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The chapter starts with a discussion on the crucial role of nucleation and growth 

in formation of crystalline materials in solids.  

Nucleation and growth theories are discussed, and the growth termination 

conditions are also highlighted.  

The importance of these concepts is briefly explained by the ZnO example.  

Further, the importance of transition metal chalcogenides in various areas of 

science is discussed followed by discussion on the selenide’s uniqueness.  

The Fe-Se system shares the most unique properties due to the complex crystal 

structures. The magnetic properties hugely change with change in the 

stoichiometry of Fe and Se.  

Iron-selenium binary phases are mentioned in detail. Synthesis methods used so 

far to fabricate the Fe-Se system at the nanoscale by chemical methods have also 

been discussed.  

The interesting magnetic properties of Fe3Se4 are highlighted and a literature 

review is explored including the crystal structure, chemical synthesis routes, and 

the magnetic properties of the Fe-Se system. 
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1.1 Introduction 

1.1.1 Formation of hard-condensed matter and crystallinity 

Solid-state materials are classified based on the periodic arrangement of atoms or ions with 

respect to one another. Many of the naturally occurring and man-made solids are crystalline. A 

crystalline material consists of a repeating or periodic arrangement of atoms over large atomic 

distances. This implies that long-range ordering is present where atoms reorganize themselves 

in a repetitive three-dimensional pattern upon solidification, and each atom is bonded to its 

nearest-neighbor atoms1–2.  

 

Figure 1. The solids are categorized according to their crystalline order. The periodicity of the 

atomic structure in each type of solid material is illustrated in the figure. The brown circle 

represents the atom. 

According to crystallinity, the solids are classified into three categories― 

a) Single-crystalline solids (infinite periodicity): These materials have an crystal structure that 

repeats periodically over the entire volume. Each atom is associated with all other equivalent 

atoms by translational symmetry1–2. 

b) Polycrystalline solids (local periodicity): They are composed of many individual crystallites 

or grains. The long-range ordering is present within each grain in the atomic structure, the same 

as a single crystal. There is no periodicity over the entire volume of the material due to the 

absence of a relationship between neighboring grains1–2.  

c) Amorphous solids (no long-range order): They do not have long-range order and thus no 

translational symmetry. However, the structure is not truly irregular.  The short-range ordering 

is present in the structure, giving rise to approximately-defined distances between atoms1–2. 

The fundamental difference between these three categories is the arrangement of atoms 

according to their translational symmetry over the length scale. The difference in structure 

Single crystal Polycrystal Amorphous solid
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between these three classes of solids decides many of the physical properties, including 

mechanical, optical, magnetic, and electronic behavior. 

The majority of the time, the natural crystals interrupt their long-range ordering. There 

are very few naturally occurring solids that are made up of a single crystal, such as salt, quartz, 

diamond, Iceland spar, and topaz3. Solids are usually polycrystalline in nature and are 

constructed by several numbers of smaller crystallites. These smaller crystallites are 

microscopic and oriented differently with highly defective boundaries. An amorphous layer of 

solid holds these crystals together. For example, materials such as common metals, ice, rocks, 

and ceramics are polycrystalline in nature, where the order and orientation are very random4. 

The polycrystalline solid growth process or processing conditions determine the final structure 

and properties. 

1.1.2 Importance of nano dimensions in polycrystalline solids 

The study of nanostructured materials has recently become a highly interdisciplinary research 

field. Research on these materials began during the mid-1980s after Gleiter et al. 5 introduced 

the concept of nanostructured materials for the first time. Since then, many new directions in 

research and technologies have opened up as a result of the ability to alter the physical and 

chemical properties of solids by altering their dimensions at the nanoscale. The studies are 

focused heavily on systematic variation in the electronic structure of materials with size at 

nanometer scales.6 

Nanocrystalline (NC) materials are polycrystalline materials whose crystallites (grain 

sizes) are up to nearly 100 nm in size, at least in one of their dimensions. These materials bridge 

the gap between amorphous materials having short-range order and conventional coarse-

grained materials. The extremely small dimensions of these materials ensure that a significant 

component of the atoms is located at the grain boundaries, which provides special 

characteristics.6 It is very often true that NC materials have distinct properties from traditional 

polycrystalline materials. NC materials exhibit enhanced diffusivity, increased 

strength/hardness, improved ductility/toughness, higher electrical resistivity, reduced density, 

superior soft magnetic properties, reduced elastic modulus, lower thermal conductivity, higher 

thermal expansion coefficient, and increased specific heat in comparison to conventional 

materials. In this field, sustained efforts have yielded interesting results in applications such as 

https://en.wikipedia.org/wiki/Polycrystalline
https://en.wikipedia.org/wiki/Crystallite
https://en.wikipedia.org/wiki/Amorphous
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fluorescent sensors in biological applications, magnetic materials, UV protection films, 

photocurrent generation in various devices, catalytic reactions, optical switches, nanotweezers, 

and other devices.7–13 

However, the synthesis of nanocrystals of the required crystal structure and morphology 

is crucial for realizing these applications. The formation process of materials highly influences 

crystal structure and morphology. In order to meet this requirement, it is essential to understand 

the formation process of solids at the nanometric scale. Since it is easy to implement and offers 

a high degree of versatility, the solution route synthesis of nanocrystals has become the 

preferred method for obtaining these nanocrystals.14 

1.1.3 Growth process of solids from solution route 

Precipitation, co-precipitation, and other processes that lead to solids from liquid solutions are 

essential to nature and industry. More than 70% of all solid materials manufactured in the 

chemical industry are produced by precipitating solutions. Two sequential events are generally 

involved in these processes, namely nucleation, and growth. Numerous real-life processes 

involve nucleation and growth. A few of them are addressed below. 15–16 

Ice formation has 2 stages― nucleation and continuous ice growth17. The nucleolus of 

ice is established as the drop of water touches the sub-zero surface after a time delay. This 

process is regulated by the thermodynamics of the ice water-surface system, which is defined 

by the Gibbs energy barrier (∆G). The ∆G depends on the surface factor, which is the function 

of surface geometry (nano or micro) and higher free energy17. Through these parameters, ice 

nucleation can be tuned. Followed by ice nucleation, the growth process starts which is 

controlled by heat transfer. Two extreme conditions can explain ice growth. First one is when 

the ice formation occurs without air flow and the rate of ice growth is determined by substrates 

heat transfer. The second case is when ice growth occurs in an airy climate where the ice growth 

rate is primarily governed by variable heat transfer17. All the ideas about ice formation on the 

surface apply to a single, isolated drop. However, in practice, too many droplets in a given area 

can disrupt the nucleation and growth process, causing an ice bridge phenomenon, which 

causes the vapor source to sink because of a vapor pressure difference between the ice droplet 

and nearby liquid droplets17. 
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Figure 2. The nucleation of CO2 on a finger. 

Similarly, there are numerous other examples showing nucleation and growth of 

crystals: sugar crystals growing on a string, crystallization of a snowflake over a dust particle, 

and putting your finger in a glass of soda will cause CO2 bubbles to nucleate around it as shown 

in Figure 218.  

 

Figure 3. Using nucleation and growth to drive the development of advanced materials and 

their applications. 

As shown in Figure 3, nucleation and growth play an essential role in developing 

advanced materials and applications. In the chemical industry, the selectivity and activity of 

catalysts (e.g., Pt, RuO2, TiO2) strongly depend on the morphology, crystallinity, and surface. 

In the pharmaceutical industry, the tablets (e.g., digoxin) bioavailability is affected by the 



Ph.D. Thesis  Chapter 1 

 

7 

CSIR-NCL                                                                                                                                                       Monika 

 

hygroscopicity, crystallinity, and shape. In the health industry, the nanodimensions biosensors 

(such as plasmonic gold nanoparticles, fluorescent quantum dots (QD)) properties are crucial 

to morphology, crystallinity, dopants, surface charges, morphology, and capping density 

ligands19. 

For the synthesis of these materials, several successful attempts have been made using 

a solution-phase methods, like hydro- and solvo- thermal, a polyol-assisted, an electrochemical, 

and a seed-mediated process. However, to gain better control over the synthesis that leads to a 

material with prime properties for particular applications, it is necessary to recognize the 

atomic or molecular level processes that result in the various macroscopic states and the 

methodologies that determine pathway selection, especially for complex systems.19 

The initial phase in the development of these materials is nucleation, in which 

monomers (such as atoms, ions, or molecules) form a new thermodynamic structure at the 

atomic or molecular level; the second step is growth, in which monomers are integrated into 

the surface of the nuclei as they grow larger. As a result, these nucleation and growth processes 

are critical for accurately controlling the final solid material's structural traits and qualities. The 

nucleation and growth theories will be discussed below, followed by applying them in the 

material. Nucleation and growth both have two theories― classical and non-classical.19 

a) Classical nucleation theory (CNT) 

Volmer, Weber, Becker, Doring, and Frenkel have done the pioneering work on this theory in 

the 1920s and 1930s. Initially, CNTs were proposed to explain the condensation of vapors into 

liquids and later carried out to other liquid-solid equilibrium systems, for example, saturated 

liquids crystallization. This theory is most often used to explain the formation of novel 

thermodynamic phases or new structures in terms of a continuum. Depending on whether or 

not there is a foreign body, nucleation is classified into two categories― homogeneous and 

heterogeneous (Figure 4).19 

Homogenous nucleation is the process of primary nucleation in a chemically homogeneous 

medium. However, it might happen if a foreign substance acts as the active center of the first 

monomer unit (e.g., atoms, ions, or molecules) and this process is termed as the heterogeneous 

nucleation. When the dissolved cluster of the same species is present in the system, it is called 

secondary nucleation. Liquid solutions are, to some extent, homogenous media, which assures 
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that internal nucleation is homogeneous in theory. However, heterogeneous nucleation in a 

solution is caused by the existence of multiple heterogeneities at the molecular level (such as 

solvent, different kinds of monomers, contaminants, and the container wall).19 

 

Figure 4. Homogeneous and heterogeneous nucleation processes. 

This is more difficult than typical metal and alloy solidification. According to CNT, the 

interface tension, temperature, and supersaturation are prime governing parameters for both 

types of nucleations. The LaMer and Dinegar extended the CNT for colloidal particles and 

nanoparticles (NPs). According to the LaMer model, NP creation involves immediate 

nucleation (also known as burst nucleation) and diffusion-controlled growth. The 

agglomeration criteria are not taken into account in this model. It is essential to note that to 

date, the LaMer model is the single theory for narrowly dispersed colloidal particles/NPs via 

self-assembly.19 

The shortcomings of CNT are: 

1. For some binary spherical clusters (such as ethanol-water), the composition of the cluster 

surface may differ significantly from the bulk. 

2. The assumption of immobilized nucleation is not always valid in practice. CNT cannot 

account for nucleation rate when the nucleation driving force fluctuates frequently, and the 

cluster size distribution cannot relax quickly enough to achieve a stationary state. 

3. CNT does not work for small clusters having 20–50 molecules. 

4. Originally developed for vapor-liquid systems, CNT cannot provide information on the path 

from solution to crystallization.19 
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b) Non-Classical nucleation theory (NCNT) 

The hypothesis was presented to explain complicated behaviour and events that do not fit in 

CNT, such as the empirically observed intermediate phases in solution crystallization.  NCNT 

is not replaced but complements the CNT. However, comprehensive NCNTs applied in all 

systems have not yet been developed. This is an important and complex research field, but only 

limited literature are dedicated to improving NCNT.19 

In CNT, the nucleation solids are subjected to a single-step process where the cluster 

reaches a critical size and becomes thermodynamically stable. This continues to grow 

spontaneously (Figure 5a), while in NCNT, additional steps are present to describe the 

intermediate states.  

The NCNT can be represented by 2 basic processes: a two-step nucleation mechanism 

and the concept of a pre-nucleation cluster, regardless of whether the generated intermediates 

are thermodynamically metastable or stable (Figures 5b and c). The pre-nucleation clusters in 

the pre-nucleation clusters hypothesis were previously considered to be thermodynamically 

stable but did not have an interface boundary, whereas the dense liquid-like phase in the two-

step nucleation process was previously supposed to be thermodynamically metastable.19  

 

Figure 5. Mechanisms for crystal nucleation: (a) Classical nucleation theory, (b) Two-step 

nucleation mechanism, and (c) Pre-nucleation clusters concept. 
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Two-Step nucleation 

Derived from the numerical simulations of protein crystal nucleation, Wolde and Frenkel 

postulated the two-step nucleation mechanism. The creation of a liquid-like phase with a lower 

nucleation barrier ΔG compared to a conventional nucleation process is thought to be the initial 

step toward producing a critical cluster. Wolde and Frenkel offer an approach for controlling 

protein nucleation without influencing growth rate by manipulating the system's composition 

(e.g., adding non-ionic polymer). As a result, the interaction spectrum changes, resulting in a 

metastable liquid-liquid critical point. Guided by this, particle morphology and size control 

techniques are available by modifying local ligand and solvent environments.19 Later in the 

lysozyme protein crystallization process, additional experimental proof for liquid-liquid phase 

separation is provided by Vekilov and Galkin. They use static light scattering to examine the 

shift in phase boundary and drastically alter the nucleation rate by adding glycerol and 

polyethylene glycol to the mixture, as recommended by Wolde and Frenkel. The two-step 

nucleation method has been expanded and applied to the cooling crystallisation of small 

compounds by Davey and co-workers. It was discovered that two phases, a solute-rich dark 

phase and a solute-lean light phase, formed. Nucleation happened in both phases, according to 

the gas chromatography compositional study, but the majority of domains are created in the 

dark phase.19  

 

Figure 6. (a) Transmission electron microscopy (TEM) image of liquid-like precursors formed 

by CaCO3 and (b) Molecular dynamics simulations for the evolution of dense liquid clusters 

The presence of liquid-like precursors for the nucleation of inorganic crystals, primarily 

CaCO3, has been proven experimentally and computationally. In-situ wide-angle X-ray 
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scattering (WAXS) was used to track the production of crystalline carbonate phases from 

liquid-like precursors, and liquid-like precursors were described using transmission electron 

microscopy (TEM), as shown in Figure 6a.  

Wallace and co-workers expect the creation of a dense liquid phase by liquid-liquid separation, 

in which CaCO3 nucleation occurs, based on the experimental findings. The cluster dynamics 

reported via MD simulation match those observed by TEM (Figure 6b).  

In summary, there are two key notations in the two-step nucleation mechanism: 

1. There are two energy obstacles to jump: the nucleation of dense liquid-like clusters and the 

formation of crystals largely within the dense liquid phase via structural transition. 

2. Here between dense liquid and bulk liquid phases, there is a phase boundary.19 

Pre-Nucleation clusters (PNCs) concept 

Although analogous processes have previously been reported for biomineralization and the 

production of organic NPs, Colfen and co-workers were the first to propose the PNCs idea. 

The "non-classical" PNCs method for building various inorganic and organic crystals appears 

to be supported by experimental and theoretical data. In summary, the PNCs approach has five 

essential concepts that distinguish it from Wolde and Frenkel's two-step nucleation 

mechanism19: 

1. Because PNCs are thermodynamically stable clusters with "solute" properties, there is no 

phase boundary between them and the bulk solution. 

2. PNCs are mostly made up of solid-forming monomers (atoms, molecules, and ions), but they 

can also contain other chemical species. 

3. Phase separation is aided by PNCs, which are molecular precursors. 

4. PNCs are very dynamic entities that alter their configuration on time scales comparable to 

molecular rearrangements in solution. 

5. PNCs may have structural motifs that are similar to or related to one of the crystalline 

polymorphs.19 

c) Classical and non-classical crystal growth 

The features of resultant products formed in the system are determined by particle growth and 

nucleation. Furthermore, crystal growth conditions and rate considerably influence product 
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purity and crystal structure. The layer-by-layer addition of monomers on an existing crystal 

surface may also be ascribed to crystal size expansion in the classical crystal growth 

framework, and the thermodynamic driving force, such as supersaturation S, dictates the 

growth mechanism.19 This traditional approach, on the other hand, merely catches a portion of 

the picture. Nanoscience and biomineralization, for example, have supplied multiple pieces of 

data that challenge the traditional hypothesis. Crystal size enlargement can also be attributed 

to particle assembly via both oriented and non-oriented attachment or aggregation in the non-

classical crystal growth framework (Figure 7).19 

 

Figure 7. In classical models of crystal growth, crystals are produced by monomer-by-

monomer addition of ions, atoms, or molecules (grey curve). In contrast, non-classical crystal 

growth occurs by adding higher-order species ranging from multi-ion complexes to fully 

formed nanocrystals. 

The thermodynamic factors of the process, such as temperature, pressure, and supersaturation, 

as well as other variables in the system, such as additives, impact the two processes 

differently.19 

Classical crystal growth by monomers  

The mechanism of classical crystal growth is divided into two parts. A diffusional step is 

followed by a surface reaction step, which is also referred to as the particle integration step. 
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The fundamental, thermodynamic driving force for particle growth can be represented as the 

difference in chemical potential between the standing and the equilibrium states. Two-

dimensional growth theories, the Burton-Cabrera-Frank (BCF) Model and the diffusion layer 

model, which is theoretically simpler than the other two, have all been presented to describe 

crystal growth.19 Before the particle integration stage, the solute must diffuse across the 

boundary layer, according to the diffusion layer model. It is easier to calculate the particle 

growth rate if the dimension of concern is first clarified. Particle growth rate (i.e., linear growth 

rate with a unit of length per unit time) is a function of supersaturation in general.19 The higher 

the supersaturation, the faster the growth rate: 

𝐺 =  𝑘𝑔 (𝑆 − 1)𝑔-------(1) 

where kg denotes the crystal growth rate constant (function of solubility and temperature), S 

denotes supersaturation, and g denotes the growth order. The parabolic growth law is obtained 

when g is equal to 2 at low supersaturation. The control step for growth in the formation of 

polyhedral crystals with smooth sides is particle integration into a surface. The value of g grows 

exponentially when supersaturation is raised. The surface becomes rough and unstable as the 

supersaturation level further rises, and the value of g comes to 1. Because of the large number 

of nucleation sites accessible in the solution, particle integration onto the surface is no longer 

a control step, and particle growth is now governed by diffusion.19 In crystal development, the 

two transporting processes, i.e., heat and mass transfer, are linked in terms of the difference in 

chemical potential associated to changes in temperature and activity. The degree of 

condensation of the environmental phase determines the degree of contribution from the 

relevant transport process. Furthermore, supersaturation drives nucleation or crystal formation, 

which is influenced by temperature and activity. Controlling the supersaturation level and heat 

and mass transfer processes over time, for instance, could aid in the regulation of nucleation 

and growth, revealing how the properties and characteristics of the final products could be 

tuned.19 

Growth by particle attachment and aggregation 

As previously stated, creating a critical nucleus at low supersaturation is an uncommon 

occurrence. Integration is truly in charge of the growing process. Thus, a basic growth by 

monomers that interact through Brownian motion may be observed, and it closely fits the 
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classical growth hypothesis. More complicated interactions between monomers and particles 

are found when supersaturation rises. The addition of monomers to the solution, as well as 

collisions and coalescence with other particles, are all factors in particle growth. A review by 

De Yoreo and colleagues revealed broad notions concerning crystallization via particle 

attachment (CPA). Consider the interaction between free-energy landscapes and reaction 

dynamics, as depicted in Figure 8, to understand key characteristics of classical growth theory 

and CPA.19   

Figure 8a depicts classical growth, which is characterized by a monomer-by-monomer 

development route. The attachment of various precursor particles, such as oligomers, droplets, 

amorphous particles, or fully grown nanocrystals, is discussed in Figure 8b-e, which depicts 

particle-based routes. Non-classical growth ideas currently available focus on defining how 

clusters arise in mono- and polycrystalline systems. The related rate equations and models for 

CPA, on the other hand, are currently lacking. As a result, there is currently a dearth of 

molecular and quantitative knowledge of particle-attachment processes.19 

 

Figure 8. Crystallization by a wide variety of pathways. The possible pathways by which 

monomers form a stable bulk crystal, and the physical mechanisms that give rise to them, can 

have thermodynamic (a to c) and kinetic (d and e) origins. a) Classical monomer-by-monomer 

addition, b) aggregation of metastable particles, such as liquid, amorphous, or poorly 

crystalline particles, or oriented (and nearly oriented) attachment of metastable nanocrystals, 

c) crystallization via the formation of a metastable bulk phase, such as a liquid or solid 

polymorph, d) kinetically dominated aggregation of clusters or oligomers and e) aggregation 

of unstable particles whose internal structures are not those of equilibrium phases. 

a) b) c)

d) e)



Ph.D. Thesis  Chapter 1 

 

15 

CSIR-NCL                                                                                                                                                       Monika 

 

Surprisingly, the kinetics of solidification from a solution, which is the most common 

chemical approach for producing a wide range of systems with nanometer-scale dimensions 

has received far less attention. A collection of thermodynamic (e.g., reduction potential and 

surface capping) and kinetic (e.g., concentration, mass transit, temperature, and the presence 

of foreign species) characteristics are closely and intricately linked.19 When any one of the 

thermodynamic or kinetic factors is modified, the type and amount of nuclei or seeds created 

in the early stages of synthesis can be substantially changed, resulting in variations in the forms 

adopted by the end products. As a result, it is critical to comprehend the nucleus and growing 

process in order to comprehend the outcome and alter it according to our needs.19 

The crystal will grow anisotropically in different directions, and at some point, it will 

stop growing in each direction. The crystal exhibits a habit of growing in a way that consumes 

minimum energy, and each plane terminates differently. It is an interesting field of science to 

study crystal habits.  

1.1.4 Crystal habit: termination of the growth process 

Dana has supplied an excellent definition of a crystal from the viewpoint of morphological 

crystallography: "A crystal is the uniform polyhedral structure, limited by smooth surfaces, 

that a chemical compound assumes under the influence of its interatomic forces during 

transitioning from a liquid or gas to a solid under appropriate conditions." Recalling that the 

chemist considers the condition of a solute in solution somewhat analogous to the gaseous state, 

we see that this definition is complete. A natural consequence of this definition is the inference 

that a crystal is the normal form of all solid elements and chemical compounds. 20–21 

A definition by Antonoff supplements Dana's: " A crystal is an anisotropic, 

homogenous body with the natural shape of a polyhedron." This second definition implies the 

internal variation of structure with direction, which results in the observed variations of crystal 

properties with direction. 20–21 

The smooth plane surfaces bounding a crystal are called faces or planes. On a well-

developed crystal, the faces arrange to impart a certain characteristic symmetry of form to the 

crystal as a whole. However, it is rare that a crystal under conditions so favorable as to yield 

the ideally perfect polyhedral form. The normal deviations from the ideal form are of two types; 

Equivalent faces on an individual crystal may vary in size, or some may even be completely 
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missing. It is common, too, for the faces not to be smooth and polished but instead roughened 

by minute elevations, depressions, striations, and the like. The crystallographer, nevertheless, 

in his drawings, usually depicts the crystal as an ideal polyhedron. Crystals of a given chemical 

compound may show a rather great diversity of form. By change in the number of faces and 

their relative sizes, the so-called habit may vary almost indefinitely. This is common among 

mineral species from different localities and is frequently observed in laboratory specimens.20–

21 

In practice, the internal structure is constant throughout the habit. However, variations 

are observed in the morphologies, and several samples have identical compositions but 

different external forms. The variations in crystal habit exhibited by a given species have been 

demonstrated to result from variations in the conditions under which the substance crystallized. 

There is considerable experimental evidence that small amounts of foreign material present in 

the crystallizing solution can affect the habit of the crystals formed.20–21 Gaubert reported on 

the effect of methylene blue on the form of lead nitrate crystals. Usually, they appear as 

octahedra from pure water, but when the solution is saturated with this dye, the crystals have a 

cubic habit. Buckley and France et al. studied the effects of organic and inorganic foreign 

substances on the crystal habit of many salts, particularly alums and chlorates. Thus, sodium 

chlorate crystallizes as cubes from pure water, but from a solution containing a trace of sodium 

dithionate, its habit is completely changed to tetrahedral. 20–21 

a) History of crystallography 

Geometric shapes of crystals received considerable attention in the 17th century. J. Kepler's22 

discovery and examination of the intricately diverse dendritic formations of snowflakes was 

the first, followed by Nicolous Steno's23 work on interfacial angles of rock crystals. The former 

was published in 1611 in the book "New Year's Gift," while the latter was published in 1669 

in a treatise. Although it displayed hundreds of various dendritic patterns, Kepler deemed a 

crystal made of tight packing of equisized spheres. 

The notion of crystal structure arose from this. We sometimes forget Steno's important 

contribution to the study of crystal formation since he discovered "the law of the stability of 

the interfacial angles." Steno explained in the treatise that  
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(1) Rather than microorganisms in the soil, rock crystals were produced by inorganic activity 

through the precipitation of small particles generated in a high-temperature aqueous solution 

and  

(2) Growth rate anisotropy, i.e., variable growth rates in different crystals, was the reason 

that rock crystals took varied polyhedral shapes. The most fundamental notion in today's crystal 

growth research is "growth rate anisotropy." Two significant notions about crystal structure 

and development were surprisingly formed from observations in the 17th century: one is based 

on dendritic snow crystals, while the other is based on polyhedral rock crystals with flat sides. 

Although Kepler regarded equal-sized spheres as crystal building units, it was a French 

mineralogist, R. J. Häuy24, who advocated polyhedrons, instead of spheres or ellipsoids as the 

starting building unit of a crystal in the 18th century, which are equivalent to today's unit cell 

of a crystal. As potential sorts of unit cells that may fill the space without opening, A. Bravais 

produced 14 lattice types called as Bravais' translation lattice. Seven crystal systems, 32 point 

groups, and 230 space groups were systematised as a result, and crystal geometry was created 

and nearly finished in the 19th century. However, crystals consisting of the unit cell wasn't 

proved until 1912. M. von Laue25 and his students used a copper sulphate crystal to experiment 

with X-ray diffraction (XRD) this year. They proved that the crystal is made up of regularly 

ordered atoms that are explained by unit cell translation. The fast spread of crystal structures 

analysis by X-ray was akin to a fire ignited on a dry grass field. The physical characteristics of 

crystals became intelligible with chemical bonding and crystal structures, and the crystal 

chemistry was build based on the findings of crystal structure investigations. The morphology 

or morphogenesis of crystals represents the ultimate crystal growth outcomes, will be given 

special emphasis in this section. 

Kepler was particularly interested in the dendritic formations of snow crystals. The 

numerous types of polyhedral crystals that a specific crystal species showed drew Steno's 

attention. For the first time, Bravais'26 law explained the relationship between morphologies 

and unit cell geometry, allowing scientists to better comprehend the origins of distinct 

polyhedral shapes shown by different crystal species. On actual crystal, crystal faces aligned 

to the net planes with greater reticular densities (broader interplanar spacing) form bigger than 

those with smaller reticular densities, according to Bravais' empirical rule. Simple cubic, 

octahedral, and rhombic dodecahedral shapes are taken by primitive (P), face-centered (F), and 
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body-centered (I) varieties of cubic system unit cells, respectively. J. D. H. Donnay and D. 

Harker27 used this formula to expand the Bravais' law, which was depend on the geometry of 

14 lattice types to 230 space groups (SG). In estimating reticular densities, the influence of 

symmetry elements with translation operation (screw axis and glide plane) is considered. The 

biggest disparities between actual and predicted forms on the Bravais' rule were reduced by 

recalculating the reticular densities with 230 SG. The Bravais' law states that polyhedral pyrite 

FeS2 crystals should be circumscribed by {100}, {111} and {110}, however in actuality, {210} 

forms instead of {110}28. On quartz crystals, the Bravais law predicts that (0001) face will 

form. On natural rock crystals, the (0001) face has only been seen on rare samples. The 

observed differences can understand with the Donnay-Harker's expansion.  

 

Figure 9. PBCs and F, S, and K faces are defined in the Hartman-Perdok model. Thick lines 

with arrows, A, B, and C are PBC vectors in a simple cubic crystal (Kossel crystal). F faces: 

(100), (010), (001), S faces: (110), (011), (101), K face: (111). 

The Periodic bond chain (PBC) study by Hartman and Perdok (HP) is based on a similar 

concept29–31. Although Bravais and Donnay-Harker focused on the relevance of planes in their 

thoeries, HP focused on zones. They attempted to identify strong PBCs in a crystal structure 

and divided crystal faces into three categories, flat (F), stepped (S), and kinked (K), according 

to the PBCs present on each face. The F faces appear largest having more than two PBCs, while 
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a S faces have only one PBC and K faces have none (Figure 9). On genuine crystals, S and K 

faces are become little or not emerge as flat faces.  

Although HP analysis looks to be qualitative and random at first, later the approach was 

refined by computing the attachment energies (AE) of bonds. PBC research has been performed 

on a broad range of crystal species, with the findings providing a criterion for growth form 

analysis. The study was expanded to include the linked net model given by P. Bennema and 

applied to greater sophisticated crystals, such as regulated structures and quasicrystals, 

allowing it to be used to more intricate structures like garnet.28 

The notion of AE is linked with the Jackson's factor by this extension. A book titled 

"Morphology of Crystals" summarises recent advancements. The methods described above, 

which were pioneered by Bravais, Donnay-Harker, and finally established by Hartman-Perdok, 

are intended at clarifying a crystal’s ideal shape, considering that the shape is completely 

defined by the internal structure and the impact of external growth conditions is completely 

ignored.20–21, 28 This type of form is referred to as a "structural form" or a "abstract form" and 

it has no reference to thermodynamic characteristics like temperature, pressure, or driving 

force. However, it's worth noting that the approach has since been improved to anticipate 

growth forms by factoring in the influence of external factors at interfaces.20–21, 28 

The thermodynamic analysis of the equilibrium form, which was addressed by J. W. 

Gibbs32, P. Curie33, and G. Wulff34, is another way to comprehending the polyhedral shape. 

They believed that a crystal is defined by a set of crystal faces and the sum of whose surface 

area and surface free energies become minimum. The equilibrium form may be constructed by 

inscribing an in-polygon circumscribed by planes of the internal tangent at the cusps of a 

raspberry form created by plotting the surface energy of faces, according to Wulff's plot idea. 

The surface free energies are related to the typical growth rates of faces. The equilibrium form 

for a specific crystal under a given thermodynamic situation is unique. Neither structural 

variables nor the equilibrium states control the true form of real polyhedral crystals. Interest in 

crystal equilibrium forms dates back to Steno's time, and findings from the 18th century showed 

that impurity components had a significant impact on the NaCl crystal’s growth morphology 

grown in an aqueous solution. It was also discovered that in aqueous solution, adding a little 

quantity of urea changes the shape of NaCl crystals from cubes to octahedrons. Impurity effects 
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have been the topic of much research since then, and Buckley presented the previous research 

and his findings on the issue.20–21 

b) Models to calculate the crystal habit 

The relative growth rates in distinct crystallographic orientations may be used to determine the 

exterior form of a crystal; the slower the development in one crystallographic direction, the 

bigger the plane develops perpendicular to it. BFDH (Bravais, Friedel, Donnay, and Harker) 

model is a geometrical technique that implies the fastest developing faces have the lowest 

spacing between surrounding layers of materials. The inter-plane distance (dhkl) is inversely 

proportional to the rate of growth (Rhkl) in the perpendicular direction for a given crystalline 

plane (hkl). We and other researchers have successfully used this approach for predicting the 

crystal habit of numerous crystals such as ZnO35, FeOOH36, Nd: LaVO4
37, BaSO4

29-31, 

GdVO4
38, GeO2

39, CaCO3
40, triglycine sulphate41, benzophenone42, Pb17O8Cl18

43 etc. The 

BFDH model, on the other hand, failed to anticipate the actual exterior form of the developed 

crystal in several cases. The influence of internal crystal structure, pseudosymmetry, and the 

orientation of weak and strong bonds in the crystal system were not properly explored in the 

BFDH technique, result in these failed predictions of the observed morphology. Crystal 

geometry has an unavoidable role in determining the ultimate crystal habit, according to Jolanta 

Prywer's research44–45. The crystal planes with interfacial angles (α + γ) near to π were found 

to be the most apparent in the final crystal morphology. Furthermore, based on its essential 

growth velocity relationship with nearby faces, a crystal face turns into a corner or an edge.44–

45 

The HP hypothesis is another widely recognised method for forecasting crystal habit. 

According to this, a crystal's morphology may be represented as a convex polyhedron with 

multiple high and low energy faces. The F, S, and K faces are the three types of faces 

available.29–31 The flat faces will have the most morphological value in a developing crystal's 

morphology set and, as a result, will be the most noticeable in crystal habit. Even though this 

method has effectively forecast the crystal shape of numerous materials, looking at the number 

of PBC vectors exist in distinct crystallographic planes is a tedious task. 

Nowadays, it is widely understood that a crystal's habit is dictated by the relative growth 

rates (RGR) of the numerous crystals faces that surround it. As a result, it is dependent on a 
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number of elements that may be classed as internal and external. Internal features such as 

dislocations, crystal structure, and twin boundaries are related with the crystal itself. External 

influences include pressure, temperature, non-crystalline material, supersaturation, and the 

flow or convection pattern, which are all imposed on the crystal by the crystallisation 

circumstances. There is no such thing as a crystal habit, strictly speaking. Nonetheless, the 

qualities of the ideal crystal structure may be used to describe a theoretical habit in a specific 

way. If such habits can be established, the impact of external circumstances may be properly 

comprehended and even quantified. 

The theoretical morphology can be obtained mainly through these two approaches, the 

BFDH and the HP theory. The details will be discussed in chapter 2. 

1.1.5 Example: Growth process to crystal habit 

Many efforts have been in understanding the formation processes, including nucleation and 

growth of metal, metal oxides, and many more. Researchers have paid attention to predicting 

the crystal habits of these metal oxides to understand the experimental results. ZnO is a well-

known compound and one of the crucial examples examined in the last decades. D. D. Sarma 

group has done excellent research and found out ZnO's formation processes. 

a) ZnO: Growth process 

One of the oldest and most widely studied systems is the ZnO. Until recently, unfortunately, 

the research of ZnO nanocrystal’s growth kinetics in solutions was riddled with contradicting 

assertions. It has long been known that zinc acetate and a base (NaOH) may be used to make 

ZnO. The inclusion of a little or even negligible quantity of H2O in the fabrication of ZnO 

nanocrystals has been seen to greatly impact the size of the nanocrystals, which has been a 

fascinating element of the sample preparation.46 The growth kinetics of ZnO are examined 

without base and solely in the presence of precisely specified quantities of water in view of 

comprehend the exceptional sensitivity of ZnO nanocrystalline sizes to the existence of any 

detectable quantity of H2O. Hu et al.47 published among the first papers on the growth kinetics 

of ZnO utilising H2O as a reactant. They investigated the growth kinetics by monitoring time-

resolved UV absorption spectra and used the effective mass approximation (EMA) to analyse 

the change in the band edge. EMA, on the other hand, has long been proved to overestimate 
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nanocrystal size and so is not a particularly accurate technique for determining nanocrystal 

size. 

