b is displayed as black circles, and the calculated

diffraction pattern is shown as a red line. The blue lines

indicate the Bragg-allowed peak positions. The bottom

green curve indicates the difference profile between the

calculated and observed XRD pattern. The values of

Scheme 2. Schematic of the synthesis pathway of trigonal 3C Fe7S8 nanoparticles by thermal decomposition method in triple-neck

flask under nitrogen atmosphere followed by centrifugation and vacuum drying to obtain the final product.
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R-factors—profile factor (Rp), weighted profile factor

(wRp) along with v2, and the lattice parameters for the

as-synthesized sample are summarized in table 2. The low

values of various R-factors and v2, obtained after the

refinement, justify that the experimental data and the model

used to refine the XRD data match well. The electron

density mapping is obtained using the GFourier program to

understand the electron density and recognize the atomic

positions of the elements within the unit cell. The scattering

density, also known as electron density, q(x,y,z), is calcu-

lated from equation (3) [23]:

q x; y; zð Þ ¼ 1

V

X
Fhklj je� 2pi hxþkyþlz�ahklð Þf g ð3Þ

where V is the unit cell volume, Fhkl is the structure

factor amplitude, and ahkl is the phase angle of each

Bragg reflection (h,k,l). Electron density maps can be

displayed as two-dimensional (2D) or three-dimensional

(3D) Fourier maps. In 2D Fourier maps, the denser

electron density contours indicate the position of a rela-

tively heavier element in the unit cell. On the contrary,

the 3D Fourier maps employ a chicken-wire style net-

work, indicating a single electron density level. The 2D

map for the as-synthesized sample is shown in figure 2a.

The low charge density region is represented by dark

blue colour and the high charge density region by red.

The coloured region violet to red indicates increasing

levels of electron density around the Fe cation. The unit

cell of 3C Fe7S8, generated by the VESTA program using

a CIF file obtained through FullProf Suite structural

refinement of experimental data, is illustrated in figure 2b

to demonstrate a clear picture of the sites occupied by the

sulphur (S) and iron (Fe) ions. In the system under

investigation, S1, S2, S3, S4, Fe1 and Fe2 ions occupy

the 6c sites, cations Fe3 and Fe4 occupy 3b sites, while

3a sites are occupied by Fe5 and Fe6 cations. The dif-

ference in the scattering density between the sulphur

anion and Fe cations and their bond lengths are marked

Figure 1. (a) XRD pattern of as-prepared 3C Fe7S8 nanoparti-

cles. The data have been compared with standard data of trigonal

Fe7S8, JCPDS# 710591 as the reference. (b) Rietveld refined XRD

pattern of as-synthesized 3C Fe7S8 nanoparticles, obtained using

Fullprof Suite program.

Table 1. Comparison of the relative intensities reported in JCPDS no: 710591 with that of the obtained experimental PXRD data for 3C

Fe7S8.

JCPDS # 710591 Experimental PXRD data

2h (�) Containing c-axis Relative intensity 2h (�) Containing c-axis Relative intensity

31.463 0.03303 31.373 0.0341

34.008 0.57558 34.0653 0.58614

44.053 1 44.0073 1

57.662 0.07508 57.4387 0.07608

65.382 0.003 65.0043 0.00349

71.588 0.11912 71.186 0.10671

73.174 0.00501 73.1113 0.00525

The relative intensities are compared only for the planes containing c-axis.
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in figure 2a. Figure 3a demonstrates a 3D Fourier map of

individual atoms in the unit cell for the 3C Fe7S8 sample,

with strong peaks corresponding to the 6c sites of Fe

cations. The Fe atoms have a greater number of electrons

than S. Hence, Fe is expected to scatter the X-rays

strongly in comparison to S. Thus, the peaks

corresponding to Fe are more intense than that of S.

Figure 3b shows the polyhedron representation of 3C

Fe7S8 generated by the VESTA program using CIF file

obtained through FullProf Suite structural refinement of

experimental data.

3.2 Transmission electron microscopy

The bright-field TEM images (figure 4a–d) show the

morphology of the 3C Fe7S8 nanoparticles. The nanoparti-

cles are oriented in different directions with respect to

electron beams. This interaction between the particles and

the electron beam changes the elastic scattering diffraction,

which appears as different contrast in the TEM image. The

nanoparticles were grown in hexagonal-shaped particles.

However, some nanoparticles were observed to be disor-

dered in shape, which can be related [24] to the preferential

growth of the low-interfacial energy surface planes. The

hexagonal morphology observed in TEM can be related to

the diffracted planes, which confirms that the dominant

growth of direction is 0001h i. This means that the growth

happens along the normal direction (c-axis) of a low-energy
facet. The growth of the hexagonal-shaped nanoparticles is

assumed to be favoured by the HCP packaging and the

tendency of the nanoparticles to have energy stability by

energy minimization. The region (marked as the black cir-

cle) in the HRTEM image in figure 4d gives the interplanar

spacing of *0.59 nm (shown in the inset of figure 4d),

which corresponds to the (100) plane of the 3C Fe7S8 lat-

tice. In the selected area electron diffraction pattern

Figure 2. (a) Two-dimensional (2D) electron density (e/Å3) map in the unit cell of 3C Fe7S8 determined from

GFourier program, (b) unit cell of 3C Fe7S8 in (011) orientation, generated in VESTA program from CIF file obtained

after the Rietveld refinement of PXRD data of the sample in Fullprof Suite program.

Table 2. Structural parameters obtained after Rietveld refinement

of XRD data of as-synthesized 3C Fe7S8 nanoparticles, using the

Fullprof Suite program.

v2 3.6

wRp (%) 6.2

Rp (%) 5.1

Space group P3121
a = b (Å) 6.8

c (Å) 17.2

c (�) 118

x y z Occupancy

S3 0.60383 0.34262 0.07661 1.09124

Fe1 0.50389 0.50479 0.16125 1.04526

S2 0.31630 0.14991 0.25052 1.04983

Fe4 0.50633 0.00000 0.83333 0.53566

Fe2 0.52585 0.51569 0.33672 0.92194

S4 0.17068 0.84899 0.10169 0.82666

Fe3 0.00658 0.00000 0.83333 0.50000

Fe6 6.03173 0.00000 0.33333 0.09350

Fe5 - 0.01151 0.00000 0.33333 0.41500

S1 0.18997 0.36539 0.07716 1.09545

The values v2 and wRP (%) represent the v2 and weighted profile R-value,

respectively. Unit cell parameters are denoted by a, b, c and c.
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(figure 4e), the reflection planes (200), (203), (006) and

(206) are indexed, revealing the crystalline nature of 3C

Fe7S8 nanoparticles. The analysis is consistent with the

findings of XRD data. The prepared nanoparticles are

composed of many nanocrystals. The growth direction of

these nanocrystallites, along 0001h i direction, reveals the

most stable (minimum energy) facet. This particular growth

of the nanoparticles may strongly be favoured by OLA used

as the surfactant in the synthesis. This also opens the doors

to study the growth mechanism of these nanoparticles under

variable conditions. Figure 4f represents the particle size

distribution of the as-synthesized sample with an average

particle size of *150 nm, which may be related to the

Oswald ripening process, in which the synthesis tempera-

ture significantly affects the growth rate of nanoparticles

[25]. When the reaction temperature is high, the dissolution

rate of small nanoparticles in a supersaturated solution

increase, resulting in the formation of large nanoparticles.

3.3 X-ray photoelectron spectrometer

The surface composition and the oxidation state in 3C Fe7S8
of the Fe and Se spectrum were investigated by the XPS

technique. Figure 5a shows the survey spectrum of the as-

synthesized compound, confirming the presence of Fe and S

along with the other elements. The presence of C 1s and

N 1s in the spectrumwas due to the capping of oleylamine on

the surface of the synthesized nanoparticles. The survey

spectrum shows the presence of O 1s due to the surface oxi-

dation of the compound by the ambiance. The core-level

binding energy (BE)was alignedwith the carbonBEof*284

eV (figure 5b). Figure 5c shows the XPS spectra of Fe 2p core

level BE of Fe7S8 containing two characteristic peaks at

*711 and*724 eV corresponding to Fe 2p3/2 and Fe 2p1/2,
respectively, with the spin-orbit splitting energy of 13 eV.