In given reactants concentration at certain temperature, a typical collection of optical 

absorption spectra exhibits an apparent rise in absorption intensity with increasing time. This 

means that the concentration of ZnO will rise over time. More importantly, with increasing 

time, a systematic absorption edge shift to lower energies shows a gradual increase of bigger 

particles. The average diameter of the nanocrystals, d, was calculated from the bandgap's 

dependence on particle size, using realistic tight-binding modelling of first principle electronic 

structure calculations for ZnO, which has been shown to provide an accurate variation in 

bandgap energy with size, unlike the previously proposed EMA.46 The observed sizes by the 

absorption spectra analysis have been validated by intermittently monitoring the TEM, because 

the size knowledge from the absorption edge shift is generated indirectly through the influence 

of an electronic structure on the nanocrystals sizes. 

Zinc acetate is dissociated in this process, resulting in Zn2+ ions. The dissociation of 

water in the solution produces hydroxyl ions (OH-). Only the surface Zn atoms are ended with 

a OH- ions rather than the oxygen ion in ZnO nanocrystals, which are tetrahedrally coupled Zn 

and O atoms. The dehydration of these terminating OH- ions utilising freely accessible OH- 

ions in the solution results in the development of a nanocrystal. The capture of Zn2+ ions 

brought to the nanocrystal's surface is then followed by diffusion. The nanocrystal's 

development is further accelerated by the Zn2+ ion grabbing an OH- ion, and so on.46 Therefore, 

the reaction is  

H2O ↔ H+ + OH-, Zn2+ + 2OH- ↔ Zn(OH)2 ↔ ZnO + H2O 

and regulated by the diffusion of Zn2+ ions as well as the rate of reactions occurred at the 

surface. As a result, both factors must be included into account while modelling the growth 

processes. When they evaluated the increase in the dissociation constant of H2O by nearly 2 

orders of magnitude with rising a temperature, producing a significant quantity of OH- ions at 

higher temperatures, this view was qualitatively corroborated by experimental results. At 

higher temperatures, this dramatically speeds up the process. At higher temperatures, the 

growth process is projected by a diffusion-controlled mechanism.46 

b) ZnO: Crystal habit 
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Another group35 predicted the ZnO crystal habits using BFDH and HP models. Based on BFDH 

law, the morphological importance (MI) and RGR of several ZnO crystal planes were 

calculated. The (001) & (00-1) planes are predicted to be the highest MI. As a result, a ZnO 

crystal can be shaped as a hexagonal plate having (001) and (00-1) planes being most prominent 

and the morphological design predicted by the BFDH rule is shown in Figure 10.35  

 

Figure 10. The indexed morphological drawing predicted by BFDH law; A hexagonal plate. 

Using the BFDH law, the predicted crystal morphology fits the experimentally determined 

form of ZnO nanocrystals by multiple studies. 

 

Figure 11. Packing diagram of ZnO crystal along with PBC vectors. The three crystallographic 

axes are denoted by a, b, and c. 

Figure 11 shows the ZnO crystal packing diagram and multiple PBCs are presented with the 

distinct color arrows. Orange and yellow PBCs entirely lie in the (100), (010), (1-10), (0-10), 

(-100) and (-110) planes. As a result, these planes fall into the F face category, making them 

the most visible planes of crystal habit. (011), (101), (1-11), (0-11), (-101), (-111), (01-1), (10-

1), (1-1-1), (0-1-1), (-10-1), (-11-1) planes belong to the S face category. The planes (001) and 

(00-1) fall into the category of least significant and, as a result, least visible planes (K faces).35   
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According to HP model, the 6 symmetric (010), (100), (1-10), (0-10), (-100), and (-

110) planes that form a hexagonal prism have the highest MI. Thus, the shape of a hexagonal 

ZnO crystal structure may be represented as a hexagonal prism with hexagonal-truncated 

pyramids at both ends, as seen in Figure12. It's worth noting that the theoretical crystal habits 

predicted by HP model matches the shape described in the literature for the formation of ZnO 

nanocrystals. It is also being researched for a variety of other materials.35 

 

Figure 12. Indexed graphical morphology predicted by HP theory; A pencil or a hexagonal 

prism with hexagonal-truncated pyramids at both the ends. 

However, the formation process and crystal habits have not been explored for complex 

systems like transition metal chalcogenides (TMCs) due to their complex structures. TMCs are 

one of the essential classes of materials in the periodic table for nanotechnology. It is essential 

to study the fabrication steps and crystal habits to achieve control over material and properties. 

In this thesis, we have made efforts to understand one of the crucial systems from TMCs, which 

can be extended to other systems. 

1.2 Transition metal chalcogenides 

Energy is currently one of the most pressing issues and is a chief concern among scientists. In 

order to meet the needs of energy-demanding areas― efficient, cost-effective, and 

environmentally friendly storage devices and energy conversion are essential. Materials used 

in these devices have a definite impact on their performance. Materials such as metal 

chalcogenides (MC), particularly those containing metal atoms (Fe, Co, and Ni) and chalcogen 

atoms, are gaining interest as potential targets for uses in devices including light-emitting-

diodes, supercapacitors, solar cells, fuel-cells, Li-ion batteries, memory-devices, sensors, 
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magnetic materials, thermoelectric devices etc. Consequently, these compounds have been 

studied extensively in recent decades.48–49 

Metal sulphides (such as chalcocite (Cu2S) and pyrite (FeS2))
50–52 are active 

photovoltaic materials, and because they naturally appear as minerals in the earth's crust, they 

are cheap and plentiful. Pyrite (also called fool's gold) has a suitable band gap of ~0.95 eV and 

strong light absorption, providing high quantum efficiencies (~ 90%) in devices. A roll-to-roll 

application of NPs, paint or ink on flexible substrates can be used to fabricate these materials, 

which are affordable and can be applied to huge surfaces. Several MC semiconductors, such as 

CdS, CdSe, PbS, and ZnS, are gaining popularity due to their easy conversion into QD at room 

temperature for use in narrower wavelength LEDs for display applications. 53–55 Materials 

including cobalt sulphide (Co9S8) and nickel sulphide (Ni3S2) have increased interest as 

cathode materials due to their metallic conductivity56. A remarkable oxygen reduction reaction 

(ORR) is carried out by cobalt selenides, tellurides, and their hybrids, which function as a 

catalyst for fuel cells57–58. 

The ultrathin 2-D layered transition metal dichalcogenides (TMDs) hold great potential 

for fundamental and technological research49, 59–61. These TMDs have two equivalent valleys 

in the k-space and are primarily separated, allowing them to be used in valley-coupled 

spintronics applications62–64. Interlayer spaces in TMDs facilitate the growth of various 

external species, making them excellent energy storage compounds to be utilized in super 

capacitors, Li-ion batteries, and other energy storage devices59, 65–66. Several recent studies have 

demonstrated that bismuth selenide (Bi2Se3) can be used as a parent matrix material for 

topological devices with quantum topological career transport67–69.  

Biomedical applications have also demonstrated the potential of MCs. Bismuth 

selenide NPs have been utilised to monitor tumours and therapeutic actions in real time70. 

Drugs containing Bi2Se3 NPs were capable of both thermo-chemotherapy and real-time 

imaging at the same time. A theranostic platform using iron sulphide and cobalt selenide NPs 

has been used for imaging and photothermal therapy71–72. Iron sulphide NPs can be employed 

for magnetic resonance imaging because of their super-paramagnetic nature and high near-

infrared absorption. 

In the wake of the discovery that high-temperature superconductivity was possible in 

the FeSe phase, researchers developed a great deal of interest in the iron-selenium phases73–74. 
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There is a great diversity in iron-selenium composites, such as superconducting, 

semiconductor, metallic properties, and permanent magnet-like characteristics75–77. Despite 

being part of the high-temperature iron-based superconductor family, BaFe2Se3 was also found 

to have high ferrielectric polarization78. Others in the iron-selenium family (CdCr2Se4) also 

exhibited multiferroic behavior79–80. Fe3Se4 has recently shown spontaneous and reversible 

polarization for the first time. In Fe3Se4 nanorods, our group81 has observed the coexistence of 

ferroelectric and magnetic ordering (magnetoelectric coupling) at ambient temperature. As 

observed by our group, the ferroelectric and magnetic transition temperatures coincide and 

show a coupling manifested by an irregularity in the Raman shifts and dielectric constants at 

Tc. Despite not fully understanding how the ferroelectric ordering develops, the simultaneous 

presence of ferroelectric and magnetic ordering at ambient temperature in Fe3Se4 will open new 

research avenues for future devices. 

Figure 13 summarizes a few of the many areas of application of TMCs.  

 

Figure 13. An illustration of the diverse applications of transition metal chalcogenides 

(TMCs). 

1.3 What distinguishes chalcogenides from oxides? 

Generally, the chalcogenides term is used to describe to the sulphides (S), selenides (Se), and 

tellurides (Te). They differ significantly from their oxide counterparts. Simple qualitative 

reasons reported by Jellinek75 in his 1988 review paper explain the differences between 

chalcogenides and oxides. The majority of these variations are due to changes in oxygen and 
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chalcogen (S, Se, Te) atoms. These chalcogen atoms are heavier, larger, and less 

electronegative than oxygen atoms. This results in higher covalent nature of metal-chalcogen 

bonds compared to metal–oxygen interactions. At ambient temperature, oxygen has an 

oxidation state of -2; however, the oxidation states of chalcogen atoms can be less negative (for 

e.g., -1) due to their size and electronegativity. In contrast to oxygen, chalcogen atoms also 

have accessible d orbitals which is commonly employed to form metal-chalcogen bonds.  

Chalcogenides have a narrower energy gap between the top of the valence band and the 

bottom of the conduction band than oxides. The valence band of oxygen is lower in energy 

than that of chalcogens because oxygen is more electronegative, although the conduction bands 

are mainly unaffected. In chalcogenides, the lowered bandgap results in a wide range of optical 

and electrical characteristics.  

1.4 Transition metal selenide 

TMCs cover a range of properties, from semiconductors to insulators to true metals to 

semimetals. These solids are utilized in various applications, including catalysis, electronics, 

charge-density waves, photovoltaics, and batteries48–49. So far, the studies are mainly focused 

on the transition metal sulfides (TMSs), while transition metal selenides (TMSes) are not fully 

understood due to their complexity in fabrication. However, transition metal tellurides are also 

not explored as they are much more complex in controlling the fabrication. In this thesis we 

will be exploring the TMSes. 

In 1817, Jöns Jakob Berzelius discovered the selenium82. Its use in electronic equipment 

has historically driven the development of selenium as a semiconductor and photoconductive 

element, rubber compounding, glass manufacturing, and many more83. TMSes are transition 

metal compounds having Se atoms doped into the crystal lattices. Because selenium is in the 

same group as sulphur, TMSes have features that are comparable to TMSs.  However, TMSes 

can relatively show better properties in various areas.  

TMSes, for example, have piqued researchers' interest as electrode materials in 

electrochemical energy storage systems. The volume energy density and rate capability of 

TMSes as electrode materials may be higher than those of TMSs due to the relative higher 

density and electrical conductivity of Se or the Se atoms can draw electrons from metal atoms, 

acting as a base to trap positively charged protons during the electrochemical hydrogen 
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evolution reaction (HER). The creation of interstitial metal selenides, in contrast to metals, 

broadens the metal d band and induces a larger density of states (DOS) around the Fermi level, 

thereby increasing HER activity.84 

The metal atom is always at the middle of two selenide layers in transition metal 

diselenides, forming a sandwich structure. The atoms in these three layers are covalently 

bonded, but the sole connection between the individual sheets is the weak Van der Waals force. 

Other atoms can easily and reversibly intercalate in the inter-chain gaps, generating 

intercalation compounds or intercalates, and therefore store energy in the layered conductors. 

Furthermore, the cation sites (Ni2+, Co2+, and Fe2+) of transition metal-based catalysts have 

been proposed to be the electrocatalytic active centres based on chemical composition. In 

TMSes, the selenium anion, as well as the metal cation, plays an important role in the active 

catalytic sites. Both metal cations Co and Ni, as well as the anion Se, are active sites for the 

HER, acting as hydride-acceptor and proton acceptor centres, according to the model used to 

explain CoSe2 and NiSe2 for water splitting. Under the applied positive potential, metal ions 

are oxidised to create metal oxyhydroxide layers, which are the true catalytic sites in the oxygen 

evolution process (OER).84  

The vanadium dichalcogenides (VX2) (X = S, Se, Te) have demonstrated intrinsic 

magnetism. VX2 are highly desirable as magnetic 2D materials for spintronic applications 

because of their peculiar, odd electron configurations (3d1) with the potential for ferromagnetic 

coupling between V atoms. Based on DFT calculations, these dichalcogenides were 

semiconducting in the ground state. All their integrated magnetic moments were examined to 

be 1μB. Additionally, the high Curie temperatures varying from 292 to 553 K as the X is 

changing were estimated― 292 K, 472 K, and 553 K for the VS2, VSe2, and VTe2 monolayers, 

respectively.85 As X increases, so will the magnetic transition temperature, providing a benefit 

in the case of Se. The magnetic transition temperature lies in the center and can be easily tuned 

according to application requirements. With these advantages, it's no surprise that a material's 

chemical composition, electrical structure, and shape have a considerable impact on its 

chemical and physical qualities. TMSes with a combination of transition metal cations, 

selenium anions, and richer morphological/structural features display excellent properties. 

1.5 Fe-Se system 
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TMSes represent an important class of materials with rich phase-diagram and diverse industrial 

applications. The electronic (optical, magnetic, and electrical) and thermal properties are 

extremely sensitive to the crystalline phase, stoichiometry, shape, and size. Therefore, it is 

essential to reach good control over the chemistry of phase formation. Among the TMSes, 

FexSey compounds (with x/y varying from 1:2 to 1:1) are of great importance because of their 

interesting and unique magnetic, electrical, thermal, and optical properties, which are firmly 

related to the Fe−Se elemental ratio as well as their crystalline structure. 

1.5.1 Journey of the Fe-Se system 

The iron-selenium (Fe-Se) system was investigated for the first time in 1933 by Hagg and 

Kindstrom86. They have discussed the 3 phases of the Fe-Se system – FeSe, Fe3Se4, and Fe7Se8. 

After 5 years, in 1938, Tengner87 synthesized the 4th phase FeSe2 when synthesizing the 

diselenides and ditellurides. Consequently, from 1933 to 1938, all the phases were discovered. 

There was no study for the next 18 years. In 1956, Hirone88 studied the magnetic properties of 

powdered FeSex (x = 1.00 ~ 1.35). In the same year, Okazaki and Hirakawa89 made the single 

crystal of Fe3Se4 and Fe7Se8, studying the magnetic behavior in 1957 (by Hirakawa90). In 1964, 

Andresen and Leciejewicz91 did the neutron diffraction of Fe7Se8, and after four years, in 1968 

Andresen92 did the same for Fe3Se4. In 1972, Svendsen93 studied the decomposition pressure 

of the Fe-Se system. Finally, in 1979, Schuster75 gave the phase diagram of the Fe-Se system. 

The iron-selenium phase diagram is shown in Figure 14 by collecting all of the relevant data 

in the literature. The NiAs-type structure is the only solid state at extremely high temperatures. 

At 458 °C, the tetragonal phase undergoes a process that produces NiAs-structure and iron. At 

704 °C, Fe3Se4 undergoes a l-transition into the hexagonal form. At 585 °C, FeSe2 melts in an 

incongruent manner, forming a NiAs-structured and selenium-rich liquid.75 
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Figure 14. Iron--Selenium phase diagram. 

1.5.2 The binary Fe-Se system 

Thermo-analytical and XRD techniques were used to examine the iron–selenium system. In 

1970, a phase diagram (temperature-concentration) was produced using all of the measurement 

findings, ranging from 623 to 1323 K and 20 to 66 atomic percent selenium. In Fe-Se systems, 

three key phases with distinct structures have been found.75, 93 These three stages are addressed, 

as well as their structures and stability ranges. 

a) FeSe2 

This phase contains the most Se and a narrow homogeneity range (66.6 at% Se). Iron diselenide 

(Fe2+Se2
2-) at room temperature possesses an orthorhombic marcasite structure. Figure 15a 

shows a standard FeSe2 unit cell with one formula unit having lattice parameters of a = 3.57 Å, 

b = 4.79 Å, and c = 5.72 Å and a Pmnn SG. Every Fe atom is octahedral with 6 Se atoms (FeSe6 

octahedra), while each Se atom is tetrahedral with 3 Fe atoms and 1 Se atom, producing a dimer 

pair (Se2Fe3 tetrahedra).94 

b) Fe1-xSe 

The phases with a wide homogeneity range of 51 to 59 at % Se are described by the generic 

formula Fe1-xSe. The hexagonal NiAs structure is observed in Fe7Se8 (53.3 %) and the NiAs 

structure undergoes a monoclinic deformation for Fe3Se4. These phases are defined by Fe ion 
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vacancies in the structure. In both stoichiometric compounds Fe3Se4 and Fe7Se8, the ordering 

of iron vacancies causes ferrimagnetism. In Fe3Se4 and Fe7Se8, which have monoclinic and 

hexagonal NiAs-type crystal structures, respectively, these iron vacancies are restricted to 

every alternate metal atom layer as shown in Figure 15b, c.  

However, the unit cell lattice parameters of Fe3Se4 are a = 6.167 Å, b = 3.537 Å, and c = 11.17 

Å with a I2/m space group and Fe7Se8 are a = 7.21 Å and c = 17.67 Å with a P3121 space group. 

In Fe1−xSe, the Fe cations are octahedrally coordinated with 6 Se anions (FeSe6 octahedra), and 

the coordination polyhedron of Se is the trigonal prism created by 6 Fe (SeFe6 prisms). The 

ionic picture of one formula unit of Fe3Se4 and Fe7Se8 can be written as Fe2+Fe2
3+Se4

2− and 

Fe5
2+Fe2

3+Se8
2−, respectively. 91― 92, 95―96 

 

Figure 15. Schematic shows essential phases from the binary Fe-Se phase diagram with a 

different crystalline structure. 

c) FeSe 

With a PbO structure and an estimated composition of Fe1.04Se, this phase contains 49.02 at % 

Se. During this phase, there are extra iron atoms in the interstitial spaces. Layers of edge sharing 

FeSe4-tetrahedra make up the crystal structure of FeSe. It is essential to note that the highest 

temperature phase β-FeSe has a tetragonal PbO-type crystal structure. The unit cell lattice 

parameters of FeSe (Fe2+Se2−) are a = 3.765 Å and c = 5.518 Å with the P4/nmm space group. 
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Figure 15d shows the unit cell of FeSe: each Fe atom is tetrahedral-coordinated with four Se 

atoms (FeSe4 tetrahedral), and each Se atom is tetrahedral-coordinated with four Fe atoms 

(SeFe4 tetrahedral). This material has the simplest crystal structure among iron-based 

superconductors.73 

1.6 Magnetic structure of Fe-Se system 

Among the abovementioned four phases of the Fe−Se system, two phases (Fe3Se4 and Fe7Se8) 

are well known for their magnetic properties, whereas the other two (FeSe2 and FeSe) are 

known for their optical and electronic properties. FeSe2 shows a broad absorption at ~1100 nm 

and has semiconducting properties with a bandgap ~1 eV73, 97―98. FeSe2 is useful for solar 

energy applications due to its optical characteristics. After discovering superconductivity with 

a transition temperature of 8 K73, the FeSe phase drew the interest of researchers all around the 

world. The magnetic ordering of bulk FeSe2 and FeSe generated by solid-state processes is 

either non-existent or very low. Bulk Fe3Se4 and Fe7Se8 exhibit ferrimagnetic behaviour at 

room temperature (RT) with the Curie temperature (TC) ∼320 and 453 K, respectively91, 92.  

1.6.1 Magnetic structure of Fe3Se4 

The unit cell of Fe3Se4 is extremely identical to the Cr3X4 (X= S, Se, and Te), although there 

is no expansion of the unit cell owing to magnetic ordering as in Cr3X4 compounds, according 

to neutron diffraction observations on bulk polycrystalline samples92. At 81 K and 371 K, two 

diffraction patterns were obtained. Because the only additional peaks detected were owing to 

λ/2 peaks and inferred that magnetic ordering did not cause the unit cell to increase. The 

magnetic moments are aligned ferromagnetically within each c-plane and 

antiferromagnetically aligned in neighboring planes. The direction of moment is in the c-plane, 

and it's most likely along the diagonal face. Later research revealed that the moments are 

oriented along the b-axis92. The structural changes associated with the transition from Fe7Se8 

to Fe3Se4 are quite minor, as seen below. 

• There is a little monoclinic distortion, and the quantity of vacancies and how 

they are distributed in the vacancy layers varies. 

• Contraction of the lattice along the c-axis. In this direction, the Fe-Fe distance 

decreases from 2.94 to 2.79 Å. 
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One formula unit of Fe3Se4 can be written as Fe2+Fe2
3+LSe4

2+, where L represents a vacancy. 

The alignment of magnetic moments in Fe3Se4 unit cell is shown in Figure 16. 

The moment values calculated by neutron diffraction measurements are nearly identical to the 

determined value of 3.25 𝜇𝐵for Fe2+ and 1.94 𝜇𝐵for Fe3+.99  

 

Figure 16. The unit cell of Fe3Se4 shows the orientation of magnetic moments. 

1.6.2 Magnetic structure of Fe7Se8 

Iron ions in the same c-1ayer have magnetic moments that are parallel to one another, whereas 

moments in adjacent c-planes are antiparallel. Fe7Se8 is ferrimagnetic due to a net spontaneous 

moment below the ordering temperature caused by a lack of iron ions in alternating layers. 

Hirakawa used a torque magnetometer to test the magnetic characteristics of a sample of the 

4c structure. He discovered that the ferrimagnetic Curie point is ~443 K, and that the simple 

magnetization direction is in the c-p1ane at ambient temperature. When the temperature was 

reduced to 220 K, the easy direction progressively rotated off of the c-plane, forming a 20-

degree angle with the c-axis at 4.2 K.100  

In powder samples of the 3c structure, Andresen and Leciejewiez observed a similar 

result. At 4.2 K, their neutron diffraction investigation revealed an 18˚ between the spin 

direction and the c-axis. It did, however, show that the rotation from the c-plane occurred within 
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a small temperature range of 120 K to 130 K. Neutron diffraction data from a later examination 

of single-crystal samples agree with Hirakawa's findings for the 4c structure, but imply that 

around 130 K, crystals with the 3c structure undergo a sudden rotation of 90˚. The spontaneous 

moment is parallel to the c-axis below this temperature and lies in the c-plane above it.100 

Hirakawa evaluated the saturation magnetization of a 4c sample and found it to be 70 G/cm3  

which leads Hirakawa to predict the ionic model [𝐹𝑒4
2+] [𝐹𝑒2

3+Fe2+ L] 𝑆𝑒8
2− for the magnetic 

structure based on a net moment of 2μB/molecule which give a saturation magnetization of 69 

G/cm3, where L represents an ion vacancy and the brackets indicate successive c-p1anes100. 

1.7 Importance of nano dimensions in magnetic properties 

NPs are materials that have at least one dimension between 1 and 100 nanometres (nm) and 

typically have several hundred to 105 atoms. Magnetic nanoparticles (MNPs) are NPs that 

respond to a magnetic field applied to them. Nanotechnology permits chemists, engineers, 

physicists, and material scientists to create systems with nanoscale dimensions where the 

traditional rules of science do not apply. As the particle's size shrinks, the particle's surface area 

to volume ratio grows.101 When it comes to NPs, this ratio increases dramatically, leading a 

high proportion of the atoms to live on the surface rather than in the particle's core. For 

example, about 0.15 percent of the atoms in a particle with a diameter of 1 µm are on the 

surface, but over 20% of the atoms in a particle having a radius of 3 nm are on the surface. As 

the size of the NPs reduces, the surface-to-volume ratio rises (and as a result, the percentage of 

surface atoms in comparison to bulk atoms). The new physical, chemical, and mechanical 

characteristics of the NPs are because of their enormous surface-to-volume ratio when matched 

to those of the analogous bulk material.101  

Some of the most important characteristics of MNPs are discussed in this thesis. This 

thesis does not purport to address all elements of NPs. The magnetic moment and magnetic 

anisotropy of NPs can vary than those of a bulk material, as is well known. Several additional 

magnetic characteristics, including the Neel or Curie temperatures,  coercivity, and others, were 

discovered to differ from those of the bulk material.101 

We require certain geometric and magnetic data regarding MNPs in order to study their 

characteristics in an acceptable manner. The geometric data includes information on the NPs' 

composition, size, shape, and crystal structure. Temperature dependent saturation 
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magnetization (MS), magnetization, coercivity (HC), remnant magnetization (MR), and 

blocking temperature (TB) are all examples of magnetic data. The magnetic characteristics of 

NPs are dominated by two key aspects that give them unique specific capabilities:  

(a) Finite-size effects (electron quantum confinement and single-domain or multi-domain 

structures) 

(b) Surface effects are caused by symmetry breaking at the particle's surface, dangling bonds, 

oxidation, surface strain, surfactants, or even differing physical and chemical structures of the 

interior (core) and surface (shell) components of the NP.101 

Because of the tiny size of NPs, surface atoms make up a considerable portion of the 

total atom count. Surface contribution to magnetization becomes considerable when the 

fraction of surface to bulk atoms is high. A single domain particle with uniaxial anisotropy 

normally makes up an MNP. The magnetic moment's direction in a zero field along the easy 

axis is either up or down. Surface atoms, on the other hand, are exposed to different 

surroundings than those in the particle's core. Lattice disorder, atomic vacancies, dangling 

bonds, and alterations in atomic coordination, are type of defects present on the surface. Surface 

magnetization is caused by uncompensated disordered spins at the NP's surface as a result of 

these surface imperfections. The uncompensated surface spins, which are based on the particle 

size and degree of surface disorder, contribute to the surface magnetism. Ferromagnetism 

might be a ubiquitous characteristic of NPs and their oxides due to surface effects. For example, 

magnetic hysteresis loops were discovered in nonmagnetic materials such as aluminium oxide 

and cerium oxide NPs at ambient temperature. Metal nitrides (niobium nitride) have 

ferromagnetism effects in their NPs. Ferromagnetism was discovered in the NPs of several 

superconductors in their normal state. It is important to note that surface influences can cause 

NP magnetization to drop or increase. It has been found that the magnetization of certain oxide 

NPs diminishes. On the other hand, it has been observed that the magnetization of certain 

metallic NPs (cobalt) has increased. The decline in magnetism of oxide NPs has been 

associated with the presence of a magnetic dead layer on the NPs surface, the appearance of a 

spin-glass-like behaviour of the surface spins or the presence of canted spins. Numerous 

experiments have found that surface effects enhance effective magnetic anisotropy. The overall 

magnetization of the NP is thought to be made up of two parts: one caused by the surface spins 
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and the other by the particle's core. As a result, studying the magnetic behaviour of the Fe-Se 

combination at the nanoscale, as opposed to bulk, will be both intriguing and necessary.101 

1.8 Synthesis routes 

Several synthetic pathways have been designed and optimized for better phase control of 

miscellaneous inorganic NPs. Chemical approaches provide numerous significant benefits over 

solid-state procedures in terms of cost, control of objective products, large-scale 

manufacturing, and so on.102―103 The solid-state pathways require heat-beat-treat iterations 

(involving high-temperature furnaces with the specific environment), high purity elements as 

precursors apart from being worse on the energy-economy scale. Moreover, there are chances 

of phase impurity due to poor atomic diffusion through the solid phase, leading to non-

stoichiometric phases and broad phase boundaries where two or more phases could coexist. In 

contrast, the chemical methods are far more effective, efficient, economical, and provide better 

phase purity than solid routes. Besides this, these methods often require relatively much lower 

temperatures for the phase formation, plus easier control over the size, shape, and structure. 

Several reports have dealt with fabricating the Fe-Se compounds by chemical synthesis 

routes in the last decade. In 2009, Lin et al. 104 obtained Fe3Se4 and Fe7Se8 NPs for the first 

time via the thermal decomposition method at 350 °C. Fe3Se4 nanostructures were also 

synthesized at 300 °C via a one-pot high-temperature organic-solution-phase route105―106. In 

2012, flower-like FeSe2 NPs were synthesized via a solvothermal approach in the temperature 

range 180 °C - 300 °C107―108, and in 2014, FeSex (x=1, 2) was synthesized at 330 °C by using 

the hot-injection method109. FeSe2 NPs were also synthesized with the hydrothermal route at 

140 °C for 13 h110. Recently, Li and their group synthesized FeSe NPs by the solvothermal 

reaction in an autoclave at 160 °C for 12 h, later at 220 °C for 24 h111. All methods mentioned 

above involved either complex synthesis conditions (high temperature or long reaction time) 

or expensive chemicals for synthesizing the Fe-Se system. Thus, adopting an easy and 

affordable reaction route (such as low-temperature, short time, and low-cost) with well-defined 

tunability and high crystallinity of the Fe-Se system. 
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Table 1. List of critical chemical routes to synthesis Fe-Se system. 

Year Phase Method Precursor Solvent Temp. 

2009 Fe3Se4 

Fe7Se8 

Thermal 

decomposition 

FeCl2.4H2O + Se powder OLA 330 °C 

2011 Fe3Se4 Thermal 

decomposition 

Fe(acac)3 + Se powder OLA 300 °C  

2012 FeSe Solvothermal 

decomposition 

[Fe(µ3-O)(µ2-

O2CCH2Cl)6(H2O)3]NO3.H2O 

+ 

Sodium selenite 

- - 

2012 FeSe2 Solvothermal 

reduction 

process 

Fe(OH)3 + Se powder OLA 200 °C 

2012 FeSe2 Solvothermal 

reduction 

reaction 

Fe(NO)3 + Se powder OLA 180 – 

330 °C 

2014 Fe6-7Se8 Thermal 

decomposition 

FeCl2.4H2O + Se powder OLA 340 °C 

2014 FeSe2 Hydrothermal 

method 

FeSO4.7H2O + SeCl4 PEG400

0, PVA, 

SDS, 

PEG600 

140 °C 

(13 h) 

2014 FeSex 

(x=1, 2) 

Hot-injection 

method 

Fe(acac)2 + Se powder OA + 

ODE 

330 °C 

2016 FeSe Hydrothermal 

method 

FeSO4.7H2O + Se powder + 

NaOH + PVP + CTAB + SDS 

+  

EG 220 °C 

(24 h) 
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1.9 Magnetic study of Fe-Se nanoparticles 

As discussed above, among the four phases of the Fe−Se system, two phases (Fe3Se4 and 

Fe7Se8) are renowned for their magnetic properties, whereas the other two (FeSe2 and FeSe) 

are illustrious for their optical and electronic properties.  

Although bulk FeSe2 and FeSe do not exhibit any magnetic ordering or exhibit very 

low magnetic ordering, all previously reported solution produced samples reveal magnetic 

ordering in the last two phases (FeSe2 and FeSe) also at the nanoscale due to the several defects 

which we will be discussing in detail in chapter 4.  

Bulk and nanostructured Fe3Se4 and Fe7Se8 exhibit ferrimagnetic behavior at RT with 

the TC ∼320 and 453 K, respectively. Lin et al. 104 described the synthesis of Fe3Se4 and Fe7Se8 

NPs. The synthesised TC of the synthetic Fe7Se8 and Fe3Se4 compounds are 453 K and 340 K, 

respectively, according to magnetic measurements. At 300K, the obtained magnetization for 

Fe7Se8 and Fe3Se4 are 9.6 and 6.9 emu/g; the coercivity is 687 Oe and 3344 Oe, respectively. 

Further, it was observed that the Fe3Se4 possesses hard magnetic properties having a large 

coercivity of up to 40 kOe at 10 K and 4 kOe at 300 K. In view of the large coercivity, Fe3Se4-

based materials are believed to be a nontoxic and low-cost alternative to the rare-earth element 

or noble-metal-based hard-magnets. This increased coercivity is associated with large uniaxial 

magneto-crystalline anisotropy of Fe3Se4. 

The globe was seeking for rare-earth-free replacement for permanent magnets 

applications due to the ever-growing expense of rare earth elements, environmental damage 

and health concerns. The semi-hard magnetic characteristics of the monoclinic iron selenide 

phase (Fe3Se4 NPs) drew researchers' attention after enormous coercivity was discovered in the 

Fe3Se4 NPs.  

1.9.1 Why do the magnetic characteristics of Fe3Se4 differ from others?  

For the past seven decades, Fe3Se4 has been investigated for its magnetic characteristics. It has 

been known from the 1950s that the phase with a NiAs-type structure exhibits ferrimagnetic 

characteristics. Okazaki and Hirakawa89 studied the structure of these phases in 1956 and 

concluded that the ferrimagnetism is due to ordered iron vacancies in the structure. Due to the 

existence of Fe-vacancies, the XRD patterns of single crystals Fe3Se4 and Fe7Se8 revealed 

strong spots belongs to the NiAs-type structure and few extremely weak spots designated to 
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the superstructures because of Fe vacancies. The vacancies are spread out as widely as 

feasible.s The superstructure's lattice parameters are twice as big as the fundamental structure 

along the a and b axes, three times along the c-axis for Fe7Se8 and two times for Fe3Se4. The 

magnetic unit cell was discovered as same as the structural unit cell in a subsequent neutron 

diffraction experiment on Fe3Se4 in 196828. Moments are ferromagnetically aligned in the c-

plane (collinear along the b-axis), while they are antiferromagnetically aligned in the 

neighbouring planes. 

The monoclinic phase of iron selenide (Fe3Se4) revealed several extremely intriguing 

new features when reduced to nanoscale. The appeal of Fe3Se4 originates from the fact that it 

has semi-hard magnetic characteristics at ambient temperature with absence of noble metal or 

rare-earth atoms in nanoscale. The easy axis is along the c-plane, as shown by single crystals 

of Fe3Se4. Even with an external magnetic field of 11000 Oe, the sample does not saturate. 