The peak Fe 2p1/2 (*724 eV) further divides into two peaks at

*723 and 725 eV. In the Fe 2p core-level spectrum, the peaks

*707 and 720 eV imply the existence of the Fe2? state in the

compound [26]. The other two peaks at *711 and 724 eV

imply the existence of a higher oxidation state (Fe3?) of the

iron species in corresponding Fe-S nanoparticles. This

analysis is favourable with the expectation that Fe7S8 should

have both Fe2? and Fe3? for electron neutrality [26]. The

deconvoluted peaks at BE *711 and 724 eV are due to

the Fe–S bond [26]. The peak at *725 eV is due to 2p1/2
of Fe2? in the compound, attributed to the Fe–O bond may

be due to the surface oxidation [26]. Hence, Fe exists in

two oxidation states—Fe2? and Fe3?, to account for the

electron neutrality in the compound. Figure 5d shows the

XPS spectrum of S 2p in 3C Fe7S8, with the characteristic

peaks at *161 and *164 eV, corresponding to S 2p3/2
and S 2p1/2, respectively. After deconvolution, two sub-

peaks were obtained for a distinct peak at *162 eV,

whose binding energies are nearly the same, signifying the

presence of C–S–C and C=S bonds, respectively [26]. In

addition, the deconvolution also depicts the presence of

S–O peaks (*165 and 168 eV) in the core S 2p spectrum

(figure 5d) of the compound, indicating surface oxidation.

Further, the XPS spectrum of O 1s (figure 5e) shows four

types of oxygen—OI (*530 eV), OII (*531 eV), OIII

(*533 eV) and OIV (*535 eV) correspond to lattice

oxygen at the surface of the compound, –OH group, S–O

group, and physi-/chemisorbed water on the surfaces due

to the air exposure, respectively [27]. Thus, the formation

of 3C Fe7S8 is confirmed by XPS analysis. Still, it is also

Figure 3. (a) Three-dimensional (3D) electron density (e/Å3) map in the unit cell of 3C Fe7S8 determined from

GFourier program. (b) Polyhedron representation of 3C Fe7S8, generated in VESTA program from CIF file obtained

after the Rietveld refinement of PXRD data of the sample Fullprof Suite program.
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evident that the compound readily undergoes surface

oxidation when exposed to air [28] while preparing the

sample for the measurement.

3.4 Raman spectroscopy

To explore the local structure of 3C Fe7S8 nanoparticles,

Raman spectroscopy at laboratory temperature (23 ± 2�C)
was recorded in the frequency range from 100 to 1500 cm-1

to under the laser of 632 nm wavelength (figure 5f). The

Raman spectra of trigonal Fe7S8 revealed the strongest pho-

non bands *218, 280 cm-1, which are also characteristic

peaks of pyrrhotites [26]. The data shows two A1g (*218,

488 cm-1) [29] and three Eg (*280, 403, 602 cm-1) [29]

Raman active modes. The small peak at *602 cm-1 corre-

sponds to the Fe–O bond [27]. The distinct peak at *1300

cm-1 can be attributed to C=C from the oleylamine [27]. The

peak *1080 cm-1 may arise due to the asymmetric stretch-

ing of the S–O bond [29]. Based on the earlier reported

data, the frequency positions of the Raman peak for the as-

synthesized sample support the formation of the trigonal

structure of the synthesized sample.

3.5 Magnetic properties of 3C Fe7S8 nanoparticles

As already mentioned, the magnetic properties of the 3C

Fe7S8 compound are not clearly discussed in the earlier

reports. Hence, to investigate the magnetic properties of the

as-synthesized 3C Fe7S8 nanoparticles, the ZFC-FC M-T

measurements have been recorded using SQUID-VSM.

Figure 6a shows the ZFC-FC M-T curves obtained for as-

synthesized 3C Fe7S8 nanoparticles at the applied magnetic

field of 100 and 1000 Oe, respectively. The ZFC and FC

M–T curves are split in the temperature range from 7 to

300 K. In the ZFC process the sample is first cooled down to

7 K without applying an external magnetic field. After

applying the magnetic field (100 or 1000 Oe), the magne-

tization is measured for increasing temperature till 300 K.

In the same magnetic field, in the FC process, the magne-

tization is recorded for decreasing temperature till 7 K. The

M–T curves show that the ZFC and FC curves do not follow

the same path. Hence, in each case (100 and 1000 Oe), the

M–T curves show an irreversible behaviour. Thus, the

divergence of ZFC-FC M-T curves of 3C Fe7S8 over

the whole range of temperature up to 300 K signifies the

formation of an ordered magnetic state with a high TC of the

sample above 300 K. The magnetic anisotropy plays a

crucial role in determining the magnetization and shapes of

ZFC and FC curves at a given field strength. It aligns the

spins in a preferred direction. As the sample is cooled

without an applied magnetic field during the ZFC process,

the spins are locked in random directions. When an external

field is applied at the lowest temperature (7 K), the resultant

magnetization will depend on the anisotropy of the system.