Fe3Se4 is a ferrimagnet with a TC of ~320 K, comparable to its sulphur counterpart Fe3S4. 

Unlike Fe7Se8, Fe3Se4 does not display the rotation of its easy-axis with temperature. Despite 

the fact that this compound has been familiar to be ferrimagnetic for over half a century, the 

latest push began with the finding of semi-hard magnetic characteristics in Fe3Se4 at room 

temperature. The huge coercivity (4 kOe at ambient temperature) that Fe3Se4 exhibits when 

reduced to nanoscale is a remarkable feature.105 It has a significant uniaxial anisotropy constant 

of around 10-7 erg/cm3. The advent of huge coercivity (40 KOe) at 10 K is the compound's 

most appealing property (Figure 17). The saturation magnetization also rises from 5 emu/g to 

15 emu/g when the coercivity increases approximately 10-fold from room temperature105. At 

low temperatures, the hysteresis loop is virtually squarish. Anisotropy constants of this 

magnitude are extremely uncommon in compounds containing no noble metal ions or rare earth 

metal ions. 

In 2011, Gen et al.112 investigated the coercivity and anisotropy of Fe3Se4 

nanostructures. Experiments and first-principles simulations are used to investigate the cause 

of this massive coercivity at low temperatures. The huge anisotropy constant (1.1 × 107 

erg/cm3) resulting from ordered cation vacancy at 10 K is the reason for the significant 

coercivity value. The anisotropy constant (Ku) may be calculated by extrapolating the 

hysteresis curves in hard and easy directions while the powder sample is aligned in an external 

magnetic field. 112  
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Figure 17. Hysteresis loops of Fe3Se4 nanocacti were measured by the vibrating sample 

magnetometer option of a PPMS with a field of 90 kOe at 10 K (red curves) and room 

temperature (black curves). The 10 K hysteresis loops were measured after zero-field cooling.  

At high field values fitting the magnetization according to the equation below is the law 

of approach to saturation to estimate the anisotropy constant from the material's hysteresis 

loop112. 

𝑀 = 𝑀𝑆 + 𝐴 (𝑐𝑜𝑡ℎ
𝜇𝐻

𝐾𝐵𝑇
−

𝐾𝐵𝑇

𝜇𝐻
) -------(2) 

where MS denotes saturation magnetization and M denotes an ultrafine particle's total moment. 

At 10 K, the observed magnetic hysteresis loop of Fe3Se4 NPs accords to the theoretical curve 

for a noninteracting randomly oriented uniaxial single-domain particle system by Stoner and 

Wohlfarth. The Ku is proportional to the cube of the saturation magnetization MS in each of the 

aforementioned studies, indicating the presence of uniaxial magneto-crystalline anisotropy in 

this compound.  

The below-mentioned expression can estimate the critical size for the single domain 

size of Fe3Se4
112 

𝑟𝐶 ≈ 9
(𝐴𝐾𝑢)

1
2⁄

𝜋𝑀𝑆
2 -------(3) 

The exchange stiffness constant is A. Fe3Se4 has a single domain size of roughly 2000 nm, 

according to calculations. As a result, NPs smaller than this can be classified as single domain 
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particles. The uncoordinated rotation of spins in this molecule is the magnetization reversal 

process. 

1.10 Various factors that can influence the magnetic properties in Fe-Se 

system 

The magnetism of NPs is a hot topic in many domains, including condensed matter physics, 

material science, medicine, biology, and planetary science, to name a few. Nanoscale magnetic 

materials are being studied for high-density magnetic storage, ferrofluids, high-frequency 

electronics, magnetic refrigerants, high-performance permanent magnets, and other 

applications101. Superparamagnetism, quantum tunnelling of magnetization, and increased 

magnetic coercivity are only a few of the unusual properties of small magnetic particles. 

Specific magnetic NPs (such as CoPt, FePt) are of considerable attention for future high-

density recording mediums because of their improved magnetic characteristics. Magnetic NPs 

are also employed in biotechnology and medicine.101 

The inherent magnetic characteristics of bulk defect-free materials (e.g., HC, MS, and 

TC) are solely determined by crystallographic and chemical structure. The size and form of 

bulk samples analyzed aren't critical; such as the HC, TC and MS values of tiny as well as large 

cobalt compounds are identical. MNPs exhibit a large range of unexpected magnetic 

characteristics when compared to their bulk counterparts. 101  

Therefore, studying the Fe-Se system's magnetic behavior at the nanoscale is essential. 

In the Fe-Se system, 4 essential factors decide the magnetic properties of resultant materials― 

stoichiometry, morphology, Fe element, and Se element. As we are working on transition metal 

selenides, the tunability of the Se element is omitted. Additionally, the Se element influence is 

not easy to control by chemical route as the tellurium starts reacting at a very high temperature 

(melting point ~ 449.5 °C). However, the other remaining 3 factors can be explored by chemical 

processes. 

The impact of doping on the magnetic characteristics of iron selenide has been 

investigated by scientists. For example, the scientists observed that substituting few of the Fe 

atoms with other metal atoms resulted in significant changes in the material's characteristics. 

The efforts are largely focused on increasing the material's magnetic properties. The 

replacement of Co and Ni atoms in place of Fe dilutes the ferrimagnetic nature of Fe3Se4, and 
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the replaced atoms do not display localised moments in single crystals. CoxFe3-xSe4 (where x 

= 0 to 1) Co-doped Fe3Se4 nanostructures revealed that the doped structures are also 

monoclinic113. With rising Co concentration, the MS, HC, and TC decrease. For x = 0.2, the NPs' 

coercivity at 10 K is lowered to 37 kOe, and for x = 1, it drops to 9 kOe. For x = 1, the TC is 

reduced to less than 200 K, leading the paramagnetic nature at room temperature. Another 

study shows, the TC improves when specific Fe atoms are substituted with Cr ones. The TC for 

FeCr2Se4 samples was reported to be 429 K114. According to reports, Cr-substitution improves 

anisotropy constant and coercivity. The MS, on the other hand, falls monotonically as the Cr 

concentration rises. This is due to Cr cations having lower localised magnetic forces than Fe 

cations. Further, a magnetic measurement was used to explore the impact of Cu doping on the 

Fe3Se4 ferrimagnetism. The solvothermal technique were applied to create a (Fe1-xCux)3Se4 

series with x = 0 to 0.15. Cu doping generates a significant enhancement in the material's 

coercivity, despite the fact that only a little quantity of Cu penetrates the Fe3Se4 structure115.  

The figure of merit for assessing the quality of a permanent magnet is the maximum 

energy product. It is the largest rectangular area under the B-H curve in the hysteresis loop's 

second quadrant. It's a measurement of the material's magnetic energy. The energy product for 

current permanent magnetic materials for rare-earth-based magnets ranges from a few MGOe 

to up to 50 MGOe. 

 

Figure 18. 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.  

The energy product is improved by the modification of Fe3Se4. Our group investigates 

the influence of manganese ion doping on magnetic characteristics in depth. Various 

manganese concentrations [Fe3-xMnxSe4 (x = 0.01 to 0.2)] were synthesised, and the best 

M-H curve

B-H curve

BHMAX
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doping concentration for which the energy product was highest without affecting the TC was 

discovered. The magnetization of the host matrix enhances dramatically from 4.84 to 7.54 

emu/g at optimal (x = 0.03) manganese ion doping. The value of the associated energy product 

was enhanced by almost 130 %. At 10 K, the energy product nearly increases by 2 order of 

magnitude (~0.12 MG Oe), making it useful in a variety of low-temperature applications.  

Our team also discovered that Fe3Se4 is a type-II multiferroic with magnetoelectric 

coupling at ambient temperature81. Fe3Se4 nanorods, a hard magnet with substantial magneto-

crystalline anisotropy, showed the coexistence of linked ferrimagnetic and ferroelectric 

ordering far beyond room temperature. Fe3Se4 nanorods showed spontaneous, reversible 

ferroelectric polarisation for the first time below the magnetic TC. In the Raman shift and 

dielectric constant at TC an anomaly has been observed. The origin of ferroelectric ordering is 

unknown; nonetheless, the presence of ferroelectric and magnetic ordering in Fe3Se4 at RT, as 

well as hard magnetic characteristics, may open up new study avenues for devices.  

Researchers have made huge efforts to improve the magnetic properties by doping. 

However, the control over pure compounds of the Fe-Se system is not reported so far. Starting 

from the stoichiometry of the Fe-Se system, as the crystal structure changes, the arrangement 

of atoms changes, resulting in changing the magnetic behavior of any compound. Their crystal 

habit will be different, adding uniqueness to the magnetic behavior. Furthermore, as previously 

mentioned, the magnetic properties of NPs are greatly impacted by the surface effects and 

finite-size at the nanoscale. Their importance grows as particle size decreases. The quantum 

confinement of the electrons causes finite-size effects. Surface effects can be caused by 

differences in magnetic and chemical structures of the inner ("core") and outer layer ("shell") 

components of an NP, or by symmetry breakdown of the crystal structure occurs at the particle's 

border. It's critical to figure out how the morphology and crystal structure of the Fe-Se system 

affect their magnetic characteristics. Moreover, the final factor is transition metal, the important 

role of transition metal in deciding the resulting magnetism of compound is essential to study. 

1.11 Objective of the thesis 

The formation process and growth termination, named crystal habits, are very important to 

understand and govern the material's properties more prominently. The globe was seeking for 

rare-earth-free substitute for permanent magnets applications because of the ever-rising 
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expense of rare earth elements, environmental damage, and health concerns. Fe3Se4 NPs drew 

researchers' interest because of their semi-hard magnetic characteristics, which were 

discovered after giant coercivity was discovered in the monoclinic iron selenide phase. The 

research was largely focused on investigating the magnetic characteristics of doping, as 

mentioned in the preceding section. However, there were no efforts to achieve more control 

over magnet-like characteristics in the fundamental compound. A deep understanding of the 

formation process of the material can only help in controlling the pure compound. To fine-tune 

the material property, significant work is necessary. 

In order to put this material to use in practical applications, it is imperative to achieve 

reasonable control of this material, including crystal structure/stoichiometry, size, shape, and 

transition metal-dependent magnetic properties. We have noticed the critical role of formation 

processes in deciding the final compound's crystalline properties. The 

structure/size/shape/transition metal-dependent properties in Fe3Se4 are underrated, and reports 

are very rare. This thesis dedicates attempts in understanding and developing the tuneable 

Fe3Se4 compounds and their influence on the magnetic properties; what role they play in basic 

comprehension and technical applications. 

1.12 Outline of the thesis 

Chapter 1 

In the first chapter, we have discussed that in solids, the formation processes are essential for 

better understanding and controlling the material's properties. The nucleation and growth 

theories were discussed, followed by crystal habits. The TMCs are also addressed, as well as 

their applicability in many sectors. The importance of transition metal selenide as a basic and 

technologically relevant chemical is discussed in this chapter. The scope of the thesis is 

discussed after a quick overview of the Fe-Se system's literature.  

Chapter 2 

In the second chapter, the theoretical crystal habit of all the phases of the Fe-Se system is 

predicted. We have examined the crystal growth morphology of all phases of the Fe-Se system 

using BFDH (pure crystallographic approach) and HP (periodic bond chain vector approach) 
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models. We have also explored the equilibrium morphology of the Fe-Se system using the 

broken bond approximation of surface energy minimization named as Wulff theory. 

Chapter 3 

The third chapter deals with the Fe-Se system's complete phase transformation sequence using 

a wet-chemical method, starting from plotting the Fe-Se system phase diagram using the wet-

chemical method to optimizing the appropriate conditions required to synthesize individual 

phases. The growth mechanism of the Fe-Se system in these conditions is also reported. The 

influence of different functional groups of OLA and 1-ODE: double bond and amine group in 

the formation of different phases of the Fe-Se system is also investigated. Finally, the reason 

behind the particular real-life experimental morphologies from theoretical crystal habits is 

discussed. 

Chapter 4 

In the fourth chapter, the correlation between the phases and the magnetic properties of the Fe-

Se system has been presented for the FexSey compounds—where x/y ranges from 1:2 to 1:1. 

The magnetic properties vary enormously with change in Fe:Se ratio due to the change in 

Fe2+/Fe3+ ratio, crystal field environment around Fe-ions, magnetocrystalline anisotropy, Fe-

vacancies, and so forth. Among the four Fe-Se phases studied, two of them –Fe3Se4 and Fe7Se8, 

are ferrimagnetic below ~ 300 K and show semi-hard magnetic properties. The other two 

phases –FeSe2 and β-FeSe exhibit weaker magnetism. It is observed that Fe3Se4 has the most 

unique and interesting magnetic properties. 

Chapter 5 

According to the theories, now we know the morphologically-important planes. After 

examining the sequence of morphologically-important low-index planes, we correlated them 

with the real-life morphologies of Fe3Se4 samples (achieved through the synthesis) and 

determined the growth directions in different solvent conditions. We also studied the 

directional growth kinetics with an increase in the thermal activation energy. We proposed the 

growth mechanism based on two well-known pathways― diffusion and reaction processes in 

the provided reaction environment. The entire roadmap is laid-out―starting from the formation 

of the unit cell to the diffusion and attachment of monomers and the fate of various facet 
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growth. Finally, we have shown how the distinct growth in various facets leads to controlling 

the magnetic properties. Its influence of it is studied with various parameters such as HC, MS, 

K, and BHmax at 300 K and 10 K. 

Chapter 6 

In chapter 6, a conscious effort has been made in fabricating the monoclinic M3Se4 compounds 

(where M can be Fe, Co, or Ni) by a thermal decomposition method. The ability to manipulate 

solution chemistry has been established by intensively investigating the individual role of 

various reaction pathways, leading to the monoclinic M3Se4 NPs with distinct morphologies in 

the same reaction environment. The deep mechanistic insight helped identify the underlying 

reason behind the varied morphology with the help of the theoretical aspect. Furthermore, the 

influence of transition metal (M) on the magnetic properties is investigated for monoclinic 

M3Se4 NPs. The Fe3Se4 is observed to be well-known ferrimagnetic with a TC of nearly 322 K. 

However, the other two compounds, Co3Se4 and Ni3Se4, are examined to be paramagnetic 

overall measurement temperature range (5 K to 300 K).  

Chapter 7 

Chapter 7 discusses the thesis's conclusion as well as the scope of future investigation. 
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Prediction of Crystal Growth Habit of Fe-Se Crystal System using 
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The results of this chapter will be published as ― 

✓ Prediction of Crystal Growth Habit of Fe-Se Crystal System using Various Models 

            Monika Ghalawat, Pankaj Poddar* (To be communicated) 

Below, we have listed some of the important 'take-away' points from this chapter 

which we would like to highlight:  

1) Here, we have predicted the crystal growth habits of various phases of Fe-Se 

system.  

2) We have examined the crystal growth morphology of all four prominent phases 

of Fe-Se system using BFDH (pure crystallographic approach) and HP 

(periodic bond chain vector approach) models.  

3) We have also explored the equilibrium morphology of Fe-Se phases using 

broken-bond approximation of surface energy minimization named as Wulff 

theory. 
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 2.1 Introduction 

The fundamental understanding and control over the crystal morphology are essential for any 

industrial applications as the physical, chemical, and biological properties of crystals depend 

on facets exposed to the outer world and underlying anisotropy, if there is any1–3. An industrial 

process may prefer a particular crystal shape while another may find it completely unsuitable. 

For example, a nanowires-shaped ZnO crystal significantly impacts dye-sensitized solar cell 

photon absorption efficiency, while a needle-shaped active pharmaceutical product presents a 

problem in downstream processing and should be avoided4. In the chemical industries, for the 

preparation of solids like catalysts, pharmaceutical products, chemical intermediates, etc., 

crystallization from the solution process is used5. This process strongly influences the resultant 

materials' chemical and physical properties. Additionally, any crystalline material's size and 

shape distributions strongly influence its properties―end-use efficacy such as bioavailability 

for pharmaceuticals or reactivity for catalytic, flowability, wettability, and adhesion. Due to 

these prime impacts of resultant crystal morphology, the study of general methodologies for 

the prediction→ measurement→ tuning of crystal size and shape is essential. Despite significant 

advancements in understanding these topics for over one hundred years, these concepts are still 

poorly understood for transition metal chalcogenides (TMC) due to complexities in the crystal 

structure and phase diagram. In this chapter, an intensive investigation of the crystal habit of 

the Fe-Se system is presented. 

In real-life experiments, various parameters such as reaction temperature, solvents, 

growth modifiers, and many more can influence the crystallization process that tunes the 

crystalline product's physicochemical properties. However, in these cases, the experimental 

design space is immense, and therefore trial and error routes are inefficient for the fabrication 

of crystalline materials with desired functionality. It is appropriate to use theoretical efforts to 

better understand the crystal growth formation process and meet the challenge of crystal shape 

engineering. In conclusion, precise crystal morphology prediction is crucial to saving time and 

avoiding troubleshooting crystallization processes. Based on the distinct cleavage of crystal 

surfaces, the predicted crystal morphology discusses the chemical entities of materials. This 

helps in enhancing the efficiency as well as the applicability of that particular material6. The 

relation between the atoms' arrangement in the crystal lattice and the resultant crystal 

morphology opens the path for shape-dependent properties for numerous applications (Scheme 

1). 
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Scheme 1. Consider the "(i)" center crystal morphology as a predicted morphology of any 

material using theoretical models. If the growth conditions are tuned in such a manner to allow 

the favorable growth of a particular facet over other facets, then one can think of the formation 

of a host of various morphologies of the same material. For example, in (ii) morphology, the 

growth rate of the m-plane is relatively faster as compared to (i), which makes the c plane more 

visible, while the morphology shown in (iii) results when the m-plane is growing relatively at 

a slower rate result in making this plane more visible. This results in different morphologies of 

the same material followed by distinct properties. 

All end properties strongly depend on crystal morphology, from powder density to 

packing to distinct properties of compound. Due to the anisotropic response of distinct crystal 

faces towards the physical and chemical activities. The crystal morphology strongly affects the 

efficiency and its applicability in different devices. The morphology defines the relative growth 

rate (RGR) of various crystallographic directions. The formation of a growing crystal's specific 

morphology results from RGR along with distinct crystallographic directions. The crystal faces 

differ in their growth rates, thereby affecting their appearance. It is finally predicted with a 

finite number of low-energy faces6.  

From the earliest documented history, it was probably J. Kepler7 who, in 1611, for the 

first time gave attention to geometric forms of crystals and informally established the roots of 

the concept of crystal structure by observing the varied dendritic forms of snowflakes. In his 

book "New Year's Gift", he discussed that a crystal was composed of closely packed equisized 

spheres, even though it had thousands of different dendritic forms. Kepler's contribution was 

followed by Nicolous Steno8, who in 1669 discussed the interfacial angles of rock crystals in 
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his treatise. He considered the anisotropy in growth rate ―growth rates varies with 

crystallographic directions, which is the most basic concept of today's crystal growth science. 

In the 18th Century, R.J. Hauy9 (1784) the polyhedrons similar to today's crystal unit cell. In 

the 19th Century, A. Bravais10 gave the geometry of crystals. Finally, the first-ever model was 

proposed to study the theoretical crystal morphology by A. Bravais10 (1866), G. Friedel11 

(1907), and J.D.H. Donnay and D. Harker12 (1937). The Bravais Friedel Donnay Harker 

(BFDH) model is purely an over-simplified geometrical approach to examining the 

morphology of crystals. The model assumes that a particular plane's growth rate is inversely 

proportional to the interplanar spacing (dhkl), neglecting all other contributions. Thus, the plane 

with smaller d-spacing will grow faster in a crystal and vice-versa. This model has successfully 

predicted the crystal morphology of several crystal systems. While for various systems, the 

predicted crystal morphology was observed to be entirely different from the experiment 

morphology in some directions. The reason for this difference is that the BFDH law is a purely 

geometrical approach. The crystal structure, bond energy, and pseudo-symmetry impacts are 

taken into account. Additionally, it does not consider the strong and weak bond directions 

essential in developing any system's complete morphology.  

Afterward, in 1955, P. Hartman and W.G. Perdok13–15 gave one new model in three 

back-to-back articles. Strong and weak bonds between atoms or molecules determine the 

crystal structure. Hartman-Perdok (HP) provided a crystal morphology prediction model based 

on these bond strengths. They explained that the strong bond directions form uninterrupted 

periodic bond chain (PBC) vectors in the crystal structure. These vectors will guide to 

understanding the crystal morphology development of that system. The growing faces of the 

crystals are split into 3 categories according to the location of these PBC vectors. ― flat (F) 

faces: parallel to 2 PBC vectors, stepped (S) faces: parallel to only 1 PBC vector, and kinked 

(K) faces: not parallel to any PBC vector. The growth of facets is proportionate to the 

displacement velocity and inversely to the corresponding plane's morphological importance 

(MI). The F face's displacement velocity is the least among all the faces, while K faces have 

the highest. The displacement velocity of S faces lies in between the other two categories. Thus, 

the sequence of faces for appearance in final morphology is F > S > K.   

Apart from these two growth theories, another approach to studying a crystal's 

morphology is the thermodynamic investigation of equilibrium form. According to J. W. 

Gibbs, P. Curie, and G. Wulff― any crystal is encased with a set of planes and a minimum sum 
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of products of surface area and surface free energies16. When a single-crystal seed is permitted 

to develop in a vacuum precisely under thermodynamic control, it should evolve towards its 

equilibrium shape according to the calculated surface free energy (Wulff construction). Surface 

free energies of the distinct crystallographic facets are used to evaluate equilibrium shapes. 

Face growth rates are proportionate to the surface free energies. An equilibrium form is unique 

to each crystal at a given thermodynamic condition. It is possible to obtain a simple way to 

evaluate the surface free energy of crystals surrounded by a vacuum by considering only the 

interactions between the nearest neighbors via the broken bond approximation (BBA)16.  

Usually, three successful approaches―BFDH, HP, and surface energy (SE) 

minimization model have been used to predict the crystal morphology. These models have 

efficiently predicted numerous organic and inorganic crystal morphology such as ZnO17, 

FeOOH18, Nd: LaVO4
19, BaSO4

13-15, GdVO4
20, GeO2

21, CaCO3
22, triglycine sulphate23, 

benzophenone24, Pb17O8Cl18
25 etc. 

The methods described above are designed to interpret a crystal's ideal predicted shape, 

which is dictated by its internal structure, while fully ignoring the impact of external growth 

conditions. These crystal structures are referred to as "structural form" or "abstract form," and 

they have no reference to real-world reaction parameters like pressure, temperature, or driving 

force6. However, by theoretical calculations, one can also predict the growth forms by taking 

the effect of external factors. Although, the above approaches are well known and very 

successfully used in predicting various crystal systems' morphology. However, less attention 

has been given to predicting TMCs crystal habit. 

TMCs are regarded as promising materials with rich phase diagrams26. It is well known 

that the electronic (optical, magnetic, and electrical) and thermal properties of solids are 

extremely sensitive to the crystalline phase, stoichiometry, shape, and size.27–31. Therefore, one 

of the critical challenges is obtaining control over the chemistry of phase formation of TMCs. 

Recently, among TMCs, much attention has been given to transition metal selenides (TMSes) 

because they potentially have interesting and unique chemical and physical properties32–34. As 

discussed in chapter 1, the FexSey crystal system (with x: y varying from 1:2 to 1:1) is of great 

importance due to its exciting and unique thermal, optical, electrical, and magnetic properties 

that are directly dependent on the Fe-Se elemental ratio, crystalline structure, size, and shape35–

39. Fe-Se crystal system family has four stable phases: FeSe2, Fe3Se4, Fe7Se8, and FeSe36,40.  
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Figure 1. Schematic of the unit cell of a) FeSe2 having orthorhombic marcasite crystal 

structure, b) Fe3Se4 having monoclinic NiAs-type crystal structure, c) Fe7Se8 having hexagonal 

NiAs-type crystal structure, and d) FeSe having tetragonal PbO-type crystal structure.  

The iron diselenide (Fe2+Se2
2-) has an orthorhombic marcasite structure having the 

lattice parameters of a=3.58 Å, b=4.79 Å, and c=5.72 Å with Pmnn space group (Figure 1a). 

Each Fe atom has an octahedral coordination with 6 Se atoms (FeSe6 octahedra), while each 

Se atom has a tetrahedral coordination with 3 Fe atoms and 1 Se atom, producing a dimer pair 

(Se2Fe3 tetrahedra)41. Fe3Se4(Fe2+Fe2
3+Se4

2-) and Fe7Se8 (Fe5
2+Fe2

3+Se8
2-) have monoclinic 

(Figure 1b) and hexagonal (Figure 1c) NiAs-type crystal structure, respectively with the lattice 

parameters of a=6.17 Å, b=3.54 Å, and c=11.17 Å having I2/m space group for Fe3Se4 and 

a=7.21 Å and c=17.67 Å with P3121 space group for Fe7Se8
42–44. In the NiAs-type crystal 

structure of Fe1-xSe, 6 Se anions (FeSe6 octahedra) octahedrally coordinate the Fe-cations, and 

the coordination polyhedron of Se is the trigonal prism produced by 6 Fe (SeFe6 prisms)45. The 

FeSe (Fe2+Se2-) has a tetragonal PbO-type crystal structure with the lattice parameters of 

a=3.765 Å and c=5.518 Å, having the P4/nmm space group (Figure 1d). In FeSe, every Fe atom 

is tetrahedral-coordinated with four Se atoms (FeSe4 tetrahedral), and each Se atom is 

tetrahedral-coordinated with four Fe atoms (SeFe4 tetrahedral)46.  

Among these four phases, two (FeSe2 and FeSe) are recognized for their optical and 

electronic properties, while the other phases (Fe3Se4 and Fe7Se8) are studied for their magnetic 

properties47–52. The FeSe2 has an indirect bandgap of ~1.0 eV with p-type semiconductor, 
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resulting in a potential compound for photovoltaic devices53–54. Iron chalcogenides are 

favorable for biological applications among all semiconducting materials due to the least 

possible toxicity. Further, FeSe exhibits a direct bandgap of ~1.23 eV53–54. Besides, FeSe 

undergoes a superconducting transition at ~8 K46. At the nanoscale, FeSe2 and FeSe also reveal 

magnetic ordering. In the other two phases (Fe3Se4 and Fe7Se8), both at bulk and nano-

dimensions, they exhibit ferrimagnetic behavior with the Curie temperature (TC) of nearly 320 

K and 453 K, respectively54. Fe3Se4 acquires hard magnetic properties with a large coercivity 

of nearly 40 kOe at 10 K and 4 kOe at 300 K50 and is believed to be an alternative to the noble-

metal or rare-earth element hard-magnets55–56. The presence of multiple phases with 

tremendously different crystal structures reveals the system's complexity. 

The diversity of bonding and crystal structure in the Fe-Se system give rise to 

drastically varying physical and chemical properties. The crystal habit also has a crucial impact 

in deciding these properties and controlling the material's functionality. Therefore, the 

prediction of crystal morphology of the Fe-Se system is of great interest and importance in 

view of fundamental understanding and applications. In this contribution, the Fe-Se system's 

crystal habit has been predicted successfully by its internal structure using all three models― 

BFDH, HP, and SE models.  

2.2 Methodology 

Mercury 4.0.0 software was used to draw the internal crystal structures and packing diagrams 

of various stable phases of the Fe-Se family of compounds (FeSe2, Fe3Se4, Fe7Se8, and FeSe) 

using the reported crystallographic information with COD numbers 101100757, 152708658, 

152831359, and 101029860, respectively. The indexed morphologies predicted using BFDH and 

HP laws were drawn using the WinXMorph61 program. 

2.3 Results and discussion 

2.3.1 Crystal habit of Fe-Se system using BFDH approach 

BFDH10–12 model is the theoretical approach using crystal lattice geometry to predict crystal 

morphology. This model will simulate the crystal growth morphology for a particular crystal 

using dhkl and space-group (SG) symmetry operations. The faces with the highest dhkl and 

highest density will grow slowest and are the most energetically stable faces. After describing 
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the unit cell dimensions and space group in a crystal structure, it is pretty simple to determine 

the MI of several planes appearing in the resultant shape.  

By following formulae, relative growth rates (RGR) and morphological importance (MI) have 

been calculated: 

MI = dhkl / highest dhkl                     RGR = highest dhkl / dhkl 

This describes that the MI and RGR are inversely proportional to each other. The plane with 

the highest RGR will produce the least MI plane in the crystal and vice versa. 

Table 1. Morphological importance of several faces of Fe-Se crystals (FeSe2, Fe3Se4, Fe7Se8, 

and FeSe) based on the BFDH model. The dhkl represents the interplanar spacing in Å. RGR 

and MI are calculated relative growth rates and morphological importance, respectively. 

Phase Faces (hkl) dhkl (Å) RGR MI 

FeSe2 

(001̅), (001) 5.715 1 1 

(01̅1), (011̅), (011), (01̅1̅) 3.6715 1.56 0.64 

(1̅01̅), (101), (1̅01), (101̅) 3.0308 1.89 0.53 

(110), (1̅10), (1̅1̅0), (11̅0) 2.8652 1.99 0.50 

Fe3Se4 

(001), (001̅) 11.2757 1 1 

(1̅01), (101̅) 5.51003 2.04 0.49 

(101), (1̅01̅) 5.36515 2.10 0.48 

(011), (01̅1), (01̅1̅), (011̅) 3.37832 3.34 0.29 

(110), (1̅10), (1̅1̅0), (11̅0) 3.07544 3.66 0.27 

Fe7Se8 

(001), (001̅-1) 17.46 1 1 

(100), (1̅00), (010), (01̅0), (1̅10), (11̅0) 6.2094 2.81 0.36 

(1̅01), (101̅), (1̅01̅), (101), (011), (01̅1), (01̅1̅), (011̅), 

(1̅11̅), (1̅11), (11̅1̅), (11̅1) 
5.8504 2.98 0.33 

FeSe 

(001), (001̅) 5.518 1 1 

(01̅1), (011̅), (011), (01̅1̅), (1̅01̅), (101), (1̅01), (101̅) 3.110 1.77 0.56 

(110), (1̅10), (1̅1̅0), (11̅0) 2.662 2.07 0.48 

 

According to the BFDH model, Table 1 explains the RGR and MI of low-index planes of all 

the Fe-Se crystal system phases. 
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Figure 2. The theoretical morphology of Fe-Se crystals is predicted using BFDH model. a) 

FeSe2, b) Fe3Se4, c) Fe7Se8, and d) FeSe show the indexed morphological drawing with 

corresponding hkl planes (black color).  

a) FeSe2 

In particular, the BFDH model predicts that the (001) and (00-1) faces are of the highest MI 

for FeSe2 crystal. The obtained crystal growth habit is plate-like with (001) and (00-1) faces to 

be immensely visible, as shown in the morphological design predicted using BFDH theory in 

Figure 2a. 

b) Fe3Se4 

For Fe3Se4 crystal, as shown in Table 1, (001) and (00-1) faces are of highest MI, followed by 

(-101), (10-1), (101), and (-10-1) planes. This results in a rod-like shape of Fe3Se4 crystal 

having planes mentioned above to be on longitudinal sides, making (001) and (00-1) faces 

strongly visible, followed by (-101), (10-1), (101), and (-10-1) planes. While the other planes 

((011), (0-11), (01-1), (0-1-1), (110), (-110), (1-10), (-1-10)) are on the edges of the rod as 

shown in Figure 2b. 

c) Fe7Se8 

For Fe7Se8 crystal, the (001) and (00-1) faces are of the highest MI, as tabulated in Table 1. 

The predicted crystal growth habit of Fe7Se8 is a hexagonal plate, as shown in Figure 2c, having 

(001) and (00-1) faces visible mainly, followed by other planes. 

d) FeSe 

In the last crystal of the Fe-Se system, FeSe, (001), and (00-1) faces are of the highest MI, as 

shown in Table 1, and the resultant crystal growth habit is the same as FeSe2 as shown in Figure 

2d. 

(001)(011)

(110)

(01-1)

(-110)

(001)(0-11)

(001) (001)
(0-11)

a) FeSe2

c) Fe7Se8 d) FeSe

b) Fe3Se4



Ph.D. Thesis  Chapter 2 

64 

CSIR-NCL                                                                                                                                                       Monika 

However, one of the most crucial aspects of determining the crystal's habit is the bond 

energies and orientations present in the crystal system. As a result, a thorough evaluation of 

multiple interaction energies existing between crystallizing entities in all Fe-Se system phases 

is critical. HP analyzed the crystal growth morphology in relation to the interaction energies 

between crystallizing units in 1955.  

2.3.2 Crystal morphology of Fe-Se system using HP approach 

HP13–15 created a theory using the bond energies for predicting the growth morphology of any 

crystal. The interior crystal structure's periodic chains of strong bonds are crucial in 

determining the crystal's ultimate form. All the crystal faces are divided into three parts 

depending on the periodic chains of strong bonds named PBC vectors― the F (flat), S 

(stepped), and K (kinked) faces. The MI of faces for appearance in the final crystal habit is F 

> S > K. Further, to determine the crystal habit using this model, the list of symmetry operators 

of all Fe-Se system phases is necessary to verify that there should be an inversion symmetry 

operator within the unit cells. As if the inversion operator is not present, an intrinsic dipole 

moment is present within the unit cell, and this model works only for crystals with non-polar 

unit cells. The list of symmetry operators of all the phases of the Fe-Se system is tabulated in 

Figure 3.  

 

Figure 3. The list of symmetry operators of all the phases of the Fe-Se system. a) FeSe2, b) 

Fe3Se4, c) Fe7Se8, and d) FeSe. 

The data reveals that the inversion operator is present in FeSe2, Fe3Se4, and FeSe phases while 

absent in Fe7Se8. This implies that Fe7Se8 has an intrinsic dipole moment within the unit cell, 

and therefore the crystal habit of these phases could not be predicted by using the HP model. 

Ensuring the validity in Fe-Se system

FeSe2 Fe3Se4

Fe7Se8

FeSe

58
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According to the HP model, Table 2 to 4 explains the RGR and MI of distinct faces of 

corresponding Fe-Se system phases. The RGR has been used according to the face category. 

For F type faces, the MI and RGR is taken as reference value. For S the RGR is higher than F 

and MI is lower than F. For K, MI values are minimal.  

a) FeSe2 

Figure 4 depicts a FeSe2 crystal packing diagram with PBC vectors displayed as various 

coloured arrows.  