A highly anisotropic system requires a high anisotropic field

to rotate the spins in the direction of the applied magnetic

Figure 4. (a–c) The bright-field TEM images of as-prepared 3C Fe7S8 nanoparticles at different scales. (d) HRTEM;

inset depicts the zoomed-in view of the lattice fringes spaced at *0.59 nm, representing the (100) plane of 3C Fe7S8.

(e) The selected area electron diffraction pattern reveal the presence of most intense peak (206) obtained from XRD

data. (f) Particle size distribution of the sample 3C Fe7S8 nanoparticles.
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Figure 5. (a) XPS survey spectrum of as-synthesized 3C Fe7S8 nanoparticles, and high-resolution spectra of

(b) C 1s, (c) Fe 2p, (d) S 2p, (e) O 1s are showing the binding energy of the core levels. (f) The Raman spectrum

of as-synthesized 3C Fe7S8 nanoparticles from 100 to 1500 cm-1 excited under wavelength of 632 nm. The prominent

peaks *218 and 280 cm-1 are the characteristic peaks of the pyrrhotites.
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field [30], resulting in small magnetization. During the FC

process, the magnetization will increase with a decrease in

temperature, as the spins will be locked in a particular

direction depending on the magnetic field strength. The

blocking temperature (TB) is a function of the interparticle

interaction, the particle size, the anisotropy energy and the

measurement timescale. Above TB, the thermal activation

energy becomes higher than the effective anisotropy energy,

making the spins freeze and orient in random directions.

However, below TB, spins freeze in the direction of their

easy axis. The sample exhibits coercivity below TB and

becomes zero above TB [31,32]. As shown in the TEM

images, the as-synthesized nanoparticles are agglomerated

as many nanocrystallites; hence the average blocking tem-

perature (TB) is considered as the peak of the ZFC curve.

Polydispersity in the sample may cause the blocking phe-

nomena for each particle on each side of the ZFC peak,

resulting in the bifurcation of the ZFC–FC curve above TB.
Figure 6b shows the TB for the sample as 210 K at 1000 Oe

applied magnetic field. However, there is no noticeable

peak in the ZFC curve at 100 Oe. Hence, now the question

is to consider how the energy barrier (the temperature where

the ZFC curve exhibits a maximum) disappears as the

external magnetic field is decreased to 100 Oe. The applied

magnetic field, interparticle interaction, magnetic aniso-

tropy energy and thermal activation energy impact the

blocking phenomena of the spins. The magnetic moment of

each particle is oriented along the easy axis, and the parallel

and antiparallel directions of these moments are separated

by an energy barrier KuV. When the applied magnetic field

is zero, the easy axes of the particles are randomly oriented,

and the net magnetization of the system is zero. Upon

applying an external applied magnetic field (H) smaller than

the anisotropic field (Ha), the energy barrier changes [32]

from KuV to KuV [1 ± (H/Ho)]
2, where Ku and V are uni-

axial anisotropy constant, and the volume of the particle. Ho

is presented as Ho = 2Ha = 2Ku/MS. The sign (?) represents

the moment flip from parallel to antiparallel, and the sign

(–) represents the moment flip from antiparallel to parallel

direction. The ZFC curves of the specimen at 100 and 1000

Oe magnetic fields are shown in figure 6b. A peak appears

at *210 K at a higher applied magnetic field (1000 Oe) and

diminishes as the magnetic field is reduced to 100 Oe. The

argument discussed above is also supported by the fact that

TB depends directly on anisotropy energy [31]. With the

decrease in the anisotropy energy, a decrease in TB will also

be observed. This again explains the shape of ZFC–FC

curves obtained at 1000 and 100 Oe. Another low-temper-

ature magnetic transition is observed at *33 K. The

structure of 3C pyrrhotite with space group P3121 resem-

bles that of the 4C structure in the sense that vacancies are

confined to alternate layers of iron. Powder samples of 4C

Figure 6. (a) Zero-field-cooled (ZFC) and field-cooled (FC) magnetization vs. temperature (M–T) curves for the

sample 3C Fe7S8 nanoparticles at 1000 Oe (black curve) and 100 Oe (red curve). The inset shows dM/dT for the

moment calculated from the ZFC data has a peak *33 K. (b) ZFC M–T curves for the sample 3C Fe7S8 at applied

external fields of 1000 and 100 Oe in the temperature range of 7–300 K.
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pyrrhotite show an anomaly at low temperature *30–34 K