 

Figure 4. a) Unit cell of FeSe2. b) and c) Bonding of corner and center Fe atom with the PBC 

vectors having stoichiometry FeSe2, respectively. d) Packing diagram of FeSe2 crystal along 

with PBC vectors. The three crystallographic axes are denoted by a, b, and c. A total of six 

types of PBC vectors are present― 3 attached with each center Fe atom and corner Fe atoms.  

Green and black PBCs entirely lie on the (100) and (-100) planes of the FeSe2 structure. 

Accordingly, these planes are in the F category of faces and are most prominent in the resulting 

crystal shape. A large component of green and black PBC vectors lie on the (010) and (0-10) 

planes. Thus, these faces correspond to the S faces. Similarly, other planes [(001), (00-1), (011), 

(0-1-1), (01-1), (0-11), (110), (-1-10), (-110), (1-10), (111), (-1-1-1), (-111), (1-1-1), (11-1), (-

1-11), (-11-1), (1-11)] also comes under the S categories according to different PBC vectors. 
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(101), (-101), (10-1), and (-10-1) faces are not parallel to any PBC. Thus, they belong to the K 

category having the least visibility in the final morphology.  

Table 2. Morphological importance of several faces of FeSe2 crystal based on HP model. All 

the faces are categorized according to their alignment with PBC vectors.  

S. No. Faces (hkl) 
PBC vectors lying 

parallel to (hkl) planes 

Face 

category 
MI 

1 (100), (1̅00) Green and black F Largest 

2 (001), (001̅) 

Large component of  

red, orange, blue and 

pink 

S Large 

3 (010), (01̅0) 
Large component of  

Green and black 
S Large 

4 (011), (01̅1̅) 
Large component of  

black, red and orange 
S Large 

5 (011̅), (01̅1) 
Large component of  

green, blue and pink 
S Large 

6 (110), (1̅1̅0) 

Large component of  

black, green, pink and 

red 

S Large 

7 (1̅10), (11̅0) 

Large component of  

blue, orange, green and 

black 

S Large 

8 (111), (1̅1̅1̅) 
Large component black, 

pink and  red 
S Large 

9 (1̅11), (11̅1̅) 
Large component black, 

blue and orange 
S Large 

10 (111̅), (1̅1̅1) 
Large component of 

green and  red 
S Large 

11 (1̅11̅), (11̅1) 
Large component of  

orange, green and blue 
S Large 

12 
(101), (1̅01), (101̅),  

(1̅01̅) 

No PBC vector lie along 

this planes 
K Smallest 

 

All the planes of different categories for FeSe2 crystal based on the HP model are 

tabulated in Table 2. The HP model predicts that the (100) and (-100) faces are the highest MI 

for FeSe2 crystal. Therefore, the crystal habit of FeSe2 crystal is very small cylindrical-like 

with upper planes as (100) and (-100) to be immensely visible, as shown in the morphological 

design determine using HP model in Figure 5. 
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Figure 5. Theoretical morphology of FeSe2 crystal predicted using HP model. The figure 

shows the indexed morphological drawing with corresponding hkl planes (black color)― a) 

the upper view of the morphology with the highest MI of (100) plane and b) the side view of 

the morphology.  

b) Fe3Se4 

Figure 6 displays the packing diagram of Fe3Se4 having a blue cloud shape PBC vector. PBC 

vector entirely lies on the (010) and (0-10) planes of the Fe3Se4 structure. Accordingly, these 

planes are in the F category of faces and are most visible in the final crystal shape. 

 
Figure 6. a) Unit cell of Fe3Se4. b) and c) Bonding of two different Fe atoms present in the 

Fe3Se4 crystal. d)  Packing diagram of Fe3Se4 crystal along with 1 PBC vector represented by 

blue cloud having stoichiometry Fe3Se4. The three crystallographic axes are denoted by a, b, 

and c. 
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Large component of PBC vectors lie on the (001), (00-1), (101), (-101), (10-1), (-10-

1), (110), (-110), (1-10), (-1-10), (011), (0-11), (01-1), (0-1-1), (111), (-1-1-1), (-111), (1-11), 

(11-1), (1-1-1), (-11-1), and (-1-11) planes. Thus, these faces correspond to the S faces. The 

(100) and (-100) planes belong to the K category and have the least visibility in the final 

morphology as no PBC lies along these faces. All the planes of different categories for Fe3Se4 

crystal based on the HP model are tabulated in Table 3.  

Table 3. Morphological importance of several faces of Fe3Se4 crystal based on HP model. All 

the faces are categorized according to their alignment with PBC vectors. 

S. 

No. 
Faces (hkl) 

PBC vectors lying parallel to 

(hkl) planes 

Face 

category 
MI 

1 (010), (01̅0) Blue F Largest 

2 

(001), (001̅), 

(101), (1̅01̅), (101̅), (1̅01), 

(110), (1̅10), (11̅0), (1̅1̅0), 

(011), (01̅1), (011̅), (01̅1̅), 

(111), (1̅1̅1̅), (1̅11), (11̅1), 

(111̅), (11̅1̅), (1̅11̅), (1̅1̅1) 

Large component of  blue S Large 

3 (100), (1̅00) 
No PBC vector lies along 

this planes 
K Smallest 

 

The HP model predicts that the (010) and (0-10) faces are the highest MI for Fe3Se4 crystal. 

Therefore, the crystal habit of Fe3Se4 crystal is very small, hexagonal-cylindrical-like with 

upper planes as (010) and (0-10) to be immensely visible, as shown in morphological design 

determined using HP model in Figure 7. 

 

Figure 7. Theoretical morphology of Fe3Se4 crystal predicted using HP model. The figure 

shows the indexed morphological drawing with corresponding hkl planes (black color). a) The 

upper view of the morphology with the highest MI of the (010) plane and b) the side view of 

the morphology.  
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c) FeSe 

Figure 8 displays the packing diagram of FeSe having 4 PBC vectors illustrated by distinct 

color arrows― green, black, orange, and blue. 

 
Figure 8. a) Unit cell of FeSe. b) and c) Bonding of center and corner Fe atom with the PBC 

vectors having stoichiometry FeSe, respectively. d) Packing diagram of FeSe crystal along with 

PBC vectors. A total of four types of PBC vectors are present― black, green, blue, and orange. 

The three crystallographic axes are denoted by a, b, and c.  

Green and black PBC vectors lie entirely on the (100) and (-100) planes of the structure. 

The other 2 PBC vectors (orange and blue) entirely lie on the (010) and (0-10) planes. 

Accordingly, these planes are in the F faces and are most prominent in the resultant crystal 

shape. A significant component of different PBC vectors lies on the distinct planes, as shown 

in Table 4.  

Thus, these faces correspond to the S faces. (001), (00-1), (110), (-110), (1-10), and (-

1-10) faces belong to the K category having the least visibility in the final morphology with no 

PBC vectors lie along these planes. All the planes of different categories for FeSe crystal based 

on the HP model are tabulated in Table 4. HP model predicts that the (100), (-100), (010), and 

(0-10) faces are of the highest MI for FeSe crystal. Therefore, the crystal habit of the FeSe 
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crystal is rod-like with longitudinal planes as (100), (-100), (010), and (0-10) to be immensely 

visible, as shown in the morphological drawing predicted using HP theory in Figure 9. 

Table 4. Morphological importance of several faces of FeSe crystal based on HP model. All 

the faces are categorized according to their alignment with PBC vectors. 

S. 

No. 
Faces (hkl) 

PBC vectors lying 

parallel to (hkl) planes 

Face 

category 
MI 

1 (100), (1̅00) Green and black 
F Largest 

2 (010), (01̅0) Orange and blue 

3 (101), (1̅01̅) 
Large component of 

green, black and orange 

S Large 

4 (1̅01), (101̅) 
Large component of 

green, black and blue 

5 (011), (01̅1̅) 
Large component of 

green, blue and orange 

6 (01̅1), (011̅) 
Large component of 

orange, black and blue 

7 (111), (1̅1̅1̅) 
Large component of 

green and orange 

8 (11̅1̅), (1̅11) 
Large component of 

green and blue 

9 (111̅), (1̅1̅1) 
Large component of 

black and blue 

10 (11̅1), (1̅11̅) 
Large component of 

black and orange 

11 
(001), (001̅), (110), 

(1̅10), (11̅0), (1̅1̅0) 

No PBC vector lies 

along this planes 
K Large 

 
Figure 9. Theoretical morphology of FeSe crystal predicted using HP model. The figure shows 

the indexed morphological drawing with corresponding hkl planes (black color). a) the side 

view of the morphology with the highest MI of (010) and (100) plans, and b) the upper view 

of the morphology.  
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2.3.3 Evaluating surface free energy of various planes of Fe-Se system using BBA 

approach 

The specific surface free energy is defined as the rise in free energy per unit area when a crystal 

produces a fresh surface. The energy required to break the bonds between atoms to form new 

surfaces may be utilized to evaluate the surface-free energy. The surface free energy of a 

crystallographic plane can be studied using the BBA, which considers only interactions 

between the closest neighbours16:  

γ =
1

2
NBερA  ------- (1) 

The component 1/2 is present in the following equation because each bond contains two atoms. 

where NB is the no. of broken bonds per surface atom (or per surface unit cell), Ɛ is the bond 

energy, and ρA is the no. of surface atoms per unit area (A). The crystal structure may be used 

to compute NB and ρA for various low-index planes. To evaluate the surface energy of the 

distinct plane, please follow the flow chart mentioned in Scheme 2. 

 

Scheme 2. The flow chart evaluates the surface energy of any plane in a particular material. 

The ε parameter is taken from the prior reports― Fe-Fe (~1.68 eV), Se-Se (~3.43 eV), and Fe-

Se (~2.74 eV). Therefore, the Fe-Se system's surface free energies of low-index planes were 

determined using equation 1.  

Surface energy: γ = ½ NBερA

List all types of bond involved in the 

structure

Calculate ρA: number of surface 

atoms per unit area

Examine NB: number of broken

bonds per surface atom

Calculate γ for all possible planes and

compare them. This will provide the

exposed-surface sequence according to

thermodynamics

Start

Bond strength: ε

Finally examine the surface energy

using above equation
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Particularly, the surface free energy of low-index planes in FeSe2 lattice increases as― 

γ (100) < γ (010) ~ γ (111) ~ γ (101) < γ (001) < γ (011) < γ (110) 

Thus, the MI planes are in this sequence for FeSe2 

(100) > (010) ~ (111) ~ (101) > (001) > (011) > (110) 

The sequence for Fe3Se4 is well explained and examined― 

γ (101) < γ (001) < γ (010) < γ (100) ~ γ (011) < γ (110) ~ γ (111) 

and the MI planes sequence is 

(101) > (001) > (010) > (100) ~ (011) > (110) ~ (111) 

In case of FeSe, the surface energy for low-index planes follows the following order―  

γ (101) = γ (011) < γ (100) = γ (010) < γ (110) < γ (001) ~ γ (111) 

and the MI planes sequence is 

(101) = (011) > (100) = (010) > (110) > (001) ~ (111) 

In the case of Fe7Se8, due to the involvement of many atoms and bonds in each facet, the BBA 

route is not applicable to calculate surface energy because the approximation here will increase 

hugely. 

In a vacuum, the facets will grow to minimize the total surface energy; therefore, the 

high-energy planes will add atoms at a higher rate than the lower energy planes. Consequently, 

the faces exposed on the surface will be in the sequence discussed above for each phase. The 

total surface energy of a crystal is equal to the sum of the surface energies of all the crystal 

faces γiAi for the ith crystal face of a crystal. The total surface energy is minimum and does not 

fluctuate with time in equilibrium circumstances. 

d

dt
(∑ γiAii ) = ∑ γii

dAi

dt
= 0  ------- (2) 

As per the Wulff theory, the thermodynamic growth will follow the overall surface energy 

minimization principle, and a hybrid shape exposing a mixture of different planes in the correct 

proportion will become the victory of thermodynamics.  

The BBA provides a straightforward method for evaluating the surface free energy of 

nanocrystals surrounded by a vacuum. However, excluding a few factors like the interactions 

with 2nd and 3rd nearest neighbors, surface reconstruction, and the actual chemical environment 
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of the surfaces could result in remarkable errors in determining the surface free energies of 

distinct faces, mainly with larger indices. The computational modeling provides a more precise 

route for calculating surface free energies with fewer errors than the above method. Thus, both 

approaches may reach a similar conclusion but with differing error bars. Besides, the real-life 

reactions of materials are much more complicated than the simplified thermodynamical model 

due to the kinetic control over the reaction. 

The MI planes have been examined for the Fe-Se system using three well-known 

theories in the above sections. All the findings that correspond to the distinct model are 

summarized in Table 5. 

Table 5. Comparing the MI of several faces of Fe-Se crystals based on various models― 

BFDH, HP, and SE. 

Models 

Phases 
BFDH HP SE 

FeSe2 

(001) > (011) 

> (101) > 

(110) 

(100) > (001) ~  

(010) ~ (011) ~ 

(110) ~ (111) > 

(101) 

(100) > (010) ~ (111) ~ 

(101) > (001) > (011) > 

(110)  

Fe3Se4 

(001) > (101) 

> (011) > 

(110) 

(010) > (001) ~ 

(101) ~ (110) ~ 

(011) ~ (111) > 

(100) 

(101) > (001) > (010) > 

(100) ~ (011) > (110)  ~ 

(111) 

FeSe 

(001) > (011) 

~ (101) > 

(110) 

(100) ~ (010) > 

(101) ~ (011) ~ 

(111) > (001) ~ 

(110) 

(101) = (011) > (100) = 

(010) > (110) > (001) ~ 

(111)  

 

The observation shows that a MI facet varies according to the model in each crystal. As 

BFDH is a pure crystallographic theory, the obtained results are pure geometrically important 

planes in respective phases. In all three-phase, the highest and lowest MI planes are the same. 

Further, the concept of bond energy is included in the theories (HP and SE model). Although, 

both the models consider the concept of bond energies. However, the results are distinct 
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because one model predicts the growth morphology (HP approach), which considers the 

direction of strong bonds, while the other is equilibrium morphology (SE approach), which 

considers the bond energy of each bond involved in the particular plane. There are similarities 

also in some cases, as in FeSe2, the highest MI is the same in both models HP and SE [(100) 

plane]. However, there are more dissimilarities as the initial approach is distinct. 

The real-life reactions of materials are much more complicated than the simplified 

theoretical models due to the involvement of external factors in the reaction. Here, two 

morphologies have been predicted― growth and equilibrium morphology. Furthermore, the 

correlation between the predicted and real-life experimental morphologies is necessary. It will 

be interesting to examine which morphologies are closed with the experimental results among 

the above theories and why? These theoretical findings will help us in understanding the 

experimental observations. These approaches can be extended to other TMCs to understand 

better the morphologies followed by controlling them and tuning the properties. 

2.4 Conclusion 

This chapter aims to predict the crystal habit of the Fe-Se system, starting from FeSe2 to Fe3Se4 

to Fe7Se8 and finally, FeSe crystals from their internal crystal structures. They all have different 

crystal structures: FeSe2 (orthorhombic), Fe3Se4 (monoclinic), Fe7Se8 (hexagonal), and FeSe 

(tetragonal), which makes this system complex. These three well-known methodologies, 

namely: (1) BFDH model, (2) HP model, and (3) SE minimization using BBA, were utilized 

to determine the crystal habit of Fe-Se system crystals. It is appropriate to conclude all the 

above-acquired results as follows: 

1. From the BFDH model, after utilizing the space-group symmetry operation and interplanar 

spacing dhkl, the external crystal morphology of all the phases of Fe-Se system crystals has been 

successfully predicted. FeSe2 and FeSe has plate-like crystal morphology with (001) & (001̅) 

planes being the largest visible. Fe3Se4 has rod-like external morphology with (001), (001̅), 

(1̅01), (101̅), (1̅01̅)& (101) planes being strongly visible. Fe7Se8 has a hexagonal shape with 

(001) and (001̅) faces of the highest MI, followed by other planes on the longitudinal side. 

2. In the HP model, after utilizing the PBC vectors, i.e., strong bonds, the crystal morphology 

of all the phases of Fe-Se system crystals has been successfully predicted. According to the 

inversion operator, for Fe7Se8, this model could not predict the crystal habit. In FeSe2, a very 

small cylindrical shape with upper planes as (100) and (1̅00) to be immensely visible has been 
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predicted as a crystal habit using the HP model. The crystal habit of Fe3Se4 crystal is very small 

hexagonal-cylindrical like with upper planes as (010) and (01̅0) to be immensely visible has 

predicted. The FeSe crystal is predicted as rod-like with longitudinal planes as (100), (1̅00), 

(010), and (01̅0) to be immensely visible. 

3. In last model, MI planes are predicted using surface free energy minimization theory with 

BBA. Particularly, the MI low-index planes in FeSe2 lattice are in this sequence (100) > (010) 

~ (111) ~ (101) > (001) > (011) > (110). For Fe3Se4―(101) > (001) > (010) > (100) ~ (011) > 

(110) ~ (111). For FeSe, it follows the following order― (101) = (011) > (100) = (010) > (110) 

> (001) ~ (111). 

Among the abovementioned method, the two models ―BFDH and HP approaches provide the 

growth morphologies, while the SE model gives us the equilibrium morphology. 
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Chapter 3 

Study of Phase-Evolution Mechanism of Fe-Se System at Nanoscale: 

Optimization of Synthesis Conditions for the Isolation of Pure Phases 

and their Controlled Growth 
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✓ Study of the Phase-Evolution Mechanism of an Fe-Se system at the Nanoscale: 
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Below, we have listed some of the important 'take-away' points from this chapter:  

1) We explored a complete phase transformation sequence of Fe-Se system using 

a wet-chemical method results in plotting the phase diagram.  

2) We investigated the influence of different functional groups of OLA and 1-

ODE (double bond and amine group) on the formation of different phases of 

Fe-Se system. 

3) We studied the growth mechanism of Fe-Se system in these conditions. 

4) We have also optimized the appropriate conditions required to synthesize 

individual phase of Fe-Se system. 

5) We have also examined the reason behind the particular real-life 

experimental morphologies from theoretical crystal habits. 
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3.1 Introduction 

Nucleation and growth phenomena decide the development of both natural and human-made 

condensed matters. As we proceed towards the nanoscale dimensions, materials can showcase 

their bulk counterparts' different physical and chemical properties. For this reason, 

understanding the nucleation and growth processes is vital for the cogent design of functional 

nanoparticles (NPs) with precise composition, crystalline phase, size, and shape for medicine 

applications, catalysis, nanoelectronics, etc1–10. With advancements in the characterization 

techniques, it is possible to microscopically and spectroscopically observe the nucleation and 

growth at different time scales, which were inaccessible earlier, giving us newer insights for 

phase control9. Several synthetic pathways have been designed and optimized for better phase 

control of miscellaneous inorganic NPs11. Compared to the solid-state methods, the chemical 

routes have illustrated several benefits in cost-effectiveness, control of objective products, 

large-scale production, and so-on12,13. Apart from being worse on the energy-economy scale, 

the solid-state pathways require heat-beat-treat iterations (involving high-temperature furnaces 

with the specific environment), and high purity elements as precursors. Moreover, there are 

chances of phase impurity due to poor atomic diffusion through the solid phase, leading to the 

formation of non-stoichiometric phases and broad phase boundaries where two or more phases 

could coexist. In contrast, the chemical methods are far more efficient, economical, and provide 

better phase purity than solid-state routes. Besides this, these methods often require relatively 

much lower temperatures for the phase formation, plus easier control over the size, shape, and 

structure.  

Transition metal chalcogenides (TMCs) represent an important class of materials with 

rich phase-diagram and diverse industrial applications14. The electronic (optical, magnetic, and 

electrical) and thermal properties are susceptible to the crystalline phase, stoichiometry, shape, 

and size15–19. Therefore, it is essential to reach good control over the chemistry of phase 

formation. As discussed in chapter 1, among the TMCs, FexSey compounds (with x: y varying 

from 1:2 to 1:1) are of great importance because of their fascinating and unusual electrical, 

magnetic, thermal, and optical properties thatare remarkably related to the Fe-Se elemental 

ratio as well as their crystalline structure20–25. The family of iron selenides has four stable 

phases: FeSe2, Fe3Se4, Fe7Se8, and FeSe21,26. Particularly, iron diselenide (Fe2+Se2
2-) has an 

orthorhombic marcasite structure. The conventional unit cell of FeSe2 represented in Figure 1a 

contains one formula unit having the unit cell27. Figures 1b & 1c show that Fe3Se4 and Fe7Se8 
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have monoclinic and hexagonal NiAs-type crystal structures, respectively28–30,31. The ionic 

picture of one formula unit of Fe3Se4 and Fe7Se8 can be written as Fe2+Fe2
3+Se4

2- and 

Fe5
2+Fe2

3+Se8
2-, respectively28,29. It is essential to note that the highest temperature phase—β-

FeSe has a tetragonal PbO-type crystal structure32. Figure 1d shows the unit cell of FeSe 

(Fe2+Se2-).  

 

Figure 1. Schematic of the unit cell of a) FeSe2 having orthorhombic marcasite crystal 

structure, b) Fe3Se4 having monoclinic NiAs-type crystal structure, c) Fe7Se8 having hexagonal 

NiAs-type crystal structure, and d) FeSe having tetragonal PbO-type crystal structure. Open 

blue circles represent cations vacancies while solid red circles represent Fe cations. Solid grey 

circles represent Se anions.  

The diversity of bonding and crystal structure in the Fe-Se system give rise to 

drastically varying chemical and physical properties, as discussed in Chapters 1 and 2. Among 

the abovementioned four phases of the Fe-Se system, two phases (Fe3Se4 and Fe7Se8) are well 

known for their magnetic properties31, while the other two (FeSe2 and FeSe) are known for 

their optical properties33–35. The existence of multiple phases with abundantly different crystal 

structures indicates the system's complexity, and therefore, phase-selective syntheses were 

quite challenging for this system.  

Several reports have dealt with fabricating the Fe-Se compounds by chemical synthesis 

routes in the last decade. In 2009, Lin et al.36 obtained Fe3Se4 and Fe7Se8 NPs for the first time 

via the thermal decomposition method at 350 °C. Fe3Se4 nanostructures were also synthesized 

at 300 °C by a one-pot organic-solution-phase route37,38. In 2012, flower-like FeSe2 NPs were 
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synthesized via a solvothermal approach in the temperature range 180 °C - 300 °C34,35, and in 

2014, FeSex (x=1, 2) were synthesized at 330 °C by using the hot-injection method33. FeSe2 

NPs were also synthesized by the hydrothermal route at 140 °C for 13 h39. Recently, Li and the 

group synthesized FeSe NPs by the solvothermal reaction in an autoclave at 160 °C for 12 h, 

later at 220 °C for 24 h40. All methods mentioned above involved either complex synthesis 

conditions (high temperature or long reaction time) or expensive chemicals in synthesizing the 

Fe-Se system. Thus, adopting an easy and affordable reaction route (such as low-temperature, 

short time, and low-cost) with a well-defined shape and high crystallinity of the Fe-Se system 

is essential.  

 In this chapter, a simple one-pot thermal decomposition method is reported to 

synthesize the Fe-Se system in a single reaction by using oleylamine (OLA) as a reducing agent 

and 1-octadecene (1-ODE) as an accelerating agent41. Moreover, a complete phase 

transformation sequence was carefully drawn for the first time using a wet-chemical method. 

In order to understand the interaction between various functional groups of solvent and 

precursors, several experiments were done with amines, alkenes, and alkanes, as well as the 

influence of reaction parameters on the phase evolution of the Fe-Se system, was also 

examined. Finally, the formation mechanism of the Fe-Se system was proposed under these 

conditions. Additionally, the required synthesis conditions were optimized for crystallizing 

individual phases, and the obtained particles were investigated by transmission electron 

microscopy (TEM), X-ray diffraction (XRD), thermo-gravimetrical analysis (TGA), and X-ray 

photoemission spectroscopy (XPS). The last section has intensively investigated the correlation 

between the theoretically predicted crystal habits (discussed in chapter 2) and experimental 

findings. Furthermore, the reason behind particular experimental crystal morphology formation 

has also been discussed. 

3.2 Thermal decomposition-based synthesis of Fe-Se system at nanoscale  

This work presents the optimization of reaction parameters to find suitable synthesis conditions 

to crystallize various phases of the iron selenide family of compounds by following the one-

pot thermal decomposition method. Typically, Fe(acac)3 [Iron (III) acetylacetonate; 99.99%; 

Sigma-Aldrich] was used as an organometallic precursor and Se [Selenium powder; 99.99%; 

Sigma-Aldrich] as a selenium precursor for synthesizing Fe-Se system in an organic solvent. 

To examine the sequence in which various Fe-Se phases evolve out of solution chemistry—

seven prolonged reactions were performed with three different solvent conditions by varying 
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the temperature from 30 °C - 340 °C. Additionally, the effect of stoichiometry has been 

intensively studied with one solvent environment. 

3.2.1 Synthesis of Fe-Se system to examine the phase transformation:  

Synthesis of Fe-Se System in OLA and 1-ODE 

To study the effect of stoichiometry on the phase-transformation—five prolonged reactions 

were performed by varying the amount of Se from 37.5 wt % to 100 wt %, the stoichiometry 

of Fe:Se ranging from 1:0.75 (0.35 g, 0.059 g) to 1:2 (0.35 g, 0.158 g). All the reactions were 

executed in the organic solvent of 10 mL of 1-ODE [1-octadecene; 90%; Sigma-Aldrich] and 

15 mL of OLA [Oleylamine; 70%; Sigma-Aldrich] in a 100 mL three-neck round-bottom (RB) 

flask under the blanket of nitrogen with constant magnetic stirring. The temperature has been 

increased from 30 °C to 340 °C at a ramping rate of 2 °C min-1. For every 10 °C rise in the 

temperature, hold-time was ~30 min. 2 mL aliquots were taken out with a long needle-glass 

syringe to study the phase evolution in each step. All the samples were preserved in small glass 

vials and naturally cool down to room temperature (RT) for further investigation by wide angle 

X-ray scattering (WAXS). The phase diagram was plotted after assembling the WAXS results, 

which inferred the effect of stoichiometry along with temperature on phase transformation of 

Fe-Se system. 

Synthesis of Fe-Se System in OLA 

To study the effect of solvents on phase transformation—one synthesis was done by following 

the same procedure mentioned above, except that only the OLA (15 mL) was used as an organic 

solvent with the stoichiometry of 1:1. 

Synthesis of Fe-Se System in OLA and Pre-dissolved Se Powder in 1-ODE 

In order to examine the effect of solvents, one more reaction was done with the same procedure 

as mentioned earlier, except that the Se powder was pre-dissolved in 1-ODE under a nitrogen 

environment with constant magnetic stirring at 30 °C for 6 h. 

All the samples were intensively investigated using WAXS, and the results gave us an 

idea about the synthesis conditions needed to form the individual phase of the Fe-Se system. 

3.2.2 Synthesis for single-phase formation:  

Synthesis of FeSe2 

In a typical reaction of FeSe2, 1 mmol of Fe(acac)3 (0.353 g) and 2 mmol of Se powders (0.158 

g) were added to 15 mL of OLA in a 100 mL three-neck RB flask. The mixture was stirred 
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under a flow of high-purity nitrogen gas at 30 °C. After that, the temperature was increased to 

150 °C at a ramping rate of 2 °C min-1 and hold on to 150 °C for 2 h. A thermometer was placed 

inside the RB-flask, and the temperature was kept stable within ±1.0 °C during the 2 h long 

dwell-time at 150 °C. The solution was cooled to RT by removing the heating source. After 

cooling, 20 mL of 2-propanol was added to the solution to give a black precipitate, which was 

further separated from the solution by centrifugation. The obtained sample was rewashed with 

a mixture of 15 mL n-hexane and 10 mL 2-propanol. In the end, the precipitate was attained 

by vacuum drying the resultant product at RT and was utilized for further characterization.  

Synthesis of Fe3Se4 

A 1.5 mmol portion of Fe(acac)3 (0.53 g) and 2 mmol of Se (0.158 g) were mixed in 15 mL of 

OLA at 30 °C. The solution mixture was hold on to 120 °C for 0.5 h. Further, the temperature 

was raised at a ramping rate of 2 °C min-1 up to 200 °C and 5 °C min-1 was used to reach a 

maximum temperature of 260 °C; at which the sample was maintained for 2 h.  

Synthesis of Fe7Se8 

A 1.75 mmol of Fe(acac)3 (0.618 g) and 2 mmol of Se (0.158 g) were added in 15 mL of OLA 

at 30 °C. The mixture was heated to the designed temperature (230 °C) at a ramping rate of 5 

°C min-1, and then the ramping rate was decreased to 2 °C min-1 to increase the temperature at 

280 °C and kept at this temperature for 4 h.  

Synthesis of FeSe 

This synthesis is similar to the synthesis of Fe7Se8 with stoichiometry 1:1, except that the Se 

was pre-dissolved in 10 mL of 1-ODE at 30 °C with constant magnetic stirring for 6 h. 

3.2.3 Synthesis to examine the role of OLA  

These syntheses are similar to the above synthesis (FeSe2 and Fe3Se4). The mere exception 

involves the use of 1-ODE, OCD [Octadecylamine; 97%; Sigma-Aldrich], and n-ODE [n-

Octadecane; 99%; Alfa Products] instead of OLA as an organic solvent individually. 

3.3 Characterization techniques 

The progress of phase formation in the prolonged reactions was monitored using WAXS. All 

measurements were made using Rigaku R Axis IV equipped with a microfocus source (Cu Kα 

radiation, λ = 0.154 nm, 1.2 kW rotating anode generator). The scanning time was set at 3 min 

for all the samples. The distance between the sample and the detector was kept constant at 80 
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mm for all samples. Powder XRD graphs were done on a PANalytical X'PERT PRO instrument 

(λ = 1.54 Å) in 2θ range of 10° - 80°. The size, morphology, SAED, and lattice images were 

characterized by using a FEI Tecnai T20 TEM equipped with a super twin lens (s-twin) 

operated at 200 keV accelerating voltage. The powders 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 Hitachi S-4200 system recorded the field-emission-scanning-electron-

microscopy (FESEM) images. The thermal stability studies were done with a heating rate of 

10 °C/min using the TGA SDT model Q600 of TA Instruments Inc. USA. The XPS spectra 

were recorded on Thermo Fisher Scientific Instruments (K Alpha+) with X-ray source (hν = 

1486.6 eV) of monochromatic Al K alpha having 6 mA beam current and 12 kV voltage 

operated at 150 W with the help of a Physical Electronics 04-548 dual Mg/Al anode. A UHV 

system has a base pressure of ≤5 × 10−9 Torr. The analysis depth was nearly 10 to 15 Å. From 

surface normal, both the incident and take-off angles are at 55°. The spot size on the sample 

was 400 µm. The XPS data were resolved using XPSPEAK 4.123. Carbon was taken for 

reference for binding energy during the analysis. The XPS measurements were done on the 

exposed surface of the nanoparticles without any surface treatment. 

3.4 Results and discussion 

3.4.1 The study of the effect of reaction temperature, Fe-Se stoichiometry, and organic 

solvents on the phase formation 

Using the solid-state method, Grivel et al.42 reported that with an increase in the temperature 

Fe-Se system shows the phase transformation in the following sequence: FeSe2 → Fe3Se4 → 

Fe7Se8 → β-FeSe at 300 °C, 320 °C, ~340 °C, 350 °C - 370 °C, respectively. The phase β-FeSe 

transforms into δ-FeSe at 480 °C, and its reversal to the β-FeSe was detected during cooling.42 

However, due to the inherent drawbacks of the solid-state method, the phase boundaries were 

not sharply defined; often, at a particular temperature, phases co-evolved at a phase boundary 

leading to impurity.42 In contrast, the chemical methods are often energy-efficient, atom 

economical, provide sharper and cleaner phase boundaries yielding high purity phases, and 

provide control over size, shape, and structure. 

The thermal decomposition approach was used to figure out the nucleation-growth 

processes and phase formation mechanism. A series of experiments were performed by varying 

reaction temperatures from 30 °C to 340 °C, Fe to Se precursor ratio, and organic solvents. 
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OLA was used as a reducing agent in these reactions and 1-ODE as an accelerating agent. 

Initially, to study the effect of stoichiometry, five prolonged reactions were performed by 

changing the precursor ratio (Fe:Se) in the presence of both OLA and 1-ODE as an organic 

solvent. A small number of specimens were collected from the ongoing reaction vessel after 

every 10 °C rises in temperature, and the WAXS technique examined these specimens (as 

shown in Figure 2, which reveals the diffraction pattern of reactions 1 to 5).  

 

Figure 2. Results of diffraction patterns of reaction 1 to 5 samples collected at various 

temperatures. The reference “International Centre for Diffraction Data” (ICDD) number for 
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Se, FeSe2, Fe3Se4, Fe7Se8 and FeSe are 96-901-2502, 96-901-2552, 96-152-7087, 96-901-

5077, and 96-432-9646, respectively. 

Afterward, the phase diagram was constructed based on the WAXS data analysis, as exhibited 

in Figure 3.  

 

Figure 3. Iron - selenium phase diagram a) 2-dimensional representation an b) 3-dimensional 

representation (present work). Symbols 1 to 5 (in square boxes) represent the outcome of five 

prolonged reactions with different stoichiometry. Here the amount of Se varied from 37.5 wt 

% to 100 wt %, the stoichiometry of Fe:Se ranging from 1:0.75 (0.35 g, 0.059 g) to 1:2 (0.35 

g, 0.158 g)  in OLA and 1-ODE with temperature range 30 °C - 340 C. The black line (at 140 

°C) shows the Se band; after that, FeSe2 starts forming up to the red line, further Fe3Se4 starts 

forming, and so on. As the temperature increases, phase evolution was observed from FeSe2 → 

Fe3Se4 → Fe7Se8. The phase evolution was strongly dependent on stoichiometry, in Fe rich 

side, it was very swift as compared to Se rich side. O, M, and H represents the orthorhombic, 

monoclinic, and hexagonal structures of corresponding phases, respectively. (The different 

colour lines reveal the corresponding phase boundaries at that particular wt % Se.)  

Initially, the diffraction peaks from Se were visible in the whole range of wt % Se (indexed to 

ICDD card 96-901-2502). Upon heating from 30 °C up to 140 °C, the Se peaks became 

significantly weaker, and nearby 150 °C peaks of FeSe2 emerged without any impurity phase 

(Se peaks). As discussed earlier, it was reported using the solid-state method that FeSe2 

emerges as the first detectable Fe-Se phase.42 We believe that there is one possible reason 

contributing to the formation of FeSe2 at the beginning of the reaction. FeSe2 formation kinetics 

is faster than the other phases of the Fe-Se system. The formation of the FeSe2 structure requires 
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Se-Se dimers (Se2
2- state), which are readily available from the elemental selenium. On the 

other hand, the other phases require monomeric Se2- ions, which are available at relatively 

higher temperatures, requiring more energy to break the Se-Se bonds. On the Fe-rich side of 

the phase diagram, X-ray analysis of specimen at 37.5 wt % Se revealed that the single phase 

FeSe2 was observed up to 220 °C. Along with FeSe2, the Fe3Se4 phase starts appearing at 230 

°C for 37.5 wt % Se. While going towards the selenium-rich side from 50 wt % to 100 wt % 

Se, single phase FeSe2 was detected up to 290 °C ± 10 °C. For 50 wt % - 66 wt % Se along 

with the FeSe2 phase, Fe3Se4 was also observed around 300 °C. Finally, with a slight increase 

in temperature up to ~ 310 °C, Fe3Se4 single phase was detected in WAXS data over the whole 

range of wt % Se. For 37.5 wt % Se, the Fe3Se4 phase emerges relatively earlier in the 

reaction—probably due to the lower Se/Fe atomic ratio. At 37.5 wt % Se, the amount of Se 

atoms is less, and the availability of Fe2+ and Fe3+ ions are more due to excess of iron atoms, 

resulting in swiftly transforming the phases towards the iron-rich phases. At 37.5 wt % Se 

(iron-rich), the single phase Fe7Se8 was detected at 320 °C. When the wt % Se was adjusted in 

the range 50 wt % - 57 wt %, the diffraction peaks of Fe7Se8 started emerging together with 

the Fe3Se4 at around 320 °C and with a slight increase in temperature (~330 °C), single phase 

Fe7Se8 was observed. When the wt % Se was increased to 66.6 wt % Se, the single phase Fe7Se8 

was detected at around 330 °C. At 100 wt % Se, Fe7Se8 was not observed up to 340 C, which 

signifies that the conversion from Fe3Se4 to Fe7Se8 would not be possible in excess of 

selenium—there was no iron present to transform the present phase into the next iron-rich 

phase (Fe7Se8). It is worth mentioning that the solution turns into the gel after 340 °C. The 

sequence observed by varying the stoichiometry in the presence of OLA and 1-ODE is FeSe2 

→ Fe3Se4 → Fe7Se8, and afterward, no reaction was possible due to gel formation. 

To study the effect of solvent, one reaction was done with OLA as an organic solvent 

(Table 1 A, Figure 4). As the temperature increases from laboratory temperature (~30 °C) to 

130 °C, the peak intensity of Se starts to reduce slowly and then disappears. As listed in table 

1, Fe-precursor (source of Fe2+) and Se-precursor (source of Se2
2-) began to react at around 110 

°C with the production of very small portion of FeSe2. The diffraction peaks of single phase 

FeSe2 were observed at ~140 °C. From 110 °C onwards, this reaction arise to move slowly, but 

it speeds rapidly when the melting point of Se (TMelt = 221 C) is reached. Beyond this stage, 

the FeSe2 diffraction peak intensities start declining, and ~230 C FeSe2 peaks coexist with 

Fe3Se4 peaks. Finally, ~250 °C single phase Fe3Se4 was detected in WAXS data that remained 



Ph.D. Thesis  Chapter 3 

90 

CSIR-NCL                                                                                                                                                       Monika 

intact up to 270 C.  At a somewhat higher temperature (~280 C) than the Fe3Se4 phase, the 

Fe7Se8 phase occurs. As the temperature increases, the Fe3Se4 phase starts disappearing, and 

Fe7Se8 becomes the primary phase. Before being turned into a gel, it reaches a temperature of 

340 C. The sequence observed by removing the accelerating agent is again the same as above 

FeSe2 → Fe3Se4 → Fe7Se8. 

Table 1. Results of XRD patterns from the specimens collected at various reaction 

temperatures were carried out by changing the solvents. Here, OLA was used in reaction A and 

OLA + 1-ODE in reaction B with a temperature range of 30 °C - 340 C. In reaction B, 

complete phase transformation was observed below 300 C. 

To further study the effect of solvents, an additional step was added in the reaction 

mentioned in the earlier section—the Se powder was pre-dissolved in 1-ODE with constant 

stirring at 30 C and used as the Se precursor, which resulted in accelerating the reaction due 

to easier availability of selenium (Table 1 B, Figure 4). Upon heating from 30 °C to 100 °C, 

only the diffraction peaks of Se were observed in WAXS. From 110 °C, the diffraction peaks 

of FeSe2 start appearing, and the peak intensity increases when the temperature is raised to 140 

°C. Single phase FeSe2 was observed up to 230 °C. With the further rise in temperature, the 

peak intensity of the FeSe2 phase decreases, and the Fe3Se4 phase increases and gradually 

become the primary phase. 

Reaction Fe precursor 
Se 

precursor 
Solvent 

Temperature-

range (C) 
Phase Remark 

A Fe(acac)3 Se powder OLA 

30 – 100 Se 

 

110 – 130 Se + FeSe2 

140 – 220 FeSe2 

230 – 240 
FeSe2 + 

Fe3Se4 

250 – 270 Fe3Se4 

280 – 340 Fe7Se8 

B Fe(acac)3 Se powder 
OLA + 

1-ODE 

30 – 100 Se 

Se powder 

was pre –

dissolved in 

1-ODE at 30 

C for 6 h 

110 – 230 FeSe2 

240 – 250 
FeSe2 + 

Fe3Se4 

260 
Fe3Se4 + 

FeSe2 

270 Fe7Se8 

280 – 300 FeSe 
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Figure 4. Results of diffraction patterns of reaction 1 to 5 samples collected at various 

temperatures. Complete phase evolution of the Fe-Se system was observed under 300 C. 

The conversion reaches a maximum of around 260 °C. Further, with a slight increase in 

temperature (~270 °C), the WAXS pattern showed the formation of a single phase Fe7Se8, and 

with another 10 °C rises (~280 °C), Fe7Se8 transformed into a new phase—FeSe with an 

increase in the FeSe peak intensity up to 300 °C. Beyond 300 °C, no reaction was possible due 

to gel formation. 

 Thus, this study concludes the following sequence of Fe-Se phase formation (between 

110 °C - 300 °C): FeSe2 (orthorhombic marcasite) → Fe3Se4 (monoclinic NiAs) → Fe7Se8 

(hexagonal NiAs) → FeSe (tetragonal PbO structure). It was also found that among all of the 

experiments mentioned above, one with pre-dissolved Se powder in 1-ODE is critical due to 

the formation of a complete Fe-Se family of nanoparticles below 300 °C ―the highest 

temperature phase FeSe was obtained when Se powder was pre-dissolved in 1-ODE while it 

was absent in the earlier cases. We infer that pre-dissolving Se in the accelerating agent (1-

ODE) accelerates the reaction rate and finally helps in the formation of FeSe, which was not 

formed even at a much higher temperature with other solvent conditions. Using the solid-state 

method, the Fe-Se phase transformation occurred between 300 °C - 370 °C. However, in this 

study, phase transformation temperature was reduced to 110 °C - 300 °C: all the phases formed 

below 300 °C. Thus, using solution chemistry, the phase transformation temperature range of 

the Fe-Se system was reduced to a significantly lower temperature value. 
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3.4.2 Optimization of synthesis conditions for single phase formation 

By analyzing the effects of variations in reaction parameters on the phase transformation, the 

minimum possible temperature was optimized for the formation of each Fe-Se phase. Table 2 

summarizes the outcomes of these variations. This clearly reveals that the lowest possible 

temperature required for the pure FeSe2 phase is 150 °C, below which there were always Se 

impurities. For the other three subsequent phases, the minimum required temperature was 

above the Se melting point (Tmelt = 221 °C). Above 221 C, the cleavage of the Se-Se dimer 

pair results in FeSe2 instability. For synthesizing single phase Fe3Se4, the minimum possible 

temperature required was found to be 260 °C, below which there was always an impurity of 

the FeSe2 phase. Prolonging the synthesis at 260 °C could form Fe7Se8. However, there were 

chances of getting some impurities. The pure phase of Fe7Se8 was obtained only at 280 °C. It 

is essential to observe that the formation of both Fe3Se4 and Fe7Se8 phases also depends upon 

the reaction temperature ramped up. In order to synthesize the highest temperature phase FeSe, 

it required a much longer duration at that temperature where Fe7Se8 was formed; still, there 

were a tiny amount of impurities. 

As mentioned in the earlier section, an accelerating agent is required for synthesizing 

the FeSe phase, which accelerates the reaction. Resulting in forming the above three phases 

faster and at last, the FeSe phase also. However, after merely adding an accelerating agent 

during the synthesis of FeSe, it was observed that Fe7Se8 was always present as an impurity 

phase along with FeSe. To overcome this phase impurity problem, pre-dissolved Se powder in 

1-ODE was added with Fe(acac)3 and OLA at constant stirring, resulting in a single-phase 

formation of FeSe. Therefore, it was possible to synthesize the single phase FeSe by keeping 

the reaction conditions similar to the one that was optimized for the formation of Fe7Se8, except 

for adding an accelerating agent. An alternative route for synthesizing FeSe was also 

recognized. In this method, the reaction conditions were kept similar to the synthesis of Fe7Se8 

up to 300 °C, but the reaction time was prolonged till 7 h. However, the drawback of this route 

is that a longer hold-time at 300 °C resulted in gel formation, decreasing the amount of product. 

Whether increase the amount of OLA and/or 1-ODE, the phases were the same as before for 

that particular temperature with pertinent time. Thus, this study gave us the information about 

minimal temperature required for synthesizing individual phases of the Fe-Se system. 
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Table 2. The data shows the optimized conditions needed to synthesize the individual phase. 

The reaction conditions were determined by detailed phase identification studies using XRD 

on various specimens collected from the reactions at varying conditions, as mentioned in the 

table. 

 

 

Phases Solvent Ramping Rate 
Temp.

(C) 

Time 

(h) 
Remarks 

FeSe2 OLA 2 C min-1 150 2 Single phase FeSe2 NPs. 

Fe3Se4 OLA 

2 C min-1 230 8 
Fe3Se4 + FeSe2 

(impurity phase). 
2 C min-1 240 6 

2 C min-1 250 5 

120 C - 0.5 h + 

2 C min-1 
→ 200 C +  

2 C min-1 → 250 C 

250 4 Fe3Se4 + FeSe2 

(impurity phase). 

2 C min-1 260 5 

120 C - 0.5 h + 

2 C min-1 
→ 200 C +  

2 C min-1 → 250 C 

260 2 
Single phase Fe3Se4 

NPs. 

Fe7Se8 OLA 

2 C min-1 270 4 
Fe3Se4 + FeSe2 

(impurity phase). 

5 C min-1 
→ 230 C +  

2 C min-1 → 270 C 
270 4 

Fe7Se8 + Fe3Se4 

(impurity phase). 
2 C min-1 280 

4, 

5 

5 C min-1 
→ 230 C +  

2 C min-1 → 280 C 
280 4 

Single phase Fe7Se8 

NPs. 

FeSe 

OLA 
5 C min-1 

→ 230 C +  

2 C min-1 → 280 C 
280 4 Fe7Se8. 

OLA 

+ 

1-ODE 

5 C min-1 
→ 230 C +  

2 C min-1 → 280 C 
280 4 

FeSe + Fe7Se8 (impurity 

phase). 

OLA 

+ 

1-ODE 

5 C min-1 
→ 230 C +  

2 C min-1 → 280 C 
280 4 

Single phase FeSe NPs. 

(Se powder was pre-

dissolved in 1-ODE) 

OLA 
5 C min-1 

→ 230 C +  

2 C min-1 → 280 C 
300 7 Single phase FeSe NPs. 
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3.4.3 Role of OLA 

OLA is a primary alkylamine with a long-chain (C18) having an alkene function at the C9-C10 

junction with a boiling point of nearly 350 °C. It has been demonstrated to function as an 

electron donor at elevated temperatures43. In order to examine the role of various OLA 

functions (amine function and double bond) in the above reactions, several experiments have 

been done using amines, alkenes, and alkanes44.  

 

Figure 5. Molecular structure of all 4 organic solvents ―n-Octadecane [n-ODE (alkane)], 1-

Octadecene [1-ODE (alkene)], Octadecylamine [OCD (amine)], and Oleylamine [OLA (amine 

and alkene)]. 

These experiments were carried out with 1-ODE (alkene), OCD (amine), and n-ODE (alkane) 

as organic solvents instead of OLA (Figure 5), keeping other parameters unchanged. Table 3 

shows the phase identification data from the XRD measurements of all the products at 150 °C 

and 260 °C. At 150 °C, the XRD pattern shows only Se peaks in the absence of the amine 

group, whether we have a double bond or not (1-ODE and n-ODE). Whereas, in the presence 

of an amine group (with OCD and OLA), the diffraction pattern shows the formation of single 

phase FeSe2. Thus, at low temperatures, the role of the amine group is vital to reduce the Se 

and Fe precursor, and as the temperature increases, the role of thermal energy takes center stage 

in phase-formation. At 260 °C, with n-ODE—having neither double bond nor amine group—

FeSe2 phase was formed, while in the presence of double bond (1-ODE), Fe3Se4 phase starts 

appearing along with FeSe2. The synthesis carried out at 260 °C with OCD (having only the 

amine group) shows the presence of both the phases in equal amounts, i.e., Fe3Se4 and FeSe2. 

Finally, with OLA, single phase Fe3Se4 has been observed. 

(A) H H (A)

C C

CH2 (CH2)5
(CH2)6 CH2CH3 CH2 CH2

(G) (E) (C) (C) (E) (D) (B)

(A) H H (A)
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CH2 (CH2)5
(CH2)6 CH2CH3 CH2 CH2
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Table 3. Results of studies for the reaction carried out by changing the solvents (amine, alkene, 

and alkane groups) at various temperatures. The phase identification was made by XRD 

analysis.  

S. No. Solvent Product 

Below 220 C 

1 n-Octadecane Se 

2 1-Octadecene Se 

3 Octadecylamine FeSe2 

4 Oleylamine FeSe2 

Above 220 C 

5 n-Octadecane FeSe2 

6 1-Octadecene FeSe2 + Fe3Se4 (impurity phase) 

7 Octadecylamine FeSe2 + Fe3Se4 

8 Oleylamine Fe3Se4 

Based on these results, it is appropriate to conclude that the amine group is a strong reducing 

agent while the double bond is a mild reducing agent. Although FeSe2 was also formed with n-

ODE (at 260 °C), where both amine group and double bond are absent which signifies that both 

the precursors can be reduced by thermal energy as well. The fact that as the temperature 

increases, the Fe(acac)3 starts reducing into Fe(acac)2 by thermal energy, and it reaches a 

maximum between 150 °C - 235 °C. This is supported well by the TGA (Figure 6), which 

shows that the decomposition starts from RT and becomes significant at nearly 150 °C.  

 

Figure 6. TGA (Thermogravimetry analysis) was carried out in an N2 atmosphere for Fe(acac)3 

to determine the decomposition behavior. (a) The decomposition of acetylacetonate groups 

starts slowly at room temperature (30 C), becomes significant nearby 150 C in the form of 
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acetone and CO2, and goes maximum at 235 C. (b) the first-order differentiation of weight 

loss with respect to temperature.  

Above 221 °C, due to the increased thermal energy, the Se atoms also start reducing and result 

in fabricating the FeSe2 at 260 °C. Altogether, the amine group, double bond, and thermal 

energy play an essential role in reducing the Fe and Se precursors and forming the Fe-Se 

compounds. As both n-ODE and 1-ODE are not appropriate solvents for reducing the Se and 

Fe precursors; thus, they are not favorable to the synthesis Fe-Se system. In OCD, the product 

yield was significantly less due to gel formation at RT (~35 °C), as the melting point of OCD 

is 50 °C. Thus, it is hard to remove the product from the solvent. Accordingly, OLA is the most 

suitable solvent for synthesizing the Fe-Se system in these conditions.  

3.4.4 Formation mechanism 

As discussed in earlier sections, temperature-dependent experiments were performed to 

understand the formation process of Fe-Se system comprises an initial nucleating stage 

followed by subsequent crystal growth process. Accordingly, based on the above analysis, the 

possible formation mechanism of the Fe-Se system starts from making the complexes followed 

by reducing the Fe and Se ions, and finally, phase formation is highlighted in scheme 1. 

1. Fe(acac)
3
  →  Fe(acac)

2 
 +  acetone   +  CO

2  

2. Fe(acac)
2
  +  OLA  → Fe(OLA)

4
(acac)

2
  →  [Fe(OLA)

4
]
2+

  +  2(acac-) 

3. Se
n
  +  OLA  →  Se-OLA complex (source of Se

2
2- ions)  →  Se

2
2- 

4. Fe2+  +  Se
2

2-  →  FeSe
2 [Fe2+Se

2
2-] 

5. FeSe
2
  +  2Fe3+ *  +  2Se2-  →  Fe

3
Se

4
 [(Fe3+)

2
(Fe2+)

1
(Se2-)

4
] (T  221 C) 

6. Fe
3
Se

4
  +  4Fe2+  +  4Se2-  →  Fe

7
Se

8
 [(Fe3+)

2
(Fe2+)

5
(Se2-)

8
] 

7. Fe
7
Se

8
  +  Fe2+  →  8FeSe [Fe2+Se2-] 

*Unreduced Fe-precursor: 

Fe(acac)
3
  +  OLA  →  Fe(OLA)

6
(acac)

3
  →  [Fe(OLA)

6
]
3+

  +  3(acac-) 

Scheme 1. Proposed formation mechanism of Fe-Se system. 

Initially, as the temperature increases, Fe(acac)3 starts reducing into Fe(acac)2 due to 

the thermal energy with the release of acetone and CO2
45, followed by the dissolution of 

Fe(acac)2 into 4 OLA resulting in Fe-OLA complex as [Fe(OLA)4]
2+. Here, the amine group 
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of OLA was attacking the acetylacetonate group of Fe(acac)2, leading to the coordination of 

amines with Fe2+, and spontaneously replacing the acac- ligands. Thus, the Fe-OLA complex 

behaves as the source of Fe2+ ions. Moreover, in all of the prolonged reactions, the presence of 

unreduced Se atoms was up to 100 °C - 140 °C, which apprises us that the Se precursor starts 

reacting above this temperature range. At elevated temperatures, OLA functioned as an 

electron donor for Se powder, reducing the Se atoms. Se starts reacting with OLA by homolytic 

cleavage of the Se-Se bond leading to a radical process as discussed by Bo Hou et al41. These 

thermally induced Se radicals attack the allylic proton of OLA, resulting in migration of the 

double bond, and the required hydrogen was transferred by the Se intermediate species. Thus, 

the Se-OLA complex acted as the source of Se2
2- ions by reducing the Se atoms with the release 

of hydrogen from the complex. Apart from the double bond, OLA also has an amine group 

capable of reacting with Se atoms and furthermore reduces them41. 

Afterward, Fe2+ gyrates around Se2
2- to pursue an equilibrium state, which results in the 

formation of marcasite FeSe2 having an orthorhombic layer structure. It indicates that FeSe2 is 

directly formed by synthesizing the iron and selenium ions instead of firstly forming the iron-

selenium-organic compound and then decomposes to form FeSe2. The analysis of WAXS data 

(Figure 2 and Table 1) shows that a single phase FeSe2 is stable up to nearby 221 °C (melting 

point of Se). After this temperature, there was cleavage of the dimer pair of Se-Se atoms in 

FeSe2, resulting in instability of the FeSe2 phase. Consequently, the cation and anion start 

transforming into the next stable state. The OLA reduces Se2
2- ions of FeSe2 into Se2- ions and 

simultaneously, the unreduced iron precursor Fe(acac)3 react with 6 OLA resulting in the 

formation of [Fe(OLA)6]
3+ (source of Fe3+) and transfer in the crystals which revolve around 

Se and Fe atom of FeSe2 to seek an equilibrium state. The arrangement of atoms results in an 

approach to the structure of Fe3Se4 having NiAs type monoclinic structure, as shown in scheme 

1. As the temperature increases, the amount of reduced Fe atoms (Fe2+) also increases. In order 

to seek an equilibrium state, they start reacting with atoms of the Fe3Se4 unit cell. The four 

reduced iron (Fe2+) atoms along with four reduced selenides (Se2-) react with atoms of one unit 

cell of Fe3Se4 to fabricate the new unit cell, as shown in scheme 1. Eventually, the arrangements 

of atoms result in a new NiAs type hexagonal Fe7Se8 structure to endeavor an equilibrium state. 

In FeSe syntheses, by pre-dissolving the Se in 1-ODE, all the initial three phases were 

formed swiftly. Thereafter, if the reaction was further carried out for more time at elevated 

temperature, all the iron atoms were reduced to Fe2+ state, and all the Se atoms were reduced 
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to Se2- state. Eventually, that results in the transformation of the Fe7Se8 phase to the FeSe 

tetragonal phase having all the Fe atoms in the Fe2+ state and Se atoms in Se2- state, as shown 

in scheme 1. It illustrated that the phases of the Fe-Se system were mainly dependent on the 

reaction temperature and the ability of the Fe precursor to react with Se atoms using the organic 

solvents as a medium. As the temperature increases, nucleation-growth rates also increase 

along with OLA decomposition rate in the sample. However, the acceleration rate was 

increased to multiple times with 1-ODE resulting in speeding up the formation process. The 

solvent-precursor interaction would influence the phase of the final product. Thus, in the 

present formation process, the reactivity of Fe and Se governs the nucleation process while 

reaction temperature governs the growth process. Scheme 2 shows the schematic diagram of 

the growth process in the Fe-Se system. 

 

Scheme 2. The proposed growth mechanism for the various phase of the Fe-Se system. 

3.4.5 Material characterization― X-ray diffraction 

As-synthesized Fe-Se phases were investigated in detail for their crystallinity and phase purity 

using powder-XRD, followed by the Reitveld refinement using FullProf software (Figure 7). 

Figure 7 illustrate the powder-XRD patterns of synthesized FeSe2, Fe3Se4, Fe7Se8, and β-FeSe 

phases, which agree with their respective ICDD data card 96-901-2552, 96-152-7087, 96-901-

5077, and 96-432-9646, respectively. The lack of any additional peak in all diffraction patterns 

implies that none of the samples have a secondary phase. 
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Figure 7. XRD pattern of a) FeSe2 b) Fe3Se4 c) Fe7Se8 and d) FeSe (red line), calculated XRD 

curve after crystal structure refinement by Rietveld method (black line), Iobs-Ical, difference 

curve (green line) and Bragg position (blue vertical line) are displayed. 

FeSe2 have the orthorhombic crystal structure (space group (SG): Pnnm) with calculated lattice 

parameters of a = 4.8 Å, b = 5.8 Å, and c = 3.6 Å, α = β = γ = 90°. Fe3Se4 is in the monoclinic 

crystal structure (SG: I2/m) with determined lattice parameters of a = 6.2 Å, b = 3.5 Å, and c 

= 11.3 Å, α = γ = 90°, β = 91.8°. Fe7Se8 is in the hexagonal crystal structure (SG: P3121) with 

determined lattice parameters of a = 7.2 Å and c = 17.6 Å, α = β = 90°, γ =120°. FeSe is in the 

tetragonal crystal structure (SG: P4/nmm) with calculated lattice parameters of a = b = 3.8 Å, 

and c = 5.5 Å, α = β = γ = 90°. The refinement details are mentioned in the supporting text 

adjoining Table 4.  

Table 4. Rietveld refinement data of the as-synthesized nanoparticles FeSe2, Fe3Se4, Fe7Se8, 

and FeSe. Χ2 and wRP (%) represented the chi-square and weighted profile R values. Unit cell 

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

 FeSe2 Fe3Se4 Fe7Se8 FeSe 

Χ2 4.8 3.9 6.7 8.6 

wRP (%) 10 11.9 8.6 9.8 

Space group Pnnm I2/m P3121 P4/nmm 

Structure orthorhombic Monoclinic hexagonal Tetragonal 

a (Å) 4.8 6.2 7.2 3.8 

b (Å) 5.8 3.5 7.2 3.8 

c (Å) 3.6 11.3 17.6 5.5 

α 90 90 90 90 

β 90 91.8 90 90 

γ 90 90 120 90 

b) Fe3Se4

In
te

n
si

ty
 (

a.
u

.)

2 (degree)

5 20 35 50 65 80 5 20 35 50 65 80

a) FeSe2

c) Fe7Se8 d) FeSe
(1

1
1

)

(1
2

1
)

(2
0

0
)

(2
1
1

)

(2
1

2
)

(1
1

2
)

(0
1
1

)

(1
1

0
)

(1
0

1
)

(0
1

2
)

(1
0

3
)

(0
3

1
)

(0
2

1
)

(0
2

0
)

(-
1
1

2
)

(2
0

2
)

(0
1

3
)

(2
1
1

)

(1
1

4
)

(3
1

0
)(2

0
4

)

(0
2

0
)

(1
1

6
)

(0
0

2
)

(1
0

1
)

(0
1
1

)

(-
2

0
2

)

(2
2

2
)

(0
0

4
)

(2
0

3
)

(2
0

6
)

(2
2

0
)

(0
2

9
)

(4
0

3
)

(0
4

6
)

(2
0

0
)

(0
0

6
)

(1
0

1
)

(0
0

1
)

(1
1
1

) (1
1

2
) (2

0
0

)

(2
1
1

)
(1

0
3

)

(2
0

1
)

(1
1

0
)



Ph.D. Thesis  Chapter 3 

100 

CSIR-NCL                                                                                                                                                       Monika 

3.4.6 Material characterization― electron microscopy imaging and diffraction study 

The size, shape, and structure of all the phases (synthesized using single-phase formation 

conditions) were identified by FESEM and TEM. As exhibits in Figures 8 and 9, all have a 

quasi-spherical form with a cactus-like appearance, with many spikes growing on the surfaces 

facing outward.  

 

 Figure 8.  Typical FESEM images of as-synthesized a) FeSe2, b)Fe3Se4, c)Fe7Se8 and d)FeSe 

NPs. Scale bars are 500 nm. 

The TEM images (inset of Figures 9 a-d) show the precise shape of the Fe-Se nanocacti, which 

appear to be agglomerated as rod-shaped nanostructures. Figures 9a-d show a zoomed-in view 

of the single nanorod, which represents the building block of the corresponding particle shown 

in the inset, and Figures 9 a'-d' show lattice fringes of all the phases. The lattice fringes spacing 

was approximately 2.5 Å, 2.7 Å, 5.4 Å, and 5.5 Å, which corresponds to (111), (-202), (101), 

and (001) planes of FeSe2, Fe3Se4, Fe7Se8, and FeSe phases, respectively. The SAED pattern 

reveals in the inset of Figures 9 a'-d' revealed the single-crystalline nature of all the Fe-Se NPs. 

a) FeSe2 b) Fe3Se4

c) Fe7Se8 d) FeSe
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Figure 9. Typical TEM images of as-synthesized a) FeSe2, b) Fe3Se4, c) Fe7Se8, and d) FeSe 

NPs (in the presence of OLA) show the rod-like features, and the inset shows the iron selenide 

nanocacti with rod-like features growing on the surface. The scale bar in the insets is 100 nm. 

a') to d') shows the lattice fringes space at 2.5 Å, 2.7 Å, 5.4 Å, and 5.5 Å represents the (111), 

(-202), (101), and (001) of Fe-Se system respectively. The inset shows the SAED pattern. 

The diffraction pattern obtained for all the nanostructures were matched well with the crystal 

planes of the Fe-Se system and have been assigned to (002), (101), (111) planes for FeSe2, (-
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202), (011) planes for Fe3Se4, (203), (101), (206) planes for Fe7Se8 and (001), (101) planes for 

FeSe. The d-spacings calculated from TEM were in good agreement with those given in the 

standard ICDD for all the phases of the Fe-Se system. Furthermore, by altering the solvents in 

the reaction system, the current synthetic approach not only allows for the selective synthesis 

of isolated phases of iron selenides by manipulating the temperature, but it may also yield novel 

morphologies. The TEM data revealed the strong dependence of size, shape, and stability on 

the solvent.  

 

Figure 10. Representative TEM images of as-synthesized FeSe2 NPs in the presence of a) n-

octadecane (n-ODE), b) 1-octadecene (1-ODE), c) octadecylamine (OCD) and d) oleylamine 

(OLA). It reveals the solvent's strong dependence on size, shape, and stability.  

Figure 10 shows the formation of nanosized quasi-spheres (in the presence of n-ODE), 

nano-platelets (in the presence of 1-ODE), nanosized quasi-spheres (in the presence of OCD), 

and nanocacti having rod-like characters growing on the surface (in the presence of OLA). It 

is appropriate to mention that although the individual solvents give a different morphology, 

however, when 1-ODE was added in OLA (as per Fe-Se system synthesis conditions), there 

was no change in the morphology. As shown in Figure 11, OLA reveals the same morphology 

with or without the presence of 1-ODE, which signifies that OLA dominates over the 1-ODE 

in controlling the morphology. 

a)
C

b) d)

c)

200 nm 10 nm

50 nm 50 nm
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Figure 11. Representative TEM images of as-synthesized iron selenide NPs a) Fe7Se8 in 

presence of oleylamine (OLA), b) Fe7Se8 in presence of oleylamine (OLA) + 1-octadecene (1-

ODE), c) FeSe in presence of OLA and d) FeSe in presence of OLA + pre-dissolved Se powder 

in 1-ODE. It reveals the dominant nature of OLA over 1-ODE, as presence of 1-ODE does not 

affect the morphology of NPs.  

3.4.7 Predicted crystal habit versus experimental morphology of Fe-Se system 

In the second chapter of the thesis, the morphologically important (MI) planes have been 

examined for the Fe-Se system using three well-known theories (BFDH, HP, and SE model). 

The observation shows that a MI facet varies according to the model in each crystal. As 

BFDH46-48 is a pure crystallographic theory, the obtained results are pure geometrically 

important planes in respective phases. Further, the concept of bond energy is included in the 

theories (HP49-51 and SE52 model). Although, both models consider the concept of bond 

energies in direct or indirect ways. However, the results are distinct because one model predicts 

the growth morphology (HP approach) while the other is equilibrium morphology (SE 

approach). 

The real-life reactions of materials are much more complicated than the simplified 

theoretical models due to the involvement of external factors in the reaction. In chapter 2, two 

types of morphologies have been predicted― growth and equilibrium morphology. 

Furthermore, the correlation between the predicted and experimental morphologies is of 

fundamental and application interest. In this chapter, all the phases are synthesized using the 

OLA + 1-ODE

200 nm

OLA

100 nm

a) b)
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200 nm
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thermal decomposition method, and under the limit of laboratory powdered XRD, all the as-

synthesized specimens are single phases. The electron microscopy analysis clearly shows the 

rod shape of all the synthesized nanoparticles in OLA as an organic solvent. 

All the theoretically-predicted morphologies of different Fe-Se crystals are compared 

with the experimental observations. As discussed above, in OLA, all the phases are in a rod 

shape.  

 
Figure 12. Experimental and theoretical morphology of FeSe2 crystal. a) TEM images of as-

synthesized FeSe2 NPs (in the presence of OLA) show the rod-like features. b) The lattice 

fringes space at 2.5 Å represents the (111) plane of FeSe2. The predicted morphology of FeSe2 

using c) Bravais-Friedel-Donnay-Harker (BFDH) and d) Hartman-Perdok (HP) model shows 

the indexed morphological drawing with corresponding hkl planes. 

For FeSe2, the edge plane is (111) having a d-spacing 2.5 Å, as shown in Figure 12b. 

The experimental morphology is not completely following any approach. This signifies that 

the kinetic control dominates the reaction due to the lowest temperature phase. However, the 

HP model's predicted crystal habit is closer to the experimental results than the BFDH 

approach, as shown in Figure 12. Additionally, the MI of planes is slightly close to SE model 

also [(100) > (010) ~ (111) ~ (101) > (001) > (011) > (110)]. One of the primary reasons is that 

the morphology observed in the experimental results is growth morphology, not an equilibrium 
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shape. Secondly, the bond energy has a critical influence in determining the final crystal 

morphology. Therefore, both the reason has been fulfilled in the case of the HP model. Thus, 

in the presence of OLA, the observed morphology primally matches with the HP model for 

FeSe2. Furthermore, the SE model also considers the bond energy; however, it provides the 

equilibrium morphology in pure thermodynamic control. Thus, the experimental morphology 

where kinetic control is also present will not exactly match the SE predicted MI sequence but 

will slightly follow the sequence. The NPs are in various shapes as the synthesis environment 

changes due to external changes that modify the morphology. From quasi-spherical to rods to 

plate-like morphology, as discussed above.  

 

Figure 13. Experimental and theoretical morphology of Fe3Se4 crystal. a) TEM images of as-

synthesized Fe3Se4 NPs (in the presence of OLA) show rod-like features. b) The lattice fringes 

space at 5.6 Å represents the (002) plane of Fe3Se4. c) TEM images of Fe3Se4 NPs with the 

rod-like features. d) The lattice fringes space at 2.6 Å represents the (202) plane of Fe3Se4. The 

predicted morphology of Fe3Se4 using e) Bravais-Friedel-Donnay-Harker (BFDH) and f) 

10 nm 5 nm

5.6 Å

(002)

50 nm 5 nm

2.6 Å

(202)

(001)(011)

(110)

(01-1)

(-110)

(-111)

(010)

(001)

(110)

(111)

(-110)

a) b)

c) d)

e) f)



Ph.D. Thesis  Chapter 3 

106 

CSIR-NCL                                                                                                                                                       Monika 

Hartman-Perdok (HP) model shows the indexed morphological drawing with corresponding 

hkl planes. 