(known as Besnus transition) [16,17]. This low-temperature

magnetic transition stems from the spin rotation, which can

be related to the structural changes at an atomic level

caused by the highly ordered vacancies in 4C pyrrhotite,

which in turn affect the spin-orbit coupling with no crys-

tallography change of the structure [33,34]. Assuming the

similar spin arrangements in 3C and 4C pyrrhotites, the

low-temperature magnetic transition observed at *33 K at

1000 Oe applied magnetic field (figure 6b) for as-synthe-

sized 3C pyrrhotite may be assigned as the Besnus transi-

tion. The inset shows dM/dT for the moment calculated

from the ZFC data has a peak *33 K. The shoulder around

the Besnus transition implies a rotation of magnetic

moments out of the a–c planes of the structure, however it

appears that the transition temperature might vary locally

[35]. Further, a clear low-temperature sharp fall is observed

in the ZFC curve of the sample. This may be due to several

reasons like formation of canted ferromagnetic domains or

anti-parallel spins, or presence of diamagnetic S2- ions

[35].

To acquire further insights into the magnetic properties of

the 3C Fe7S8 nanoparticles, the M–H curves were measured

using a SQUID-VSM. Figure 7a–d shows M–H hysteresis

curves taken at 7, 33, 210 and 300 K in the magnetic field

range of ±60 kOe, because of the anomalies observed at

these temperature values in M–T graphs (figure 6b). As

shown in figure 7a–d, the sample demonstrates ferrimag-

netic-like behaviour at all measurement temperatures.

However, the magnetization does not show saturation at the

highest applied magnetic field of 60 kOe. Such behaviour

indicates that the spins of the system require a high aniso-

tropic field to align in a particular direction. We observed an

initial remanence in the sample at all measurement tem-

peratures. Remanence comes from the vacancies in the

specimen. The presence of initial remanence in the M–H
hysteresis loop may be attributed to the induced magneti-

zation due to the Fe vacancies in a powdered polycrystalline

sample. The hysteresis curves illustrate that HC,M60 kOe and

MR values of the sample increase with a decrease in tem-

perature. Among all four measurement temperature values,

the 3C Fe7S8 NPs appear to exhibit hysteresis with HC,

M60 kOe andMRof*1.5 kOe,*22 emug-1 and*11 emug-1,

respectively, at 300 K, which increases to *3.3 kOe,

*25 emu g-1 and *13 emu g-1, respectively at 7 K

(table 3). The increase in these values at the lower tem-

perature may have contributions from the reduction in

thermal activation energy and the increase in overall

Figure 7. (a–d) Magnetization vs. external magnetic field (M–H) hysteresis loops of the sample 3C Fe7S8
nanoparticles at 7, 33, 210 and 300 K. The M–H hysteresis loops illustrate the increase in M60 kOe, HC and MR values

of the sample with decrease in temperature.
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effective magnetic anisotropy, making more spins available

to align in the direction of the applied magnetic field. In the

Fe1-xS compounds, there are two types of Fe ionic states—

Fe2? and Fe3? along with ordered Fe vacancies in alternate

layers of the lattice [11]. The magnetic moments of Fe in

the compound are ferromagnetically arranged inside each

layer but are coupled antiferromagnetically to each other

between adjacent layers [36]. The vacancies in every second

layer contribute to the spin orientation. The presence of

ionic states of iron and the vacancies in the lattice lead to

uncompensated magnetic moments, giving rise to the fer-

rimagnetic ordering in the compound [37]. The neutron

diffraction of the compound is still awaited. However, in the

equivalent phase, 3C Fe7Se8, the moments of Fe ions in

c-plane are parallel to one another (ferromagnetic ordering

of moments), whereas the moments of Fe ions in the adja-

cent c-plane are antiparallel (antiferromagnetic ordering of

moments) [38]. Thus, owing to a net spontaneous moment

caused by the uncompensated moments below the ordering

temperature, 3C Fe7Se8 possesses ferrimagnetic ordering,

which further suggests that the 3C pyrrhotite exhibits fer-

rimagnetic ordering.