For Fe3Se4, Figures 13a to 13d show that the longitudinal planes are (202) and (002) of 

nanorods in the presence of OLA as an organic solvent, as discussed above. It is appropriate to 

conclude that the (101) and (001) planes are on the longitudinal side of the Fe3Se4 rods. The 

crystal habit predicted using the BFDH and HP models is well-matched with the experimental 

results. Additionally, the MI of planes is also close to SE model [(101) > (001) > (010) > (100) 

~ (011) > (110) ~ (111)]. One of the primary reasons is that the morphology observed in the 

experimental results is growth morphology, not an equilibrium shape. From both the 

approaches (BFDH and HP model), (001) and (101) planes are on the longitudinal side. Thus, 

from a crystallographic point of view and bond energies, these planes will be on the 

longitudinal sides. Therefore, our experimental observations lead to the same results as internal 

approaches only lead to these results. Furthermore, as discussed above SE model also considers 

the bond energy minimization and gives the equilibrium morphology in pure thermodynamic 

control. The experimental morphology where kinetic control is also present will not exactly 

match with SE predicted MI sequence but moderately follow the sequence in Fe3Se4 rods. 

Moreover, depending on the synthesis environment, the morphology can be tuned. For Fe3Se4, 

the shape can be tuned from nanorods to quasi-spherical to nanoplates by modifying the 

environment, as discussed above.  

For FeSe, Figure 14 shows that the (001) plane is on the upper side of the NPs, which 

matches well with the BFDH model instead of the HP model, where bond energy has been 

considered. Additionally, the MI of planes is not matches with the SE model [(101) = (011) > 

(100) = (010) > (110) > (001) ~ (111)]. The prime reason for this finding is that the FeSe is 

synthesized at a very high temperature as this is the highest temperature phase in the Fe-Se 

system, which influences the morphology of this compound. As both models predict the distinct 

morphology, the experimental morphology will only follow one morphological path depending 

on the provided conditions. The FeSe fabrication has only started at very high thermal energy 

in our reaction conditions. At minimal energy for a particular crystal, when the reaction has 

begun, the crystallographic model will dominate the crystal morphology, and later the bond 

energy theories will also participate prominently as per the reaction environment. Since the 

larger the area of a crystal's face, the greater the number of intermolecular interactions in that 

area. Consequently, this results in the increased growth rate in that direction and subsequently 
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decreased MI and vice versa. Thus, here, the crystallographic approach dominates the bond 

energy approach. 

 
Figure 14. Experimental and theoretical morphology of FeSe crystal. a) TEM images of as-

synthesized FeSe NPs (in the presence of OLA) show rod-like features. b) The lattice fringes 

space at 5.5 Å represents the (001) plane of FeSe. The predicted morphology of FeSe using c) 

Bravais-Friedel-Donnay-Harker (BFDH) and d) Hartman-Perdok (HP) model shows the 

indexed morphological drawing with corresponding hkl planes. 

Among all the theories, the growth morphologies are closed with the experimental 

results. If both BFDH and HP models predicted the same type of crystal habit (as in the case 

of Fe3Se4) therefore, the experimental results will be the same as both. However, if the 

predicted crystal habit is distinct in BFDH and HP models, therefore, depending on the reaction 

conditions, it can match with any of them. Primarily, the experimental morphology will follow 

the crystallographic approach; however, due to the influence of external experimental 

parameters, it can go towards the bond energy approach crystal habit. The equilibrium 

morphology is pure thermodynamic morphology; therefore, it will not fully match the 

experimental data as kinetic control is also present in our reactions. All the phases' 

morphologies can be tunable by giving different environments to grow different facets. 

Additionally, theoretical findings will help us in understanding the experimental observations. 
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These approaches can be extended to other TMCs to better understand the morphologies 

followed by controlling them, leading to tuning the properties. 

3.4.8 Thermal study 

The TGA of Fe-Se phases was carried out under a flowing nitrogen atmosphere to determine 

the decomposition behavior of as-synthesized NPs by heating the samples from 25 to 1000 °C 

at 10 °C/ min. Figure 15 shows that all the samples underwent different mass-loss behavior. 

The FeSe2 NPs go through a four-step mass-loss while the other three phases go through only 

a two-step mass-loss. For each sample, the first step (<460 °C) was quite similar, which could 

be related to the loss of organic fragments (evaporation of capped OLA/1-ODE) accompanied 

by mass-loss of 3.9%, 2.3%, 2.5%, and 1.3% for FeSe2, Fe3Se4, Fe7Se8, and FeSe, respectively. 

In FeSe2, the second step was assigned to the decomposition of FeSe2 to Fe1-xSe ~500 °C - 555 

°C (mass-loss ~11.8%). The third step was assigned to the decomposition of Fe1-xSe to FeSe 

~750 °C (mass-loss ~19.3%). In the final step, the decomposition of FeSe started ~875 °C 

(mass-loss ~29.8%) and remained up to ~1000 °C (mass-loss~ 39.5%). In the other three 

compounds, the second and final steps were assigned to the decomposition of corresponding 

compounds (Fe3Se4, Fe7Se8, and FeSe) ― started at ~725 °C, 770 °C, and 875 °C (mass loss ~ 

4%, 3.4%, and 4.4%), and gradually decreases up to 1000 °C (perceived mass loss: ~20%, 9%, 

and 18.8%) respectively.  

 

Figure 15. TGA plots of a) FeSe2 (black curve), b) Fe3Se4 (red curve), c) Fe7Se8 (green curve), 

and d) FeSe (blue curve). The shaded region shows the loss of organic fragments, and the 

triangle reveals the decomposition point in corresponding compounds. 
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3.4.9 X-ray photoemission spectroscopy analysis 

To further investigate the oxidation states of Fe and Se in Fe-Se phases, XPS was used, which 

is a highly surface-sensitive technique. The surface composition of Fe and Se was evaluated 

by performing multi-peak fitting analyses on XPS spectra, as shown in Figures 16, and 17. It 

has been observed that materials easily undergo surface oxidation as soon as they are exposed 

to air53.  

 

Figure 16. XPS spectra of as-synthesized a) FeSe2, b) Fe3Se4, c) Fe7Se8, and d) FeSe 

nanoparticles. The red lines show a deconvoluted curve fits. 

Figure 16 shows peaks from Fe 2p core-level spectra, illustrating the occurrence of several 

peaks at differing binding energies (BE). The peaks situated at ~707 eV and ~720 eV are 

because of spin-orbit splitting in 2p level ̶ 2p3/2 and 2p1/2, corresponding to an energy gap of 13 

eV which indicates the presence of Fe2+ state in conventional Fe-Se compounds. The other two 

peaks (~711 eV and 725 eV) imply the existence of a higher oxidation state (Fe3+) of the iron 

species in corresponding Fe-Se NPs54-55. This study is beneficial, as both Fe2+ and Fe3+ are 

required for electron neutrality in Fe3Se4 and Fe7Se8. However, the presence of the Fe3+ state 

in FeSe2 and FeSe spectra indicates that the surface of these compounds may get oxidized 

during the sample processing and characterization. The satellite peaks were also observed at 
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~713 eV, 727 eV, and 734 eV in the spectra, as mentioned in Figure 16. The peaks detected at 

higher BE can be assigned to charge transfer satellites of Fe2+ and Fe3+ and related to XPS 

shakeup excitations, which are marked by a satellite peak at higher BE56-57.  

 

Figure 17. XPS spectra of as-synthesized a) FeSe2 b) Fe3Se4 c) Fe7Se8 and d) FeSe 

nanoparticles. The red lines show a deconvoluted curve fits. 

The curves shown in Figure 17 correspond to Se 3d spectra, indicating the presence of Fe–Se, 

Se–Fe–Se, Se–Se, and Se–O peaks around ~54 eV, 54 eV-56 eV, 56 eV, and 59 eV in FeSe2 

compound. In other compounds, only three peaks were observed corresponding to Se–Fe–Se 

and Se–O bonds nearby 54 eV-56 eV and 59 eV, which signifies the absence of the Se-Se bond 

in the last three phases58. Figure 18 shows the XPS spectrum of O 1s having 3 deconvoluted 

peaks ―OI (~530 eV), OII (~531 eV), and OIII (~533 eV). The OI indicates that NPs' surfaces 

were hydroxylated to some extent59,60. The OII reveals the Se species surface oxidation, 

persistent with the Se 3d spectra59,60. The OIII contribution is related to the physi-/chemisorbed 

H2O on the surfaces due to the exposure of air59,60. 
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Figure 18. XPS spectra of O 1s a) FeSe2 b) Fe3Se4 c) Fe7Se8 and d) FeSe nanoparticles. The 

red lines show a deconvoluted curve fits. The table shows the weight percentage of distinct 

elements in all the phases of Fe-Se system. 

3.5 Conclusions 

An easy-to-control synthetic procedure was developed by heating a mixture of Fe(acac)3 and 

Se in a coordinating organic solvent to synthesize the Fe-Se system. The process provided an 

appropriate nucleation and growth environment in a reaction system. We demonstrated that 

synthetic circumstances played a significant part in governing the phases of the Fe-Se system. 

OLA was used as a reducing agent to decompose the precursors, and 1-ODE was used as an 

accelerating agent to accelerate all the reaction steps resulting in the formation of the highest 

temperature phase. It was proposed that the reactivity of Fe and Se precursors primarily 
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governed the nucleation of Fe-Se NPs, and growth was governed primarily by the reaction 

temperature apart from other factors. Instead of directly forming the FeSe phase from Fe and 

Se precursors, intermediate products of FeSe2, Fe3Se4, and Fe7Se8 phases are formed. In the 

following sequence in the temperature range of 110 °C - 300 °C: FeSe2 → Fe3Se4 → Fe7Se8 

→ FeSe. Altogether, this thesis provides new information on the formation mechanism and 

phase-evolution of the Fe-Se family of compounds. It also emphasizes the essential role played 

by temperature and time with solvents in phase transformation. Finally, the optimized 

temperature required to synthesize the pure phase was reported. Additionally, the morphology 

of individually synthesized NPs is also correlated with the theoretical crystal habits. This 

method also provides control over shapes and sizes by tuning the solvents and reaction 

temperature-time, which tunes the properties of Fe-Se NPs. We believe that this route can also 

be used for synthesizing different TMCs. 
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Chapter 4 

Remarkable Effect of Fe and Se Composition on Magnetic 

Properties― Comparative Study of the Fe-Se System at the 

Nanoscale 
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Below, we have listed some of the important 'take-away' points from this chapter 

which we would like to highlight:  

1) The correlation between the phase structure and the magnetic properties has 

been presented for the Fe-Se system.  

2) The magnetic properties vary enormously with change in Fe:Se ratio due to 

the change in Fe2+/Fe3+ ratio, crystal field environment around Fe-ions, 

magnetocrystalline anisotropy, Fe-vacancies, and so forth.  

3) Among the four Fe-Se phases studied, two of them –Fe3Se4 and Fe7Se8, are 

ferrimagnetic below ~ 300 K and show semi-hard magnetic properties. The 

other two phases –FeSe2 and β-FeSe exhibiting weaker magnetism are less 

known for their magnetic properties. 
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4.1 Introduction 

The selenides of iron have gotten a lot of interest in recent years due to their exciting and 

unusual thermal, optical, and magnetic properties.1–11 The richness of physical properties also 

comes from the richness in the stoichiometric phases these families of compounds may exhibit. 

The Fe-Se system shows various stable polymorphs under ambient conditions, including FeSe2 

(orthorhombic marcasite), Fe3Se4 (monoclinic NiAs-type), Fe7Se8 (hexagonal NiAs-type), and 

β-FeSe (tetragonal PbO-type).12–18 Depending upon the composition of Fe:Se, these 

compounds could be metal, semiconductors, or superconductors, and their magnetic properties 

also vary a lot from ferro- to ferrimagnetic.19–31 It was recently observed that Fe3Se4 might also 

show ferroelectric ordering coexisting with ferrimagnetic ordering under ambient conditions.32, 

33 The thermal, optical (photon harvesting), energy (supercapacitors, batteries, etc.), and 

catalytic properties (water splitting, etc.) of these compounds have not been explored in-depth 

so far. However, recently, the potential of Fe3Se4 as a magnetic energy storage device was 

investigated, and it was found that this compound shows a colossal increase in the energy 

product while cooling from 300 to 10 K with the potential to replace expensive rare-earth hard 

magnets at lower temperatures.11, 34 

The nanoscopic forms of materials can provide additional tunability of the physical and 

chemical properties. Although Fe-based magnetic nanostructures, such as iron, its oxides, or 

alloys, have all been thoroughly researched, however, the magnetic characteristics of iron 

chalcogenides have received relatively less attention due to the complexities associated with 

the synthesis of pure phases.35–48  

Among the four stable phases of the Fe−Se system, two (Fe3Se4 and Fe7Se8) are well 

known for their rich magnetic properties, whereas the other two (FeSe2 and β-FeSe) are known 

for their interesting optical and electronic properties.19–22 Bulk and nanostructured Fe3Se4 and 

Fe7Se8 exhibit ferrimagnetic nature at room temperature (RT) with the Curie temperature (TC) 

of ~ 320 and 453 K, respectively.23–25, 34, 49 While it is known that Fe3Se4 also shows 

ferroelectric ordering at ~ 320 K32, it will be interesting to study the existence of similar 

ordering in Fe7Se8 in the future. Unfortunately, the magnetic ordering of FeSe2 and β-FeSe is 

still not fully understood. There are reports related to the magnetic properties of these 

compounds.50–59 However, the clear picture is still undefined. This chapter will address the 

fundamental points of magnetic nature, followed by properties.  



Ph.D. Thesis  Chapter 4 

119 

CSIR-NCL                                                                                                                                                       Monika 

The fabrication of iron selenide solids is quite challenging as slight stoichiometry 

variations often lead to significant structural, chemical, and physical changes. Unsurprisingly, 

the synthesis of the iron selenides at the nanoscale is significantly more challenging as they are 

more reactive and less stable forms due to nano-dimensions. However, the available fabrication 

routes are very complicated and are not flexible to achieve the desired phase. Among the 

various techniques for preparing iron selenide nanoparticles (NPs), thermal decomposition is a 

promising route for controlling the phase of the Fe-Se system, as discussed in our previous 

chapter.14 The stoichiometry of Fe-Se can be influenced by many factors, such as the amount 

or type of precursors, reaction temperature, and time.  

This chapter compares and contrasts the magnetic characteristics of several stable 

phases in the Fe-Se system (FeSe2, Fe3Se4, Fe7Se8, and β-FeSe). The thermal decomposition-

based route is used to synthesize individual phases of the Fe-Se system, and excellent tunability 

of their magnetic properties is observed.  

4.2 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 5 K to 

360 K in a field of 100 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. 

4.3 Results and discussion 

In Chapter 3, the iron selenide compounds, including FeSe2, Fe3Se4, Fe7Se8, and β-FeSe were 

synthesized in the presence of OLA and are taken here as a specimen to investigate the phase-

properties relation. The discussion in Chapter 3 shows that the as-synthesized phases are highly 

pure without any secondary phase under the limit of laboratory XRD. TEM was used to analyse 

the morphology of all the phases, which revealed a quasi-spherical form with rod-like 

characteristics sprouting on the surface, resembling a cactus plant. The zoomed in-view of 
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nanocacti reveals the rod shape of the Fe-Se system (agglomerated rods). Thus, nanorods are 

the building block in each phase of the Fe-Se system in the presence of OLA as an organic 

solvent. 

Scheme 1 presents a schematic illustration of an electronic configuration of iron. The 

most likely oxidation states of iron are 2+ and 3+. The outermost shell electronic configuration 

of Fe2+ and Fe3+ are shown in Scheme 1. There are four unpaired electrons in Fe2+ and five in 

Fe3+. Combining these two ionic states with Se anions leads to four stable structures. The 

interaction between the atoms is different in all these structures, leading to distinct individual 

properties. 

 

Scheme 1: Schematic illustration of the electronic configuration of iron with two oxidation 

states, Fe2+ and Fe3+. 

4.3.1 Magnetic properties of the FeSe2 NPs 

 

Scheme 2. In the FeSe2 compound, crystal field splitting of the 3d-orbitals of Fe2+ at the 

octahedral site into 3-fold t2g and 2-fold eg states.  

As mentioned above, the magnetic properties of FeSe2 are not clearly discussed. There are 

reports for bulk49 and nanoscale,52–53, 55–57 stating that in bulk, there is no magnetic ordering; 

however, all the nanoscale synthetic FeSe2 shows a magnetic ordering due to the several 

defects. In this compound, each cation is octahedrally coordinated with six anions (FeSe6 
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octahedra), and each anion is tetrahedrally coordinated with three cations and one anion 

forming dimer pair (Se2Fe3 tetrahedra).60 The lack of magnetic moment at the Fe-atom was 

verified in a Mossbauer analysis of marcasite compounds61, suggesting that the Fe2+ in FeSe2 

marcasite also has a low spin configuration― the completely filled t2g and the completely 

empty eg. Schematic 2 shows the crystal field splitting (CFS) of the d-orbitals of Fe2+ at the 

octahedral site into 3-fold t2g and 2-fold eg states having the electronic configurations of t2g
6 

and eg
0 states of 3d Fe2+. Thus, iron atoms have no unpaired electron, that give rise to zero 

magnetic moment in FeSe2. In conclusion, the pure FeSe2 is diamagnetic in nature. However, 

so many literature reports indicate magnetization.52–53, 55–57 The reported synthetic FeSe2 shows 

a magnetic ordering due to the presence of either surface oxidation or ferrimagnetic impurities 

or or spin canting, and so forth.  

 

Figure 1. a) Schematic of the unit cell of FeSe2, solid red circle represents the Fe cations, and 

the solid grey circle represents the Se anions. b) Magnetization versus temperature curves for 

FeSe2 (black curve) measured with an applied field of 100 Oe in FC and ZFC modes (Inset 

shows the zoomed-view of the curve). Hysteresis loops of FeSe2 measured by the vibrating 

sample magnetometer (VSM) within a field of ± 60 kOe at c) 300 K (red curves) and d) 10 K 

(blue curves).  

Figure 1 shows the schematic of the unit cell of FeSe2 and its magnetic properties. Iron 

diselenide (Fe2+Se2
2-) has an orthorhombic marcasite structure with the lattice parameters 
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a=3.575 Å, b=4.791 Å, and c=5.715 Å having the Pmnn space group (SG) (Figure 1a).14,60 The 

M-T curves in ZFC and FC modes have been observed from 7 K to 360 K at 100 Oe applied 

magnetic field. Figure 1b shows the M-T curves. At 45 K, the ZFC curve grew into a well-

developed steplike transition; the magnetization first increased up to 45 K and then declined as 

the temperature dropped, indicating that the magnetic moment of the FeSe2 vary as the 

temperature drops; this might be related to the spin-rotation with decreasing temperature. The 

ZFC curve identifies the average blocking temperature of ~45 K. The magnetization of ZFC 

and FC process shows the bifurcation below 100 K (inset, Figure 1b). 

To acquire further insight into the magnetic properties of the FeSe2 NPs, Figures 1c and 

1d present the M-H curves for the FeSe2 nanorods observed at 300 K (red plot) and 10 K (blue 

plot) in an applied magnetic field up to ± 60 kOe. At 300 K, the M-H loop indicates a two-step 

behavior. At a lower applied magnetic field, it reveals non-linear behavior. In contrast, it 

follows a linear M-H behavior (i.e., paramagnetic) at higher field values. However, at 10 K, it 

reveals a non-linear M-H curve until the highest applied magnetic field. The observed 

prominent non-linear hysteresis characteristics indicate the presence of magnetic ordering at 

both temperatures.  

The inset of Figure 1c-d shows a zoomed-in view of the M-H curves at 300 K and 10 

K, clearly depicting the coercivity and remanent field of FeSe2. By virtue of reduced thermal 

fluctuation of magnetic dipoles, the observed coercivity (HC) and remanence (MR) are 8 Oe, 

and 2.0 × 10-4 emu/g at 300 K increased to 200 Oe and 0.4 emu/g at 10 K, respectively. 

Although, the pure FeSe2 exhibits diamagnetic properties as discussed above. However, the 

FeSe2 generates magnetic ordering in this report due to defects. 

The existence of an induced surface layer of oxides in TMCs has been identified in 

many materials.62–65 The TMCs are very sensitive towards oxidation. The exposure to air 

quickly starts the formation of an oxidation layer. As discussed above in Chapter 3, XPS 

analysis (supported by Fe, Se, and O spectra), the surface oxidized as soon as iron selenide 

particles came into contact with air.14 It was speculated that surface oxidation of FeSe2 NPs is 

generating the magnetic ordering on the surface. Thus, the surface oxidized FeSe2 NPs is 

magnetically active in contrast to their fundamental magnetic behavior. It is appropriate to 

conclude that the as-synthesized FeSe2 NPs using organometallic chemistry are easily oxidized 

as soon as they come in contact with air and form a magnetic coating on the surface.  
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4.3.2 Magnetic properties of the Fe3Se4 and Fe7Se8 NPs  

 

Scheme 3. a) and b) In the Fe1-xSe system, crystal field splitting 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 e and 3-fold t2 states. Schematic illustration of exchange interactions in the 

system. d) Fe1-xSe exhibits the exchange interactions: the overlap of localized electronic 

orbitals on Fe ion sites is mediated through their common Se ion. 

In the NiAs-type crystal structures of Fe3Se4 and Fe7Se8, the cations are octahedrally 

coordinated by six anions (FeSe6 octahedra), and the coordination polyhedron of anions is a 

trigonal prism created by six cations (SeFe6 prisms).19 In Fe1-xSe compounds, there are two 

types of Fe ionic states Fe2+ and Fe3+ along with ordered Fe vacancies.66–67 These arrangements 

give rise to the magnetic behavior of the compounds. Each layer is of the ferromagnetic order 

in the opposite direction from the adjacent layer, resulting in the overall ferrimagnetic nature 

of the compound. Scheme 3a - b shows the Fe1-xSe system CFS of the d-orbitals at the 

octahedral site into 3-fold t2g and 2-fold eg states having the electronic configurations of t2g
4/t2g

3 

and eg
2 states of 3d Fe cations (Fe2+/Fe3+). The Fe2+ and Fe3+ ions are octahedrally coordinated 

with 4 and 5 unpaired electrons.66 Scheme 3c shows the CFS of the d-orbitals at the tetrahedral 

site into 2-fold e and 3-fold t2 states having the electronic configurations of e2 and t2
3 states of 

3d Fe3+. The coupling is present between Fe ions.  The overlap of the localised electronic orbital 

on Fe ion sites is facilitated by their shared Se ion, and these compounds display exchange 

interactions.  For visualization, the exchange interactions in the Fe1−xSe system are shown in 

Scheme 3d with the superexchange interaction in Fe3+ octahedron−octahedron example. The 

exchange interaction between Fe-Fe and other Fe-Se-Fe is also present in these compounds. 

Fe1-xSe:

a)

b)

Fe2+ is in octahedral coordination

3/5 Δₒ

2/5 Δₒ

eg

t2g

E
n

er
g
y

t2g
4 eg

2

Fe3+ is in octahedral coordination

3/5 Δₒ

2/5 Δₒ

eg

t2g

t2g
3 eg

2

E
n

er
g
y

Δₒ

Δₒ

Exchange interactions

eg

t2g

eg

t2g

Fe3+ (3d) Fe3+ (3d)

Se (4p)

c)

d)

3/5 Δt

2/5 Δt

e

t2

ΔtE
n

er
g
y

Fe3+ is in tetrahedral coordination

e2 t2
3



Ph.D. Thesis  Chapter 4 

124 

CSIR-NCL                                                                                                                                                       Monika 

 

Figure 2. Schematic of the unit cell of NiAs type crystal structure of Fe1-xSe compound. The 

intralayer direct Fe-Fe and 96.3°-superexchange Fe-Se-Fe bonds are shown by dashed lines 

with J1 and J2, respectively and the interlayer 127.6°- and 70°- superexchange Fe-Se-Fe bonds 

are shown by dashed lines with J3 and J4, respectively. The unit cell of the Fe3Se4 and Fe7Se8 

crystal structure of the NiAs-type with cation vacancies. 

The NiAs-type crystal structure are the fundamental crystal structure of Fe1-xSe 

superstructures with cation vacancies. The NiAs type crystal structure has 4 interlayer and 

intralayer exchange contacts, as shown in Figure 2.67 The J1 (Fe―Fe ferromagnetic interaction) 

is expected to be modest because of the huge Fe―Fe distance (~3.6 Å). The Fe―Se―Fe 

superexchange interaction, which comprises the 3 Se ions below and above the Fe layer, is 

denoted by the J2. Fe―Se―Fe has a binding angle of 96.3° and a Fe―Se distance of 2.6 

Å.Despite having identical Fe―Se bond distances (2.6―2.7 Å), the interlayer Fe―Se―Fe 

superexchange interactions may be separated into 2 non-equivalent bonds. For an 

antiferromagnetic interaction (J3 < 0), only Fe−Se−Fe bonds with an angle of ~127.6° are 

effective. There is no effective d−p interaction for bonds with a 70° angle (J4). Intralayer 

interactions and certain Fe−Se−Fe superexchange interactions are thus weaker than 127.6° 

Fe−Se−Fe superexchange interactions, i.e. J3 ≫ J4 > J2 > J1. 

In bulk66–68 as well as at nano-dimensions69, both the compounds show ferrimagnetic 

behaviour due to the presence of ordered iron vacancies in alternate layers (Figure 3a and 5a). 

The ferromagnetically aligned spins inside each plane towards the c-axis and 

Fe atoms

Vacancies of Fe atoms

Se atomsFe3Se4 Fe7Se8
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antiferromagnetically oriented spins in a neighbouring plane are responsible for the 

ferrimagnetic ordering.66–68 

 

Figure 3. a) Schematic of the unit cell of Fe3Se4, solid red circle represents the Fe cations, open 

red circles represent cations vacancies, and the solid grey circle represents the Se anions. b) 

Magnetization versus temperature (MT) curves for Fe3Se4 (black curve) measured with an 

applied field of 100 Oe in FC and ZFC modes. c) Zoomed-view of MT curve. The VSM 

measured hysteresis loops of Fe3Se4 with a field of ± 60 kOe at d) 300 K (red curves) and e) 

10 K (blue curves).  

Fe3Se4 (Fe2+Fe2
3+Se4

2-) has a monoclinic NiAs-type crystal structure with the lattice 

parameters a=6.167 Å, b=3.537 Å, and c=11.17 Å having the I2/m space group (Figure 3a.12, 

66 In Figure 3b - c, the magnetization ZFC and FC of Fe3Se4 show bifurcation below 330 K and 

the Curie transition temperature is nearly 322 K, below which it goes into a ferrimagnetic 

phase. These results are also in line with the previous findings of TC ~320 K in Fe3Se4.
11,25,34  

 

Figure 4. Zoomed-in view of magnetization vs. temperature (ZFC) curves of Fe3Se4 NPs 

provides the superparamagnetic blocking temperature at the peak position. 
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Figure 4 reveals the zoomed in-view of the M-T curves in the ZFC mode, illustrating 

an average blocking temperature of ~313 K with a peak in the ZFC curve. Consequently, 

ferrimagnetism exists in Fe3Se4 nanorods with a transition temperature of 322 K.  

Furthermore, this material reveals semi-hard magnetic properties at nanoscale.11,25,34 In 

earlier reports, for Fe3Se4 nanoplatelets, the observed coercivity was ~ 4 kOe at 300 K, which 

increases to ~ 40 kOe at 10 K for 90 kOe of the maximum external field.25 The coercivity 

values for Fe3Se4 nanorods at 300 K were reported as ~3.4 kOe25 and 2.74 kOe34. It was also 

reported that at 10 K temperature, the coercivity values increased almost 10-fold, that is 36 

kOe25 and 29.5 kOe34 with 90 kOe of a maximum external field. The as-synthesized Fe3Se4 

nanorods reported in this article also exhibited semi-hard magnetic properties, and their 

hysteresis curves were recorded at 300 K (red curve), and 10 K (blue curve) for a field sweep 

up to ± 60 kOe are shown in Figure 3d - e, respectively. These hysteresis loops showed the 

non-linear behavior typical of the ferrimagnetic nature of Fe3Se4 NPs as reported in the 

literature.11,25,34 The HC and MR values of Fe3Se4 were determined to be 1.6 kOe and 1.2 emu/g, 

respectively, which are relatively low compared to the reported data due to the reduced size of 

NPs.11,25,34 All the phases were synthesized at minimal possible temperature with an 

appropriate time. Thus, the pure Fe3Se4 phase reaction started from this stage, and growth was 

terminated by stopping the reaction that resulted in small NPs. A decrease in the particle size 

below its single domain size is known to decrease its magnetization.11 Second, as the particle 

size decreased, the surface-to-volume ratio increased, resulting in a more significant number 

of surface spins per unit volume. The surface spins were uncompensated and remained 

disordered or canted, leading to the overall magnetization reduction with a decreased particle 

size.11  

A massive rise in coercivity was seen at lower temperatures, and HC increased nearly 

20-fold to about 32 kOe at 10 K, and MR increased to 7.3 emu/g, , which is in perfect accordance 

with previous findings.11,25,34 At a lower temperature, the coercivity may increase by various 

contributions― the reduced thermal activation energy that makes more and more spins 

available to orient in the field direction, the increase in the overall effective magnetic 

anisotropy, ferrimagnetism, and so forth.11 The Fe3Se4 NPs also induced an oxidation layer; 

however, their effect on overall magnetism is negligible. This compound is highly magnetized, 

and any small contribution will not affect the overall magnetic behavior.  
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Fe7Se8 (Fe5
2+Fe2

3+Se8
2-) has a hexagonal NiAs-type crystal structure.68,70 As presented 

in Figure 5a, the lattice parameters a=7.21 Å and c=17.67 Å have the P3121 space group.68,70 

The divergence of magnetization ZFC and FC curves of Fe7Se8 over the whole range of 

temperature up to 360 K, as shown in Figure 5b, signifies the formation of an ordered magnetic 

state, which may be due to the high TC of the sample (Curie transition temperature lies above 

360 K).19 Thus, the Fe7Se8 NPs are strongly coupled due to the magnetic interactions. The field 

dependence magnetization curve of as-synthesized Fe7Se8 NPs exhibits a ferrimagnetic nature 

at both the temperature (300 and 10 K) as presented in Figures 5 c,d. 

 

Figure 5. a) Schematic of the unit cell of Fe7Se8, solid red circle represents the Fe cations, open 

red circles represent cations vacancies, and the solid grey circle represents the Se anions. b) 

Magnetization versus temperature curves for Fe7Se8 (black curve) measured with an applied 

field of 100 Oe in FC and ZFC modes. Hysteresis loops of Fe7Se8 were measured by the VSM 

with a field of ± 60 kOe at c) 300 K (red curves) and d) 10 K (blue curves).  

It is observed that the Fe7Se8 NPs exhibit the hysteresis with MR of 2 emu/g at 300 K 

and 8.6 emu/g at 10 K. They also exhibit a HC ~1.8 kOe at 300 K, which increase to ~13.8 kOe 

at 10 K. At a lower temperature, the magnetic parameters may increase by various contributions 

as discussed above for Fe3Se4. Here also, oxidation layer induces at the surface; however, as in 

the case of Fe3Se4 the effect on overall magnetism is negligible due to the high magnetization 

of the fundamental compound. 

However, both the compounds (Fe3Se4 and Fe7Se8) exhibit a ferrimagnetic nature and 

their fundamental unit cell is also the same (NiAs-type).66–68 However, the ratio of the Fe 
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cations and the arrangement of atoms, including cation vacancies, are different in both the 

compounds, which results in a distinct magnitude of ferrimagnetism. According to spin only 

moment, 5μB value is for Fe3+ ions having 5d-electrons and 4μB is for the Fe2+ ions having 6d-

electrons.66 However, the electrons are lost due to the delocalization of d-electrons and/or the 

covalency effect.66 The observed moment values in Fe7Se8 are from covalency effects of about 

25% for both kinds of ions. The moment further reduces in Fe3Se4 that can be ascribed to an 

increased covalency effect due to the lattice contraction.66 Additionally, in Fe3Se4, the 

delocalization of some of the d-electrons is brought about by the short metal-to-metal distance 

along the c-axis. These 3-d electrons are connected with the metal-to-metal distance along c-

axis, and the distance reduces from 2.94 Å to 2.79 Å upon going from Fe7Se8 to Fe3Se4.
66 Thus, 

the magnetic ordering is different in both compounds because of the delocalization of the 3-d 

electrons and covalency effect. Besides, Fe7Se8 requires more thermal energy to reduce the 

magnetic ordering than Fe3Se4. Therefore, as the amount of Se in NiAs-type compounds grows, 

the magnetic transition temperature rises progressively. 

4.3.3 Magnetic property of the FeSe NPs 

 

Scheme 4. a) In the β-FeSe compound, crystal field splitting of the 3d-orbitals of Fe2+ at the 

tetrahedral site into 2-fold e and 3-fold t2 states. b) Schematic illustration of exchange 

interactions in the system. The compound exhibits the superexchange interactions: the 

oxidation states of iron ions are the same. In this interaction, the overlap of localized electronic 

orbitals on Fe ion sites is mediated through their common Se ion.  

Scheme 4a shows the β-FeSe system and CFS of the d-orbitals of Fe2+ at the tetrahedral 

site into 2-fold e and 3-fold t2 states having the electronic configurations of e3 and t2
3 states of 
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3d Fe2+. Scheme 4b shows a schematic illustration of exchange interactions in the β-FeSe. This 

compound exhibits superexchange interactions.71–73 The β-FeSe (Fe2+Se2-) has a tetragonal 

PbO-type crystal structure with the lattice parameters a=3.765 Å and c=5.518 Å having the 

P4/nmm SG, as shown in Figure 6a.27 In this compound, each cation is tetrahedrally-

coordinated with four anions (FeSe4 tetrahedra), and each anion is tetrahedrally-coordinated 

with four cations (SeFe4 tetrahedra).14, 27  

 

Figure 6. a) Schematic of the unit cell of β-FeSe, solid red circle represents the Fe cations, and 

the solid grey circle represents the Se anions. b) Magnetization versus temperature curves for 

β-FeSe (black curve) measured with an applied field of 100 Oe in FC and ZFC modes. 

Hysteresis loops of β-FeSe were measured by the VSM with a field of ± 60 kOe at c) 300 K 

(red curves) and d) 10 K (blue curves).  

Figure 6b shows the ZFC and FC curve of β-FeSe. A magnetic anomaly has developed 

around 80 - 100 K, more prominent in the FC curve. It is known that the tetragonal phase 

undergoes structural transitions upon cooling. These magnetic deviations are nearly at the same 

temperature as observed in resistive measurements by Hsu et al.27 They reported that the β-

FeSe having a tetragonal structure with space group P4/nmm transforms into the triclinic 

structure with space group P-1 at ~100 K by temperature-dependent XRD.27 In another study, 

Margadonna et al.74 observed that upon cooling, the β-FeSe phase (tetragonal P4/nmm) 

demonstrate a structural transition from tetragonal to the lower symmetry orthorhombic Cmma 
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phase at nearly 70 K. Depending on the stoichiometry of the materials, the transition occurs 

over a wide temperature range (about 70–100 K).75, and could be observed by temperature-

dependent measurements. It is appropriate to conclude that the observed magnetic anomaly in 

ZFC and FC curves is due to the phase transition of the β-FeSe phase. 

Furthermore, the field dependence magnetization was examined to acquire better 

understanding for the magnetic properties of β-FeSe at the nanoscale. In Figures 6c-d, the 

hysteresis loops of β-FeSe are non-linear and revealed the magnetic nature of NPs having a HC 

and a MR of 84 Oe and 1.8 × 10-2 emu/g at 300 K, respectively that increased to about 761 Oe 

and 0.1 emu/g at 10 K (blue curve in Figure 6d)). As in the case of FeSe2, the β-FeSe NPs also 

induced the oxidation layer, which affects the overall magnetic behavior. Therefore, the 

observed properties are of surfaced oxidized β-FeSe NPs. The non-uniform curve at 10 K may 

be attributed to fundamental β-FeSe and the surface oxidized layer. 

Moreover, here it is essential to discuss the superconductivity of synthesized β-FeSe. It 

is known that β-FeSe shows a superconducting transition at ~8 K.27 Greenfield at al.29 reported 

that exposure to oxygen will leads to a non-superconducting specimen of β-FeSe. Even in a 

short amount of time, specimen exposed to oxygen, air, or ambient conditions will lose their 

superconducting. They29 demonstrated this by creating three samples: sample I (exposed to 

air), sample II (free from air; manufactured and treated in an inert atmosphere), and sample III 

(free from air/H2O; manufactured and treated in an inert atmosphere; vacuum-degassed at 100 

°C and residual water removed). Sample I showed antiferromagnetic ordering; however, 

sample III did not demonstrate antiferromagnetic ordering and instead indicated the classic 

superconducting transition at 8 K. Sample II exhibited the intermediate magnetic properties. 

Thus, the magnetic ordering and superconductivity are competitive in β-FeSe. The exposure of 

air or water appeared to completely suppress the superconductivity and allow the magnetic 

ordering to persist.29 In this work, the as-synthesized β-FeSe exhibits the magnetic ordering 

due to surface oxidation of NPs, while the superconductivity is completely suppressed. 

4.3.4 Magnetic properties of the Fe-Se system 

A simple one-pot thermal decomposition route has been used to prepare the Fe-Se system with 

various phases, such as FeSe2, Fe3Se4, Fe7Se8, and β-FeSe. In contrast with bulk, FeSe2 shows 

magnetic ordering at nanoscale due to the presence of oxide surface in NPs. The findings of 

magnetization studies in relation to temperature and applied field clearly show that surface 

oxidised FeSe2 NPs have magnetic ordering at the nanoscale. As discussed in the above section 
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(also explained in our previous chapter14), XPS analysis confirms that materials readily 

undergo surface oxidation when exposed to air. Exposure to the atmosphere induces the 

magnetic behavior in the FeSe2 compound. The oxygen atoms in the atmosphere are most likely 

to create a crucial localised magnetic moment on nearby Fe atoms, leading to magnetic ordering 

at the nanoscale. Superparamagnetism transition known as blocking temperature occurs in 

FeSe2 and Fe3Se4 NPs at around 45 and 313 K, respectively. The ferrimagnetic nature is present 

in the two Fe1-xSe compounds due to the number of vacancies and their ordering on every 

second metal layer. The shift from stoichiometry results in the formation of Fe vacancies on 

every second metal layer that are distributed as far apart as possible. Besides, Fe3Se4 NPs show 

ferrimagnetic behavior with large magnetic coercivity at 300 K, which increases about 20 times 

at 10 K with a Curie transition temperature of ~322 K. The other NiAs based structure (Fe7Se8) 

also shows ferrimagnetic properties at both 10 and 300 K with a transition temperature greater 

than the measured temperature (360 K). The β-FeSe NPs reveal a deviation around 80 - 100 K 

due to phase transition. These NPs also show a magnetic ordering at 10 and 300 K with higher 

magnetization and coercivity values at 10 K. The β-FeSe also exhibits the magnetic ordering 

due to surface oxidation and completely suppresses the superconductivity nature. The surface 

oxidation occurs in all phases of Fe-Se system. However, in the case of Fe3Se4 and Fe7Se8, the 

effect on magnetism is negligible due to the high magnetic nature of these compounds. While 

in FeSe2 and β-FeSe, the surface oxidation affects the magnetic behavior of the fundamental 

compounds. 

Table 1. The magnetic parameters ̶ coercivity (HC), remanence (MR), and magnetization at 60 

kOe (M60 kOe) for various phases of Fe-Se system are compared at 300 K and 10 K.  

Parameters 

 

 

Phase 

Size 

HC (Oe) MR (emu/g) M60 kOe (emu/g) 

Bulk 

MS 

(emu/g) 

(at 9 kOe) 

Bulk 

MS 

(Gauss) 

(at 9 kOe) 

Width of 

Nanorods 
300 K 10 K 300 K 10 K 300 K 10 K 

78 K 78 K 

FeSe2 

~30 nm 

8 200 
2.0 × 

10-4 
0.4 0.09 2.30 

- - 

Fe3Se4 
~45 nm 1615 33360 1.2 7.4 3.88 13.17 0.16 15 

Fe7Se8 ~30 nm 1800 13800 2 8.6 5.70 14.01 0.4 35 

β-FeSe 
~ 20 nm 

84 761 
1.8 × 

10-2 
0.1 0.43 0.28 

0.12 7 
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These findings show that a simple one-pot thermal breakdown method may yield iron 

selenide NPs in any of the four phases, with significantly diverse physical characteristics and, 

more importantly, radically different magnetic properties. The magnetic parameters of the Fe-

Se system at both temperatures are tabulated in Table 1. The coercivity and saturation 

magnetization values (M60 kOe) for all the above phases of iron selenide NPs at 300 and 10 K 

are compared in Figure 7.  

 

Figure 7. Magnetic parameters measured for the Fe-Se system at 300 K and 10 K. HC and M60 

kOe denotes coercivity and saturation magnetization at 60 kOe, respectively. 

Remarkably higher magnetization and coercivity (Figure 7) are observed in both the 

NiAs based compounds (Fe3Se4 and Fe7Se8 NPs) as compared with the other two compounds 

(FeSe2 and β-FeSe NPs) because of the presence of Fe vacancies, crystal field environment 

around Fe-ions, two types of Fe cations, magnetic anisotropy and so forth. These values 

increase hugely at 10 K for the Fe1-xSe compounds (Figure 7b). Thus, it is possible to customize 

the magnetic properties of iron selenides by controlling their phase structure. The well-

regulated magnetism may lead to broad applications of magnetic carriers in storage devices, 

biomedicine, and catalysts. 

4.4 Conclusions 

A simple, one-pot, thermal decomposition approach has been used to fabricate various phases 

of iron selenide NPs. The distinct arrangement of Fe and Se atoms results in drastically varying 

magnetic properties due to the change in Fe2+/Fe3+ ratio, crystal field environment around Fe-

ions, magnetocrystalline anisotropy, Fe-vacancies, and so forth. The findings reported in this 

study explain the excellent tuneability of magnetism in the Fe-Se system at the nanoscale. The 

two NiAs based phases –Fe3Se4 and Fe7Se8, are ferrimagnetic below ~ 300 K and show semi-
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hard magnetic properties. The other two phases –FeSe2 and β-FeSe exhibit weaker magnetism 

and are less recognized for their magnetic properties. The surface oxidation remarkably affects 

the magnetic properties, especially on the phases with weak magnetization, such as FeSe2 and 

β-FeSe. The surface-oxidized FeSe2 and β-FeSe show magnetic ordering at the nanoscale. 

FeSe2 and Fe3Se4 NPs exhibit superparamagnetic transition at the blocking temperatures of ~ 

45 and 313 K, respectively. Also, the Fe3Se4 NPs show ferrimagnetism at 300 K with a large 

magnetic coercivity which multiplies at low temperatures. The Fe7Se8 NPs show 

ferrimagnetism at all temperatures with a transition temperature higher than 360 K. The β-FeSe 

NPs indicate magnetic ordering at both the temperatures with a magnetic anomaly at around 

80 - 100 K due to phase transition. The simple thermal decomposition route has been proven 

to be a brilliant method to synthesize any four phases in the Fe-Se system at the nanoscale with 

unique magnetic properties in each phase. This is an excellent approach to meet the specific 

needs of storage devices, biomedicine, and catalyst applications.   
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Study of Growth Kinetics of Fe3Se4 Nanocrystallites and the 

Influence of Size and Shape Tunability on their Magnetic Properties 
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The results of this chapter are published as ― 

✓ Study of Growth Kinetics of Fe3Se4 Nanocrystallites and the Influence of Size and 

Shape Tunability on their Magnetic Properties 

     Monika Ghalawat, Pankaj Poddar* J. Phys. Chem. C 2021, 125, 14, 7932–7943 

Below, we have listed some of the important 'take-away' points from this chapter 

which we would like to highlight: 

1) According to the theories, now we have the knowledge regarding the 

morphologically-important planes. After examining the sequence of 

morphologically-important low-index planes, we correlated them with the 

real-life morphologies of Fe3Se4 samples (achieved through the synthesis) 

and determined the growth directions in different solvent conditions. 

Additionally, we also studied the directional growth-kinetics with increase 

in the thermal activation energy.  

2) We proposed the growth mechanism based on two well-known pathways― 

diffusion and reaction processes in the provided reaction environment. 

Entire roadmap is laid-out―starting from the formation of unit cell, to the 

diffusion and attachment of monomers and the fate of various facet-

growth. 

3) Finally, we have shown as how the distinct growth in various facets leads 

to the control of the magnetic properties. The influence of it is studied with 

various parameters such as coercivity (HC), saturation magnetization 

(MS), magnetic anisotropy constant (K), and the energy product (BH)max 

at 300 K and 10 K. 
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5.1 Introduction 

The nano-dimensionality has added immense advantages in the physical and chemical property 

tunability through the surface to volume ratio variation1–5. The unique and novel size and 

shape-dependent properties displayed by nanocrystals have always posed curiosity, challenges, 

and opportunities6,7. Many of the wonders seen in nature can be understood by the nanoscale 

phenomena. Recently, considerable interest has developed in understanding the correlation 

between physical properties and morphology8. Besides, most electronic devices use the 

nanoscale components with control over the assembly of nanoscale building blocks, which is 

dictated by the size and shape of the nanoparticles (NPs)1
. The size, shape, and crystallinity of 

NPs and their assembly need to be precisely controlled for magnetic materials over certain 

other materials as subtle changes in these parameters have a relatively larger influence on the 

applications such as high-density memory storage using magnetic media, magnetic read-heads, 

ferrofluids, or the rising importance of magnetic NPs in biomagnetic applications9–15. 

Although, the important role of surface and bulk arrangement of atoms in a single NP as well 

as the three-dimensional arrangements of NPs on the magnetic properties, has been known for 

more than half a century in magnetic metals and transition metal oxides16–29. However, these 

effects are poorly understood for their chalcogenide counterparts— M-X (M=transition 

elements, X=S, Se, Te) due to complexities in phase-diagram, poor control over stoichiometry, 

and morphology. In our previous Chapters, the complexities in the phase diagram and control 

over stoichiometry were studied30. In this work, an intensive investigation on the control over 

the morphology of Fe3Se4 NPs is presented, followed by the influence of morphology on the 

magnetic properties. 

Iron selenides are known, since the early 1950s and 1960s, to stabilize in four phases— 

FeSe2, Fe3Se4, Fe7Se8, and FeSe31,32. The following two out of four phases are noteworthy for 

their unique magnetic behavior— Fe3Se4 and Fe7Se8. The phases―Fe7Se8 and Fe3Se4 show 

ferrimagnetic ordering at room temperature (RT) with the Curie temperatures (TC) ~ 453 K and 

~315 K, respectively33–35. Among the two, lately, the Fe3Se4 has been a center of attraction for 

researchers because of its high magnetic anisotropy and coercivity at ~300 K36–38. However, to 

date, there is little effort in systematic studies to develop controlled nucleation and growth 

pathways for Fe3Se4 as well as size-dependent magnetic properties to develop a fundamental 

understanding of size/shape-property correlations36. 
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In 1956, Okazaki and Hirakawa32 did the structural studies on a single crystal specimen 

of Fe3Se4. The unit-cell lattice parameters of Fe3Se4 (Fe2+Fe2
3+Se4

2-) were calculated as a=6.17 

Å, b=3.54 Å, and c=11.17 Å with the I2/m space group (SG)32. Each Fe2+/Fe3+ cation is 

octahedrally coordinated by six Se2- anions (FeSe6 octahedra), and the coordination polyhedron 

of Se is the trigonal prism created by six Fe2+/Fe3+ cations (SeFe6 prisms)35. In 1968, Andresen39 

performed neutron scattering measurements and stated that the ferrimagnetism in this 

compound results from ordered iron vacancies in alternate layers. The Fe2+/Fe3+ cations and 

Se2- anions are arranged in alternating layers along the c-axis, and the deviation from (1:1) 

stoichiometry leads to the formation of cation vacancies in every second Fe-layer to 

compensate for the iron deficiency. These vacancies are distributed as far apart as possible. 

Each layer has a different magnetization value, as the number of vacancies and the vacancy 

distribution are distinct in each layer39. The cation vacancies arise in every other Fe layer in a 

unit cell, as indicated in scheme 1, with a variable quantity in each alternating layer. These 

cation vacancies lie in the (-101) plane32,36. The spins ferromagnetically aligned inside each 

plane along the c-axis and antiferromagnetically aligned in a neighbouring plane with ordered 

iron vacancies are therefore credited with the genesis of ferrimagnetic ordering.36 

 

Scheme 1: Unit cell of Fe3Se4 showing the orientation of the magnetic moments. Solid red 

circles represent Fe-cations, while open red circles represent cations vacancies. Solid grey 

circles represent Se anions. 

Many efforts have been dedicated to developing rare-earth (RE) free magnetic materials 

for the application of permanent magnet40–42. This has gotten a lot of attention in the scientific 

and industrial worlds due to the toxic and expensive RE materials. Among RE free materials, 

MnBi43 is an ambient temperature ferromagnet with a high coercivity (HC) (~23 kOe) and 

anisotropy constant (~22 Merg/cm3 at 490 K). However, the high vapor pressure of Mn and a 

c

a b
c

a b



Ph.D. Thesis  Chapter 5 

142 

CSIR-NCL                                                                                                                                                       Monika 

low melting point of Bi inhibit its industrial applications. Another Fe-based compound―FePt41 

is also an ideal compound due to its magnetic properties, but it is unsuitable for mass 

applications due to the presence of Pt. In comparison, Fe3Se4 is a low-cost compound with 

interesting magnetic properties. At nano dimensions, even without noble metal or rare-earth 

atoms, Fe3Se4 exhibits semi-hard magnetic characteristics below its TC, which makes it a  

unique material36,37. Zhang et al. reported the HC of ~ 4 kOe at 300 K, increasing to ~ 40 kOe 

at 10 K for nanoplatelets after applying 90 kOe of maximum external field36. For nanocacti 

morphology, the HC around 3.4 kOe36 and 2.74 kOe37 were observed in two different studies, 

which increased nearly 10-fold (about 36 kOe36 and 29.5 kOe37) at 10 K for a maximum applied 

external field of 90 kOe field. This is unique and interesting for low-temperature applications 

in particular. Large magnetic coercivity arises in Fe3Se4 from its monoclinic structure with 

ordered iron vacancies, leading to large magnetocrystalline anisotropy: ~1.0 x 107 erg/cm3 at 

10 K38. This value was determined for powdered bulk samples by partially aligning them in a 

magnetic field along the easy axis (b-axis) of Fe3Se4 and confirming the alignment using the 

presence of a predominant peak at (020) in the diffraction pattern and measuring the M-H loop 

along the hard and easy axes38. Long et al.38 established that the Fe3Se4 has a uniaxial type 

magnetocrystalline anisotropy as K is proportional to MS
3. They also estimated the critical 

radius38 for a single-domain particle of Fe3Se4, which is about ~ 800 nm at 10 K and ~ 2000 

nm at 300 K, calculated from rc 

rc  ≈ 9 
(A𝐾)½

πMS
2  -------(1) 

In which A denotes an exchange stiffness constant, MS is saturation magnetization, and K is 

the magnetic anisotropy constant. Consequently, it is appropriate to conclude that the particles 

below this size will lie in a single domain region. 

The maximal energy product is the most important figure of merit for hard magnets 

defined by the notation (BH)max
37. Theoretically, the maximum energy product is defined as: 

BHmax =  
1

4


0
MS

2 -------(2) 

where MS illustrates the saturation magnetization and 
0
defines the magnetic permeability of 

free space. This equation describes a crucial role played by the MS in deciding the energy 

product. Therefore, for applications in hard magnetic materials, it is imperative to increase the 

value of MS. For Fe3Se4, the energy product ~ 4.38 kG Oe was observed at 300 K for 
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nanorods37, which enhanced up to 10.22 kG Oe by Mn-doping in an applied magnetic field 

more than 85 kOe. At 10 K, nearly a 2 order of magnitude increment ~ 0.12 MG Oe37 makes 

this compound useful for several low-temperature applications. Therefore, it is interesting as 

well as important to study the enhancement of the magnetic parameters of Fe3Se4 by the 

influence of size and shape at a lower external magnetic field value than 90 kOe as cited in the 

earlier studies. 

 To examine the relationship between morphology and magnetic properties, especially 

the energy product, control over the morphology of NPs is essential, which is generally 

governed by the crystal structure, lattice defects at an early stage of crystal growth, symmetry-

breaking, and reaction conditions. Among the numerous procedures, a kinetic control over the 

addition of chemical species from a solution phase are the simplest and most versatile by 

selective binding of capping molecules, ionic species, etc., to various nanocrystal facets for 

changing their surface free energies8,44,45. A capping agent stabilises some particular facets 

when it is introduced in a reaction solution. These facets will have a reduced surface free 

energy, resulting in nanocrystals with a shape that maximises that facet's expression. The 

selective affinity of the capping agents over crystalline facets they are chemisorbed differently 

on any crystallographic plane leading to differential addition of atoms onto planes. Solution-

phase synthesis gives a potent way to manufacture diverse forms of nanocrystals, gratitude to 

the availability of a wide range of compounds that can function as a capping agent46. Many 

parameters, such as crystal structure, charge density, surface-ion-ligand interactions, electronic 

and surface structure of a material, or the functional group(s) of a capping agent, might 

influence the preferential binding of a capping agent to a certain surface. As a result, knowing 

the growth process is critical for morphological control. 

In this work, a tunability of abundant magnetic parameters has been reported for the 

Fe3Se4 compound by varying the size/shape of the particle at the nanoscale. This will also open 

various new directions for the controlled syntheses of several other TMCs. Here, the thermal 

decomposition method is adopted over others in order to have particles with controlled 

morphology. The study of systematic changes in the nucleation and growth mechanism of 

Fe3Se4 compounds as a function of reaction parameters at the nanometric regime has been 

examined. This study also highlights the important points― starting by observing preferential 

growth according to the theoretical models and discussing the growth mechanism by diffusion 

process and reaction process in the provided reaction environment. A significant increase in 
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the HC, magnetization (M60 kOe), the energy product (BH)max, magnetic anisotropy constant 

(Keff), and average blocking temperature (TB) of Fe3Se4 is observed with an increase in the 

crystallite-size. 

5.2 Thermal decomposition-based synthesis of Fe3Se4 NPs 

In this work, a one-pot thermal decomposition method has been used to synthesize the 

controlled Fe3Se4 nanocrystals. In a typical reaction, Fe(acac)3 [Iron (III) acetylacetonate; 

99.99%; Sigma-Aldrich] was used as an organometallic precursor and Se [Selenium powder; 

99.99%; Sigma-Aldrich] as a Se precursor for synthesizing Fe3Se4 in an organic solvent. A 

0.53 g (1.5 mmol) portion of Fe(acac)3 and 0.158 g (2 mmol) of Se were added to the 

corresponding solvent at 30 °C in a 100 mL three-neck round-bottom (RB) flask. The solution 

was stirred under the flow of high-purity nitrogen gas at 30 °C. After that, the temperature was 

raised to 120 °C and maintained for 30 min. Further, the temperature was raised at a ramping 

rate of 2 °C min-1 up to 200 °C, and 5 °C min-1 was used to reach the desired temperature at 

which the sample was maintained for a pertinent time. A thermometer was placed inside the 

RB-flask, and the temperature was kept stable within ±2.0 °C. The solution was cooled to 

laboratory temperature by removing the heating source. After cooling, 20 mL of 2-propanol 

was added to the solution for washing the specimen, which was further separated from the 

solution by centrifugation. The obtained sample was rewashed with a mixture of 15 mL hexane 

and 10 mL 2-propanol. Finally, the resultant black precipitate was dried in the vacuum and 

utilized for further characterization.  

The size effect study was done over the full range of temperature scans for synthesizing 

single phase Fe3Se4 in the presence of OLA [Oleylamine; 70%; Sigma-Aldrich] (15 ml). Below 

260 °C temperature, there was always FeSe2 phase impurity, as discussed in chapter 330. While 

above 330 °C, no reaction was possible because the solution turned into a gel. Therefore, 

growth temperature was scanned in the range of 260 °C to 330 °C to study the kinetics of crystal 

formation.  

5.2.1 For the synthesis of Fe3Se4 nanorods (FSNR-T °C) samples 

Sample FSNR-260 °C 

A 0.53 g (1.5 mmol) portion of Fe(acac)3 and 0.158 g (2 mmol) of Se were added to 15 mL of 

OLA at 30 °C in a 100 mL three-neck RB flask. The solution was stirred under the flow of 

high-purity nitrogen gas at 30 °C. After that, the temperature was raised to 120 °C and 
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maintained for 30 min. Further, the temperature was raised at a ramping rate of 2 °C min-1 up 

to 200 °C, and 5 °C min-1 was used to reach the desired temperature (260 °C) at which the 

sample was maintained for 120 min. 

Sample FSNR-300 °C 

This synthesis is similar to the above synthesis, except that the final desired temperature is 300 

°C and was maintained for 80 min. 

Sample FSNR-330 °C 

This synthesis is similar to the above synthesis, except that the final desired temperature is 330 

°C and was maintained for 70 min. 

Though we tried several intermediate temperature conditions to optimize the synthesis; 

however, here, for the sake of brevity and clarity, the data on the samples formed at three 

particular temperatures are discussed.  However, the remaining intermediate samples' 

experimental details (growth conditions and magnetic measurements) are also reported.  

Intermediate samples 

Sample FSNR-280 °C 

This synthesis is similar to the above synthesis, except that the final desired temperature is 280 

°C and was maintained for 120 min.  

Sample FS'NR-300 °C 

This synthesis is similar to the above synthesis, except that the final desired temperature is 300 

°C and was maintained for 140 min. 

The reaction parameters, including solvent and temperature, were modified for shape 

tuning of Fe3Se4, as shown in Table 1. The study of the shape effect was done over the two 

solvent conditions― (1) 1-ODE [1-octadecene; 90%; Sigma-Aldrich], and OCD 

[octadecylamine; 97%; Sigma-Aldrich] are added together as an organic solvent, and (2) only 

OCD is added as a solvent, at 330 °C. In these two solvent conditions, there is always a presence 

of FeSe2 phase below the optimized temperature (330 °C), and above it, the solution turns into 

the gel.  

5.2.2 For the synthesis of Fe3Se4 nanoplatelets (FSPL-330 °C) 

A 0.53 g (1.5 mmol) portion of Fe(acac)3 and 0.158 g (2 mmol) of Se were added to 10 mL of 

1-ODE and 5 mL of OCD at 30 °C in a 100 mL three-neck RB flask. The solution was stirred 
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under the flow of high-purity nitrogen gas at 30 °C. After that, the temperature was raised to 

120 °C and maintained for 30 min. Further, the temperature was raised at a ramping rate of 2 

°C min-1 up to 200 °C, and 5 °C min-1 was used to reach the 330 °C, at which the sample was 

maintained for 120 min.  

5.2.3 For the synthesis of Fe3Se4 quasi-spheres (FSQS-330 °C) 

A 0.53 g (1.5 mmol) portion of Fe(acac)3 and 0.158 g (2 mmol) of Se were added to 15 mL of 

OCD at 30 °C in a 100 mL three-neck RB flask. The solution was stirred under the flow of 

high-purity nitrogen gas at 30 °C. After that, the temperature was raised to 120 °C and 

maintained for 30 min. Further, the temperature was raised at a ramping rate of 2 °C min-1 up 

to 200 °C, and 5 °C min-1 was used to reach the 330 °C, at which the sample was maintained 

for 100 min. 

Table 1. Summary of the experimental conditions, indicating the influence of the temperature 

and solvent compositions on the size and shape of the products, respectively. Fe(acac)3 and Se 

powder were used in the following reactions as Fe and Se precursors, respectively. 

Samples 

 

Parameters 

FSNR-260 

°C 

FSNR-300 

°C 

FSNR-330 

°C 

FSPL-330 

°C 

FSQS-330 

°C 

Reaction 1 2 3 4 5 

Solvent OLA 
1-ODE 

& OCD 
OCD 

Step 1 

Reaction 

temperature  

(± 2 °C) 

120 °C 

Time (min) 30 

Step 2 

Reaction 

temperature  

 (± 2 °C) 

260 °C 300 °C 330 °C 330 °C 330 °C 

Time (min) 120 80 70 120 100 

 

5.3 Characterization techniques 

Several analytical techniques were utilized to characterize the as-synthesized Fe3Se4 NPs. 

Powder X-ray diffraction (XRD) patterns of the samples were recorded on a PANalytical 

X'PERT PRO instrument with the iron-filtered Cu-Kα radiation (λ = 1.54 Å) in 2θ range of 10° 

- 80°. Following the method given by Paul Scherrer (1918), crystallite sizes were calculated 

considering the effect of limited particle size on XRD patterns47–49.  Paul Scherrer 
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approximated an expression to relate peak-broadening and crystallite size. The formulae to 

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

curves are given as: 

𝑑 =
𝐾𝜆

𝐵 𝑐𝑜𝑠 𝜃
 -------(3) 

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 λ is the 

wavelength of the incident X-rays (for Cu Kα λ ~1.54 Å),  𝜃 is the Bragg angle corresponding 

to 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 approximation49. Instead of directly considering the 

B values from peak broadening,  it is corrected from standard data using equation49. 

𝐵2  =  𝐵𝑀
2  −  𝐵𝑆

2 -------(4) 

where BM and BS are the measured widths of the diffraction peaks of Fe3Se4 and the standard 

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

The morphology was characterized using an FEI Tecnai T20 transmission electron 

microscopy (TEM) equipped with a super twin lens (s-twin) 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. The magnetic 

measurements were carried out using a superconducting quantum interference device-based 

vibrating 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 magnetic field dependent 

magnetization (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 versus temperature (M−T) 

measurements was performed at a temperature sweep from 7 to 330 K in a field of 100 Oe 

following standard field-cooled (FC) and zero-field cooled (ZFC) sequences. 

5.4 Results and discussion 

5.4.1 Growth process 

The birth of solids, starting from a few atoms, and their further growth into the larger collection 

of ordered or disordered atomic assemblies, is quite an intriguing process for experimentalists 
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due to the extreme time and length scales involved. According to the classical theory of 

nucleation, it requires the monomer concentration to reach well above the saturation limit in 

order for the solid-state matter to start forming in the solution phase. Initially, nucleation takes 

place with persistent monomer concentration. After a while, clusters begin to develop on the 

surface, reducing the monomer supply. Furthermore, because these monomer concentrations 

are below the threshold limit for nucleation, nucleation is terminated50. The surface-to-volume 

ratio of tiny particles is large. Results in the huge surface area, surface excess energy is more 

important in tiny particles, accounting for a major portion of the total energy. As a result, in a 

solution, a process that determines the production of bigger particles at the expense of smaller 

particles depletes the surface energy and thus plays an important function in nanocrystal 

development. Monomer migration towards the surface is followed by monomer reaction at the 

nanocrystal's surface, resulting in colloidal particles. 

 There are three basic stages in the creation of colloidal NPs in a solution phase: (i) 

nucleation: formation of small clusters, (ii) seed formation: evolution of nuclei into seeds with 

well-defined crystalline structures (or amorphous seeds), and (iii) growth: growth of seeds into 

nanocrystals of specific shape and size50. The results are examined by a set of thermodynamic 

and kinetic parameters that are not mutually exclusive and remain virtually and intricately 

entangled with each other in experimental conditions. During the third step, the reaction can 

follow various pathways. Either the smaller seeds can dissolve back into the solution 

contributing to the growth of relatively larger and more stable clusters (Ostwald ripening), or 

smaller seeds can agglomerate to generate larger clusters (made of smaller seeds) where the 

seed-boundaries are still well-defined with formation of single crystallite by annealing process 

(non-classical nucleation theory). In addition, the pre-formed seeds can continue to grow to 

utilize the monomers present in the solution. In this work, the latter pathway occurs (seeds are 

growing further after continuous addition of monomers), as discussed in Chapter 330 supported 

by XRD data.  The addition of monomers and further growth of seeds is known to be 

contributed by the following two pathways ― (i) diffusion-limited growth process: diffusion 

of the monomers or ions/atoms, (ii) reaction-limited growth process: controlled by the reaction 

of the monomers at the surface of solid50. We already discussed the second process based on 

the surface free energy of various facets, which is a major contributing factor to monomers' 

addition to the seed surfaces. However, the proper understanding of growth kinetics under the 
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actual synthetic conditions is very complicated due to several species' presence and their 

interaction with each other51,52.  

 

Scheme 2: a) The schematic shows the molecular environment around the unit cell of Fe3Se4 

surrounded by available species that may influence the crystal growth. (1) Fe precursors― 

Fe(acac)3, (2) Se precursors― (Sen-Se-Se-Sen), (3) Fe(acac)2 (formed due to reduction of 

Fe(acac)3 with the release of acetone and CO2), (4) Fe-OLA complexes (Fe(OLA)6(acac)3, and 

Fe(OLA)4(acac)2), (5)Sen-Se˙ (Se reacts with OLA by homolytic cleavage of Se―Se bond that 

results in forming Se radicals), (6) H-Se- anion (formed when the Se radicals attack the allylic 

proton of OLA), and (7) oleylamine molecules which are present in two states― stable and 

metastable (after giving hydrogen to the Se radicals, OLA becomes in a metastable state). b) 

The schematic illustrates the addition of atoms on the unit cell of Fe3Se4 surrounded by all 

possible intermediate species in a typical synthesis. The proposed growth mechanism of Fe3Se4 

NPs (along the c-axis) explains the reaction-limited process (kinetic-control). (i) Unit cell of 

Fe3Se4. (ii) Consider the Fe-layer as the outermost layer. (iii) The available H-Se--ions present 

in the solution will be captured by the Fe ions due to Columbian attraction, and Se will make 

the covalent bond with Fe-ions. (iv) The metastable oleylamine (m-OLA) takes the hydrogen 

back to reconfigure itself into the stable OLA (migration of double bond). (v) This results in 

the formation of a fresh anionic layer. (vi) The Se-anions will capture the available Fe-cations 

(Columbian interaction) and form the bond. Further, the cation layer (Fe-ions) will capture the 

H-Se- ions, and so on. (vii) Repeat from step (iii). Solid red circles represent the Fe-cations, 

while open red circles represent cations vacancies. Solid grey circles represent Se-anions. 
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Forming a single formula unit of Fe3Se4 involves the dissociation of iron acetylacetonate and 

Se powder into various intermediate species, which finally provide Fe ions and Se ions for the 

nucleation process to trigger. The schematic 2a explains the addition of these atoms on the unit 

cell of Fe3Se4  surrounded by all possible intermediate species in a typical synthesis; for 

example, (1) Fe precursors― Fe(acac)3, (2) Se precursors― (Sen-Se-Se-Sen), (3) Fe(acac)2 

(formed due to reduction of Fe(acac)3 with the release of acetone and CO2)
30,53, (4) Fe-OLA 

complexes (Fe(OLA)6(acac)3, and Fe(OLA)4(acac)2)
30, (5) Sen-Se˙ (Se reacts with OLA by 

homolytic cleavage of Se―Se bond that results in forming Se radicals)30,54, (6) H-Se- anion 

(formed when the Se radicals attack the allylic proton of OLA), and (7) oleylamine molecules 

which are present in two states― stable and metastable (after giving hydrogen to the Se 

radicals, OLA becomes in a metastable state). The concentration of these intermediates, 

temperature, viscosity, etc. contribute strongly to the diffusion-limited growth processes along 

with the reaction-limited growth process where the final cation and anionic states available to 

react with the unit cell of Fe3Se4 are:  Fe2+
, Fe3+, and H-Se-, respectively and their availability 

is influenced by the seven intermediates listed earlier. Schematic 2b represents the proposed 

qualitative growth mechanism of Fe3Se4 NPs (along the c-axis). For clarity, omitted the 

schematic along the b-axis; however, the growth process (addition of atoms phenomena) will 

be the same. Step (i) illustrates the unit cell of Fe3Se4, where the outermost atomic layer is 

considered to be terminated by the iron ions. According to Coulombic attraction, the negatively 

charged H-Se- ions will diffuse towards highly active surface Fe ions and form new bonds 

(reaction process). However, the seed-surface is also surrounded by the OLA molecules in the 

metastable state which are readily formed due to the attack of Se radicals on OLA's allylic 

proton which takes away the hydrogen to form H-Se- ions. These metastable OLA (m-OLA) 

molecules will scavenge back the hydrogen ions from the terminating H-Se- ions as discussed 

in Chapter 330. This result in formation of a fresh atomic layer along the c-direction terminated 

by highly-active surface Se-ions. The negatively charged top layer captures the Fe ions from 

the solution over the surface of the crystal by the diffusion process and to form a fresh Fe-layer. 