For a polycrystalline powdered sample, calculation of

the magnetic anisotropy constant (K) is not simple as it is

composed of several agglomerated nanocrystallites (shown

in the TEM image). Therefore, the orientation of the

powdered sample along one easy axis and then the hard

axis is not as simple as it may be for a single crystal in

VSM. The magnetic anisotropy of any material is its

intrinsic property. Therefore, calculation of K from the

measured hysteresis loop of the sample will give the

effective magnetic anisotropy (Keff) of all the particles

oriented in random directions. The presence of ordered Fe

vacancies in the 3C Fe7S8 structure gives rise to a highly

anisotropic crystal field and the spin–orbit coupling, which

in-turn creates a large magnetocrystalline anisotropy in the

system [39]. The anisotropy field (Ha) is defined as the

field required to saturate the magnetization in the hard

direction. The M–H curve in both the easy and hard axes

is extrapolated to calculate Ha. The value of Keff at all

temperatures is calculated from Ms and Ha using the

following equation [39,40].

Keff ¼
1

2
MSHa ð4Þ

The value of Keff is 0.59105 erg cc-1 at 300 K, which

increases to 1.59105 erg cc-1 at 7 K (table 3). To determine

the type of magnetocrystalline anisotropy, ln(Keff) is plotted

against ln(M60 kOe), as shown in figure 8. For a system with

uniaxial magnetocrystalline anisotropy, Keff should be

proportional to M60 kOe
3, whereas for a cubic magne-

tocrystalline anisotropy, Keff should be proportional to

M60 kOe
10 [41]. The linear fit of the plot gives a slope of 7.2,

indicating that the sample predominantly exhibits uniaxial

anisotropy [41].

The maximum energy product (BHmax) is the measure of

the magnetic energy stored in the material, which is esti-

mated by the maximum area of the rectangle under the B–H
curve in the second quadrant of the B–H hysteresis loop

(figure 9a–d) [40]. Theoretically, the maximum energy

product is defined as:

BHmax ¼
1

4
l0M

2
S ð5Þ

where l0 defines the magnetic permeability of free space,

and MS is the saturation magnetization. The given equation

describes an important role played byMS in determining the

energy product of the material. The 2nd quadrant of the B–H
loop for 3C Fe7S8 nanostructure at all temperatures is

shown in the inset of figure. The area under the grey shaded

Table 3. Summary of the magnetic parameters calculated for the sample 3C Fe7S8 nanoparticles at different measurement temperatures.

Measurement

temperature (K)

HC

(kOe)

MR

(emu g-1)

M60 kOe

(emu g-1) MR/MS

Ha

(kOe)

Keff

(erg cc-1) 9 105
BHmax

(kG Oe)

7 3.3 13.1 25.65 0.510 11.7 1.50 128.7

33 2.6 12.3 25.60 0.480 8.2 1.05 115.2

210 1.5 11.5 24.62 0.467 5.1 0.63 102.2

300 1.0 10.0 22.80 0.439 4.4 0.50 71.7

Figure 8. Linear relationship between Keff and M60 kOe in the

logarithmic scale, with a slope of 7.2, indicating that the sample

predominantly exhibits uniaxial anisotropy.
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portion represents the BHmax of the sample. For the given

set of measurement temperature values (7, 33, 210 and

300 K), the value of BHmax is 71.7 kG Oe, at 300 K and

becomes 128 kG Oe at 7 K (table 3), making the compound

valuable for various applications at low temperature.

4. Conclusions

The trigonal 3C Fe7S8 nanoparticles are prepared using the

thermal decomposition method. The crystallite size of the

nanoparticles along the (206) plane is*27 nm, as estimated

from the XRD pattern. The ZFC and FC magnetization data,

recorded at 100 and 1000 Oe, reveal magnetic ordering with

high TC (above 300 K). The hysteresis curves measured at

different temperatures (7, 33, 210 and 300 K) show the

ferrimagnetic behaviour of 3C Fe7S8 nanoparticles. The

magnetic parameters—coercivity (HC), saturation magneti-

zation (M60 kOe), the effective anisotropy constant (Keff) and

the maximum energy product (BHmax) appear to increase as

the measuring temperature is lowered down. Among the set

of measurement temperatures, the HC,M60 kOe andMR show

the highest value of *3.3 kOe, 25.6 emu g-1 and

13 emu g-1, respectively, at 7 K. As a result of increasing

M60 kOe at lower measurement temperatures, the BHmax

value increases with decreasing temperature. It becomes

*128 kG Oe at 7 K, the highest value obtained for the

given set of measurement temperatures in this study. The

high value of BHmax of *128 kG Oe at 7 K signifies that

the compound may be considered for low-temperature

industrial applications. To the best of our knowledge, these

findings for 3C Fe7S8 nanoparticles have been done for the

first time.
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