This process continues (limited by the surface-energy minimization principal). The growth 

process of other facets can also be understood by the similar chemistry. 
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5.4.2 Structural and morphological investigations of Fe3Se4 NPs using XRD and TEM 

 
Figure 1. a) A comparison between the observed XRD patterns of Fe3Se4 NPs (red line), 

calculated XRD curve after crystal structure refinement by Rietveld method (black line), the 

difference (Iobs-Ical) between observed intensity (Iobs) and calculated intensity (Ical) (green line), 

and Bragg positions (blue vertical line) for various samples labeled as FSNR-260 °C, FSNR-300 °C,  

FSNR-330 °C,  FSPL-330 °C, and  FSQS-330 °C. The samples FSNR-260 °C, FSNR-300 °C, and FSNR-330 °C 

were synthesized in the presence of OLA in varying crystallite sizes. The sample FSPL-330 °C 

was synthesized in the presence of 1-ODE + OCD. The sample FSQS-330 °C was synthesized in 

the presence of OCD. b) XRD patterns of Fe3Se4 NPs (for intermediate samples) ―FSNR-280 °C 

and FS'NR-300 °C. The crystallite size of FSNR-280 °C and FS'NR-300 °C samples are 35 ± 2 nm and 40 

± 2 nm along the (-112) plane, respectively. 
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The Fe3Se4 samples were intensively investigated for their crystallinity and phase purity using 

powder- XRD, followed by the Reitveld refinement using FullProf software (Figure 1). The 

absence of any unidentified peak in the diffraction patterns indicates that no secondary phase 

is present in all samples under the limit of laboratory XRD. All of the XRD patterns matched 

the XRD card number 73−202155 created by the Joint Committee on Powder Diffraction 

Standards (JCPDS) for Fe3Se4 without ambiguous reflections.  

Table 2. Comparison of the parameters obtained after Rietveld refinement of XRD data of as-

synthesized Fe3Se4 NPs. The values χ2 and wRP (%) represent the chi-square and weighted 

profile R-value, respectively. Unit cell parameters are denoted by a, b, c, α, β, and γ. 

Sample  

 

Parameters 

FSNR-260 °C FSNR-300 °C FSNR-330 °C FSPL-330 °C FSQS-330 °C 

χ2 3.6 1.6 1.7 2.3 1.7 

wRP (%) 12.1 19.3 18.6 17.9 28.5 

Space group I2/m I2/m I2/m I2/m I2/m 

Volume 245.5 245.6 246.2 246.1 246.2 

a (Å) 6.185 6.186 6.190 6.190 6.190 

b (Å) 3.525 3.524 3.527 3.524 3.528 

c (Å) 11.264 11.270 11.279 11.287 11.276 

α  90.0° 90.0° 90.0° 90.0° 90.0° 

β 91.784° 91.822° 91.801° 91.824° 91.751° 

γ 90.0° 90.0° 90.0° 90.0° 90.0° 

All the samples are formed in the monoclinic crystal structure with the calculated lattice 

parameters tabulated in Table 2, having the I2/m space group. The refinement details are also 

mentioned in Table 2. The order of broadening of diffraction pattern indicates that the Fe3Se4 

are of nano dimension.  

The crystallite sizes for all the samples were calculated using the method given by Paul 

Scherrer47–49 along three different planes corresponding to the three most intense diffraction 

peaks (Table 3). Scherrer's formula is in good agreement to compare the size of particles49. It 

is observed that the calculated crystallite sizes are directly proportional to the reaction 

temperature― the size increases with an increase in reaction temperature. 
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Table 3. An evolution of crystallite size for as-synthesized Fe3Se4 NPs is compared with 

different crystalline planes calculated from powder XRD. The influence of temperature and 

solvent on the crystallite size and shape of the products has been observed, respectively. 

Samples 

 

Parameters 

FSNR-260 °C 
FSNR-300 

°C 

FSNR-330 

°C 
FSPL-330 °C FSQS-330 °C 

Crystallite size d (± 2 nm) along following planes 

(-112) 33 37 42 34 36 

(202) 25 31 35 28 32 

(204) 22 24 26 21 27 

 

It is worth mentioning that the current synthetic technique not only allows the selective 

synthesis of different crystallite sizes by controlling the temperature but also produces novel 

morphologies by adjusting the growth conditions (reaction temperature and solvents together). 

The morphological properties of all the specimens were examined by TEM. As shown 

in Figure 2, samples FSNR-260 °C, FSNR-300 °C, and FSNR-330 °C synthesized with OLA are 

quasispherical particles consisting of agglomerated rod-shaped nanostructures with 

multitudinous spikes grown on the surfaces pointing thoroughly outward. Moreover, as shown 

in Figure 2, sample FSPL-330 °C represents the formation of nanoplatelets (in the presence of 1-

ODE and OCD), and sample FSQS-330 °C reveals the shape of nanosized quasi-spheres (in the 

presence of OCD).  

 
Figure 2. Representative TEM images of as-synthesized Fe3Se4 NPs. The TEM images 

corresponding to the samples FSNR-260 °C, FSNR-300 °C, and FSNR-330 °C (synthesized in the 
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presence of OLA) show that particles are analogous with rod-like features growing on the 

surface. The images corresponding to the sample FSPL-330 °C (in the presence of 1-ODE + OCD) 

and FSQS-330 °C (in OCD) reveal nanoplatelets and quasispherical morphologies. The insets 

show zoomed-in views with a scale bar of 50 nm. Due to intense magnetic polarization, the 

particles show aggregation in the TEM images. 

 

Scheme 3. The unit cell of Fe3Se4 with different planes drawn by black dotted lines. Solid red 

circles represent Fe-cations, while open red circles represent cations vacancies. 

Further, the directional growth analysis examined the relationship between the relative 

intensities (RI) of XRD peaks and morphologies. It was observed that for all the samples, (-

112) peak shows the maximum intensity, and its intensity was normalized to 100 with respect 

to other peaks. The RIs of all the as-synthesized Fe3Se4 NPs are compared in Table 4.  

It can be noticed that with respect to the most intense peak, many of the peaks show a 

sample to sample variation in the RI, which indicates varying growth kinetics of different facets 

when the reaction conditions are altered56. These results can be related to the 'morphological 

importance' (MI) of respective lattice planes, which, for a particular crystal, is inversely 

proportional to the growth rate, i.e., the faster the growth rate of a plane, the lesser will be the 

MI value of that plane and vice versa. Thus, the slow-growing facet will dominate the 

morphology in the resultant particle with a large surface area and are more exposed to the 

environment57. These more exposed planes will contribute toward higher RI in the XRD 

pattern. So, RIs of crystalline peaks can be directly related to the MIs of respective lattice 
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planes, which immediately makes the growth direction in a distinct environment accessible to 

us. Using the simple exercise, this critical information directly links the crystal formation and 

tunable reaction-limited growth conditions that were carefully selected in this work. 

Table 4. List of calculated RI of powder XRD peaks along different lattice planes of all the as-

synthesized Fe3Se4 NPs and bulk Fe3Se4 (JCPDS card no. 73-2021). 

Samples 

 

Parameters 

Bulk 

(%) 

(73-

2021) 

FSNR-260 

°C (%) 

FSNR-300 

°C (%) 

FSNR-330 

°C (%) 

FSPL-330 °C 

(%) 

FSQS-330 

°C (%) 

RI (a.u.) 

along (-112) 
100 100 100 100 100 100 

RI (a.u.) 

along (101) 
30.4 10 14 17 10 15 

RI (a.u.) 

along (202) 
94.3 85 86 87 80 81 

RI (a.u.) 

along (-202) 
46.8 31 34 35 59 46 

RI (a.u.) 

along (002) 
25.3 10 14 17 11 16 

RI (a.u.) 

along (020) 
32.3 25 26 25 24 28 

RI (a.u.) 

along (200) 
7.4 4 7 7 8 12 

RI (a.u.) 

along (011) 
11.6 9 13 13 12 15 

RI (a.u.) 

along (222) 
15.5 10 13 13 12 17 

RI (a.u.) 

along (-222) 
10.7 10 12 12 13 16 

RI (a.u.) 

along (110) 
1.8 2 5 5 8 10 

 

From TEM images, shape variation is clearly visible in Fe3Se4 NPs however, the 

agglomeration size effect is not clearly observed. Figure 3 shows the zoomed view of Fe3Se4 

nanorods in the presence of OLA. 
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Figure 3. Representative TEM images of as-synthesized Fe3Se4 (synthesized in OLA 

presence). a) Image shows the rod-like features of NPs. b) Zoomed-in views with a scale bar 

of 5 nm. c) The lattice fringes spaced at 5.6 Å represents the (002) plane. d) The SAED pattern 

reveals the presence of (002) plane. e) TEM image from different areas again reveals the rod-

like morphology. f) The lattice fringes spaced at 2.6 Å represents the (202) plane. Thus, the 

(002) and (202) faces are parallel to longitude in a rod-like shape that results in making the 

longitudinal growth along the b-axis. 

To better understand the size variation in these agglomerated rods, it is appropriate to take help 

from the theoretical aspect. 
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Figure 4. Starting from typical TEM images to the correlation between experimental and 

theoretical morphologies to the schematic diagram of experimental Fe3Se4 nanorod with the 

help of theoretically predicted crystal morphologies. 

As discussed in chapters 2 and 3, the crystal habit of Fe3Se4 has been predicted by theoretical 

models and found to be a complete match of experimental morphologies. In the presence of 

OLA, the Fe3Se4 will follow the crystal habit path. If all the facets are combined and tried to 

make a schematic, the resultant shape will be as schematically shown in Figure 4. 

 

Scheme 4. Schematic diagram of Fe3Se4 nanorods defined as FSNR-260 °C, FSNR-300 °C, and FSNR-

330 °C samples, exhibiting size effect as confirmed by RI.   

As the temperature increases, the size of the nanorods is also increasing, as shown with the 

help of schematic in scheme 4. This is well supported by RI of distinct planes of XRD, as 

shown in Figure 5. 
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Figure 5. The variation in the relative intensities (RI) of diffraction pattern along different 

lattice planes of all the as-synthesized Fe3Se4 NPs. The N1, N2, and N3 define FSNR-260 °C, FSNR-

300 °C, and FSNR-330 °C samples, exhibiting the effect of size on RI. The symbols P and Q denote 

the FSPL-330 °C and FSQS-330 °C samples, respectively― showing the variation in RI with shape. 

The analysis of RIs of (101), (202), and (-202) planes suggested that for these planes, 

as the reaction temperature increases, the RIs increase by 7%, 2%, and 4%, respectively for the 

sample FSNR-330 °C (330 °C) in comparison with the sample FSNR-260 °C (260 °C). This implies 

that the relative growth rate of these planes decelerates with rising temperature, making these 

planes more significant in the resultant morphology as temperature increases (larger MI 

values). The (101) plane was also predicted to be morphologically dominant among all low-

index planes from theoretical crystal habit. Similarly, the (002) peak also shows an increment 

of up to 7%, which is consistent with the theoretical calculations. These results suggest that 

(101), (202), (-202), and (002) faces are parallel to longitude in a rod-like shape. TEM images 

well support this statement, as shown in Figure 3.  

As shown in Figure 3, the (002) and (202) planes are along with the rod's longitudinal 

directions, having lattice fringes space at 5.6 Å and 2.6 Å, respectively. In contrast, it was 

observed that RIs of the (020) plane was hardly affected for samples synthesized at higher 

temperatures (Figure 5); in other words, this facet does not show any significant change in its 

relative growth rate with an increase in the reaction-temperature. This implies that the (020) 

face is vertical to longitudinal planes ((101), (202), (-202), and (002)). Although the (200) peak 

becomes more intense (up to 5%) with an increase in reaction temperature, the RI value is very 

low, indicating that this plane will contribute to faster growth in this direction. Thus, this plane 

is less visible in resultant morphology than the other planes. Moreover, the other planes (222), 
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(-222), and (011) show the increment (from sample FSNR-260 °C to FSNR-300 °C) followed by no 

variation in RI with rising temperature. This implies that these planes were initially slowly 

growing; however, the growth is dormant along with these directions at high temperatures. This 

suggests that these planes are at the edges of the nanorods. The (110) plane is nearly invisible 

in the resultant morphology as it has the least RI value. In conclusion, the variation in the RI 

of the above planes exhibits that for nanorods, the longitudinal growth is along the b-axis and 

the vertical growth is along the c and a-axis in the presence of OLA.  

To validate the influence of an amine group and a double bond on the resultant 

morphology, the controlled experiments are carried out by changing the solvents and 

comparing the RI of the resulting samples (Figure 5 and Table 4). The observed variations in 

RI clearly demonstrate the distinct direction of growth in the varied reaction environment. For 

sample FSPL-330 °C (nanoplatelets), the direction of growth is swift along with the c- and a-axes, 

making (101) the top surface of nanoplates having a lattice fringe spaced at 5.4 Å (Figure 6). 

The MI of (002) reduces, and of (020) is nearly constant. Consequently, the shape deviated 

from rods to plates in the presence of 1-ODE and OCD.   

 

Figure 6. Representative TEM images of as-synthesized Fe3Se4 (synthesized in the presence 

of 1-ODE & OCD). a) The image shows the nanoplate morphology. b) Zoomed-in view with a 

scale bar of 20 nm. c) The lattice fringes spaced at 5.4 Å represents the (101) plane. 

Further, the RI of sample FSQS-330 °C (quasispherical) demonstrates that the direction of 

growth is nearly the same along all three axes―as only an amine group is present to influence 

the morphology, which will behave almost identical in all the directions (a-, b- and c-axes). 

However, (202) is a more exposed plane having lattice fringes spaced at 2.6 Å (Figure 7) 

―signifies that the growth is slightly faster towards the a- and c-axes. All other planes show 

nearly the same MIs in the OCD environment, which fabricates the quasispherical NPs.  

50 nm 20 nm 5 nm

5.4Å

(101)
a) b) c)
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Figure 7. Representative TEM images of as-synthesized Fe3Se4 (synthesized in the presence 

of OCD). a) The image shows the quasispherical morphology. b) The SAED pattern reveals the 

presence of the (202) plane. c) TEM image from different area again reveals the quasispherical 

morphology. d) The lattice fringes spaced at 2.6 Å represent the (202) plane.  

Therefore, after analyzing the RIs of all the planes, it is appropriate to conclude that in 

a distinct environment, the direction of growth varies, which leads to forming NPs with 

individual shapes. Additionally, as the reaction temperature rises, the growth is also increasing 

in a certain direction, enhancing the size of the NPs.  

 
Figure 8. Comparing the calculated relative intensities (RI) of powder XRD peaks along 

different lattice planes of freshly synthesized Fe3Se4 NPs.  
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To check the reproducibility of RI of XRD, the XRD of all three samples is done twice 

with different orientations (a and b curves for each shape), revealing that the RI changes are 

caused by the difference in shape, not by particle orientation. These are the re-synthesized 

samples, and therefore, the RI does not precisely coincide with the earlier data. However, the 

order of RI in different shapes is the same as mentioned earlier in the chapter (mentioned in 

the table). NR, PL, and QS define the Fe3Se4 nanorods, nanoplatelets, and quasispherical, 

respectively, as shown in Figure 8. 

5.4.3 Effect of Fe3Se4 crystallite size on the M-H curves at 300 K 

For permanent-magnet applications, the coercivity must be high. The coercivity of NPs below 

the single domain size limit is known to be strongly influenced by their particle size, 

crystallinity, lattice defects, vacancies and their ordering, external magnetic field, anisotropic 

growth of crystalline facets, and overall morphology, surface spin environment, temperature, 

interparticle interactions, etc. Even the sample preparation method (packing of particles) can 

affect the coercivity values for fine particles. As the particle size is enhanced, it is generally 

observed that the coercivity increases and goes through a maximum up to a single domain limit 

size and then tends toward zero58-59. 

 

Figure 9. a) Magnetization vs. external magnetic field hysteresis loops at 300 K of Fe3Se4 NPs. 

The blue, dark grey, red, light grey, and green loops correspond to the samples— FSNR-260 °C 

(33 nm), FSNR-280 °C (35 nm), FSNR-300 °C (37 nm), FS'NR-300 °C (40 nm), and FSNR-330 °C (42 nm) 

synthesized at increasingly higher temperatures, respectively. The numbers in parentheses 

show the crystalline size along (-112) plane. The hysteresis curves clearly illustrate all the 

coercivity and remanence values of all the NPs and are rising as the crystal growth is 
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intensified. b) External magnetic field vs. magnetization hysteresis loops for rod-like Fe3Se4 

NPs― FSNR-260 °C (33 nm), FSNR-300 °C (37 nm), and FSNR-330 °C (42 nm) measured at 300 K. 

The magnetic properties obtained for Fe3Se4 NPs using a SQUID-VSM show an 

interesting trend. Figure 9 shows a comparative study of M-H curves taken at 300 K for the 

specimens FSNR-260 °C (33 nm), FSNR-280 °C (35 nm), FSNR-300 °C (37 nm), FS'NR-300 °C (40 nm), 

and FSNR-330 °C (42 nm). For clarity, the two intermediate samples [FSNR-280 °C (35 nm) and 

FS'NR-300 °C (40 nm)] have been omitted, and only three samples are considered from now 

onwards. All the samples indicate a typical ferrimagnetic behavior where the magnetization 

does not saturate until the highest applied field of 60 kOe. In earlier reports36,38 also, even after 

applying the field of 90 kOe, the hysteresis loops of Fe3Se4 do not saturate due to the very high 

anisotropy field or the spins are noncollinear in the system36.   

Figure 10a reveals a zoomed-in view of the M-H curves that illustrate that the coercivity 

and remanence values of all the samples increase with crystal growth i.e., the magnetic 

properties of Fe3Se4 are strongly affected by the crystallite size. All the samples in this study 

are in a single domain size. As mentioned above that the critical radius38 for a single-domain 

particle of Fe3Se4 is  ~ 800 nm at 10 K and ~ 2000 nm at 300 K. The influence of crystal growth 

on HC at 300 K is shown in Figure 10c, and it is observed that the HC increases with increasing 

the crystallite size (33 nm to 42 nm). At 300 K, HC of Fe3Se4 is found to be varying from 1.1 

kOe to 2.3 kOe. This increasing pattern between the HC and crystallite size is observed because 

an increase in single domain size increases the magnetic moment, increasing the magnetization 

followed by HC. Another important factor is surface spins. With a decrease in particle size, the 

surface-to-volume ratio increases, leading to a larger number of surface spins per unit volume. 

The surface spins are uncompensated and remain disordered or canted, which leads to the 

overall reduction in the magnetization with the decrease in the particle size3. As the crystallite 

size increases slowly from d = 33 nm to 42 nm, the magnetization value (M60 kOe) increases 

from 3.0 emu/g to 5.4 emu/g (higher magnetization is observed in Fe3Se4 nanorods as compared 

to earlier reports36,37); the remanence magnetization (MR) also increases as tabulated in Table 

5. 
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Figure 10. Magnetization vs. external magnetic field hysteresis loops at 300 K (Figure a) and 

10 K (Figure b) of rod-like Fe3Se4 nanoparticles. The blue, red, and green loops correspond to 

the samples— FSNR-260 °C (33 nm), FSNR-300 °C (37 nm), and FSNR-330 °C (42 nm) synthesized at 

increasingly higher temperatures, respectively. The numbers in parentheses show the 

crystalline size along the (-112) plane. Relationship between crystallite size and magnetic 

parameters of rod-like Fe3Se4 NPs at 300 K. c) size dependence of coercivity (HC) and remanent 

magnetization (MR), and d) size dependence of energy product (BH)max and anisotropy constant 

(Keff).  

Schematic illustration in scheme 5 shows the magnetic moments orientation of Fe3Se4 

reveals the easy axis along the b-axis37. In our samples, each building block is a single 

crystallite. However, the surface spins are not parallel aligned in the same direction. The 

resultant magnetization is in the b-axis of one single nanorod. Probably hundreds of such 

nanocrystallites, as building blocks, agglomerate together due to strong dipolar interactions to 

form a larger three-dimensional assembly (as seen in the TEM images) where the nanocrystal 

super-spins may remain highly disordered (or weakly ordered along the easy axis due to the 

interparticle interactions). In VSM, the powder sample has numerous such agglomerated 

particles. When the external magnetic field is applied, they try to align in one direction by 

incoherent spin rotation phenomena, as shown in schematic 538. 
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Scheme 5. Schematic illustration of the actual sample situation in magnetic measurements. (i) 

Unit cell of Fe3Se4 shows the magnetic moments' orientation. (ii) and (iii) Diagrammatic upper 

and side view of nanorod showing the orientation of magnetic moments in every layer. (iv) 

Nanorod shows the orientation of magnetic moments and surface spins. (v) Single nanorod 

reveals the resultant direction of the magnetic moment in a single particle. (vi) Agglomerated 

particles show the various orientation of the resulting magnetic moment in a sample. (vii) 

Powder sample in the sample holder of VSM in the absence of a magnetic field, the magnetic 

moments are randomly oriented. (viii) Powdered sample in the presence of a magnetic field. 

(ix) Zoomed-view reveals that all the resultant magnetic moment of particles orient in the 

magnetic field direction. (x) Zoomed-view reveals the phenomena followed for the spin 

rotation in Fe3Se4 ―the incoherent spin rotation in steps of a), b), c), and d). 

It is simple to calculate the magnetic anisotropy constant (K) in a single crystal by 

extrapolating the M-H curve in both easy and hard axis directions (taking the hysteresis loops 

in parallel and perpendicular to the easy axes). In a single crystal, the order is the same in the 

entire particle, making it easy to orient them in one direction. However, in a sample like us, 

starting from a single particle with growth in the b-axis for nanorod, many such agglomerated 

nanocrystallites are present (the particle shown in TEM is agglomeration single-single 

nanorods). Therefore, in VSM, orienting the powder sample having numerous such 

agglomerated particles in one easy axis and then the hard axis is not simple. There is much 

literature that calculated the K utilizing this method for agglomerated samples, which is not the 

appropriate method to calculate the actual value. However, as it is an intrinsic property of any 

material, calculating K by the M-H curve of such samples will give the effective K of all the 

particles oriented in different directions. The influence of size on the effective magnetic 

anisotropy constant (Keff) will be fascinating to investigate.  
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Generally, the anisotropy field (Ha) of any material defines the theoretical upper limit 

of the coercivity. Experimentally, it is usually observed that the coercivity of any material 

reaches ~25% of the anisotropy field37. The Ha values for all the samples were calculated by 

extrapolating the M-H curve in easy and hard axis directions. In view of the low magnetization 

of Fe3Se4, its shape anisotropy plays a minor contribution to the total anisotropy, while the 

magnetocrystalline anisotropy plays a major role36. The presence of ordered Fe vacancies in 

monoclinic structure gives rise to a highly anisotropic crystal field and the spin-orbit coupling, 

leading to a large magnetocrystalline anisotropy in the system38. The Keff was calculated from 

MS and Ha, according to the following equation37,38. 

𝐾𝑒𝑓𝑓 =  
1

2
MSHa -------(5) 

The Keff value was calculated for each sample and is shown in Table 5. As observed in Figure 

10 d, the Keff value for Fe3Se4 increases with increasing the crystallite size due to the increase 

in MS and Ha. Moreover, all the above samples' energy product (BHmax) was also determined 

from the 2nd quadrant of the B−H loop37, as expressed in Figure 11. Figure 11 inset reveals the 

zoomed-in view of the 2nd quadrant of the B−H loop, and the area under the grey box represents 

the BHmax of the corresponding samples. The BHmax value is 0.8 kG Oe at 300 K for FSNR-260 

°C sample, which increases to 7.1 kG Oe for FSNR-330 °C. A significant increment in the energy 

product values at 300 K (7.1 kG Oe) is observed compared to the earlier report37 (4.377 kG 

Oe) for the same shape. 

 
Figure 11. B−H plot for rod-like Fe3Se4 NPs― FSNR-260 °C (33 nm), FSNR-300 °C (37 nm), and 

FSNR-330 °C (42 nm) at 300 K. (Inset) Calculation of maximum energy product from the B−H 

hysteresis loop of Fe3Se4 at 300 K. 
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Figure 10d shows the linear dependency of energy products on crystallite size. Equation 2 

clearly illustrates that the energy product is directly proportional to saturation magnetization 

(MS). MS increases with crystallization, which leads to enhancing the energy product. The 

practical energy product of a permanent magnet strongly influences by its processing. The 

development of permanent magnets necessitates the condensing of magnetic NPs with high 

packing densities. In order to build new rare-earth-free permanent magnets, Fe3Se4 NPs must 

have a wide energy product range36,37. 

5.4.4 Effect of Fe3Se4 crystallite size on the M-H curves at 10 K 

Figure 10b (at 10 K), the M-H curves do not saturate for the highest applied magnetic field of 

60 kOe. It is noticeable that the curves are far from saturation. Therefore, the coercive-field 

values (Table 5) are a gross underestimation of their true values. However, it was noted that 

these underestimated coercivity values of Fe3Se4 NPs (synthesized in the presence of OLA) lie 

between 33 kOe to 36 kOe with crystallite size varying from 33 nm to 42 nm (FSNR-260 °C to 

FSNR-330 °C), respectively. These HC values are nearly 20 to 30-fold increase over the 

corresponding value at 300 K― from 2.3 kOe to 35.5 kOe (FSNR-330 °C). The substantial increase 

in the coercivity at a lower temperature may have various contributions ―the increase in the 

overall effective magnetic anisotropy reduction in the thermal activation energy, making more 

and more spins available to orient in the field direction, ferrimagnetism, etc.38. Compared to 

300 K values at 10 K, the effective anisotropy rises by two orders of magnitude― from 1.90 x 

105 erg/cm3 (at 300 K) to 17.2 x 105 erg/cm3 (at 10 K) for FSNR-330 °C. The Keff was observed 

from 16.9 x 105 erg/cm3 to 17.2 x 105 erg/cm3 with increasing crystallite size (33 nm to 42 nm). 

Additionally, the energy product also shows an enhancement by nearly two orders of 

magnitude at 10 K― from 7.1 kG Oe (at 300 K) to 109.9 kG Oe (at 10 K), for FSNR-330 °C. The 

values of BHmax fluctuate from 96.6 kG Oe to 109.9 kG Oe with increasing crystallite sizes 

(Table 5). 

5.4.5 Effect of Fe3Se4 shape on the M-H curves at 300 K 

The magnetic properties of Fe3Se4 nanoplatelets (FSPL-330 °C) and nanoquasispheres (FSQS-330 

°C) fabricated in the presence of different organic solvents (1-ODE + OCD and OCD) were also 

observed with SQUID magnetometer. The hysteresis loops for these shapes are compared in 

Figure 12, again revealing the material's ferrimagnetic and hard magnetic properties. Figures 
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12 c and d show a zoomed-in view of the M-H curves that clearly illustrate both samples' 

coercive field and remanence. 

 

Figure 12. Magnetization vs. external magnetic field hysteresis loops (at 300 K and 10 K) of 

samples FSPL-330 °C and FSQS-330 °C― Fe3Se4 NPs (nanoplatelets and quasispherical particles 

synthesized in the presence of 1-ODE + OCD and OCD, respectively). 

The HC and MR are well affected by the shape of the NPs, Table 5. These variations in the 

magnetic performance arise from the distinct crystalline properties of the plate and quasisphere 

like NPs in comparison to the above nanorods36. At 300 K, the HC of these compounds is 

distinct― 2.1 kOe for FSPL-330 °C and 2.6 kOe for FSQS-330 °C. The shape diversity also shows a 

variation in M60 kOe, Ha, and Keff due to the small contribution from shape anisotropy also, as 

tabulated in Table 5. The highest magnetization to date 7.0 emu/g (at 300 K), is observed for 

the Fe3Se4 compound (in the case of FSPL-330 °C). The energy product of these samples was 

calculated at 300 K. Figure 13 reveals the zoomed-in view of the 2nd quadrant of the B−H loops, 

and the calculated energy product is tabulated in Table 5. 
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Figure 13. At 300 K, B−H plot for samples FSPL-330 °C and FSQS-330 °C of Fe3Se4 NPs synthesized 

in 1-ODE + OCD and OCD, respectively. (Inset) Calculation of maximum energy product from 

the B−H hysteresis loop of Fe3Se4 at 300 K. 

5.4.6 Effect of Fe3Se4 shape on the M-H curves at 10 K 

Figures 12 e and f show the hysteresis loops of FSPL-330 °C and FSQS-330 °C at 10 K. The coercivity 

of FSPL-330 °C and FSQS-330 °C samples are 19.7 kOe and 29.6 kOe, respectively, which is again 

~10-fold more significant than the value at 300 K. The substantial uniaxial magnetocrystalline 

anisotropy of the Fe3Se4 with ordered Fe vacancies is responsible for the high coercivity.38 

Here also, the effective anisotropy is almost two orders of magnitude at 10 K compared to 300 

K ― from 1.77 x 105 erg/cm3 (at 300 K) to 20.3 x 105 erg/cm3 at (10 K) for FSPL-330 °C. The Keff 

is 20.3 x 105 erg/cm3 and 14.9 x 105 erg/cm3 for samples FSPL-330 °C and FSQS-330 °C, respectively. 

The energy product of both the samples is 181.9 kG Oe and 135.7 kG Oe (Table 5). 

5.4.7 Magnetic property: blocking temperature 

M-T curve has been examined for all the Fe3Se4 samples in FC and ZFC modes (Figure 14).  

Blocking temperature depends on the particle size, its distribution, anisotropy energy, 

interparticle interaction, and measurement time scale. When the particle size is below the 

single-domain size limit; above the blocking temperature, in the absence of an external 

magnetic field, the particle spins are free to orient randomly as the thermal activation energy 

exceeds the effective anisotropy energy (superparamagnetic behavior). However, below the 

blocking temperature, spins freeze along their easy-axis (blocked state). The blocking 

temperature decreases with the decrease in the anisotropy energy and the particle volume60. 

Below TB, the sample reveals the coercivity, which becomes zero above the blocking 

temperature. 

 

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

-1.2

-0.8

-0.4

0.0

0.4

0.8

1.2

B
 (

k
G

)

H (kOe)

 B

-200 -100 0 100 200

-200

-100

0

100

200

B
 (

G
)

H (Oe)

 B

-200 -100 0 100 200

-200

-100

0

100

200

B
 (

G
)

H (Oe)

 C

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

-1.2

-0.8

-0.4

0.0

0.4

0.8

1.2

B
 (

k
G

)

H (kOe)

 CFSPL-330  C

(BH)max

FSQS-330  C

(BH)max



Ph.D. Thesis  Chapter 5 

169 

CSIR-NCL                                                                                                                                                       Monika 

 

Figure 14. Comparison of magnetization versus temperature curves (in ZFC and FC modes) 

for all the as-synthesized Fe3Se4 NPs in the applied magnetic field of 100 Oe. 

As discussed earlier (schematic 5), the particles are an agglomerated mass of 

nanocrystalline rods that are strongly interacting with each other through dipolar interactions. 

Average blocking temperature (TB) is an indication of superparamagnetic to the blocked state 

transition of that material, which is taken as the peak of the ZFC curve though due to the 

polydispersity, the blocking events for each particle might exist on both sides of this peak and 

results in the separation of ZFC-FC curves well above the average TB (the peak of the ZFC 

curve)60–63. Figure 15a presents the TB for nanorod samples (FSNR-260 °C, FSNR-300 °C, and FSNR-

330 °C) as 313 K, 316 K, and 322 K, respectively. Figure 15 b shows that TB increases with 

increasing the crystallite size due to the increase in the anisotropy constant and the particle 

volume. It is noticeable that TB also changes with shape for nanoplatelets (FSPL-330 °C) and nano-

quasispherical (FSQS-330 °C) as 323 K and 319 K, respectively (Figures 15c and d) because of 

the variation in the anisotropy constant and particle volume. 
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Figure 15. a) Zero-field-cooled (ZFC) magnetization vs. temperature (M-T) curves for rod-

like Fe3Se4 NPs. Blue, red, and green curves represent the sample FSNR-260 °C (33 nm), FSNR-300 

°C (37 nm), and FSNR-330 °C (42 nm) synthesized at 260 °C, 300 °C, and 330 °C, respectively. b) 

Relationship between crystallite size and average superparamagnetic blocking temperature of 

rod-like Fe3Se4 NPs. ZFC magnetization vs. temperature curves of the samples c) FSPL-330 °C 

and d) FSQS-330 °C― nanoplatelets and quasispherical Fe3Se4 NPs at 100 Oe (synthesized in the 

presence of 1-ODE + OCD and OCD, respectively). e) M-T curves for sample FSNR-260 °C (33 

nm) with varying applied magnetic fields. f) Relationship between the applied magnetic field 

and average superparamagnetic blocking temperature for sample FSNR-260 °C. 

The thermal activation energy, magnetic anisotropy energy, and external applied 
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measurement time-scale. It is well understood that the addition of an applied magnetic field 

changes the energy barrier from61 

KuV to KuV[1 ± (H/Ho)]
2  ------- (6) 

where Ku, V, and H are uniaxial anisotropy constant, the particle's volume, and applied 

magnetic field, respectively. Ho is related to the anisotropy field by Ho = 2 Ha = 2Ku/MS. H < 

Ho and the ± sign indicate the moment flip: + for parallel to the antiparallel direction and ‒ for 

antiparallel to parallel direction. Figure 15 e presents the ZFC curves of sample FSNR-260 °C at 

the different external magnetic fields. It reveals that the peaks shift towards the lower 

temperature as the magnetic field increases. Figure 15 f shows a decrease in TB with an 

increasing magnetic field, which is consistent with the quadratic dependence, as discussed by 

Zhang et al. 61 

Table 5. Summary of the magnetic parameters of all the samples at 300 K and 10 K. The M-H 

curves do not saturate for the highest applied magnetic field of 60 kOe. Therefore, these 

observed magnetic values are a gross underestimation of their true values. 

Samples 

 

Parameters 

FSNR-260 °C FSNR-300 °C FSNR-330 °C FSPL-330 °C FSQS-330 °C 

Crystallite size d (± 2 nm) along the following planes 

(-112) 33 37 42 34 36 

(202) 25 31 35 28 32 

(204) 22 24 26 21 27 

Magnetic parameters at different temperature 

Measurement 

temperature 

(K) 

Magnetic 

parameters 

300 K 10 K 300 K 10 K 300 K 10 K 300 K 10 K 
300 

K 
10 K 

Hc (kOe) 1.1 32.8 1.8 35.9 2.3 35.5 2.1 19.7 2.6 29.6 

Mr (emu/g) 0.7 7.1 1.4 6.7 2 7.6 2.1 9.8 1.9 8.5 

M60 kOe (emu/g) 
3.0 13.0 4.5 11.9 5.4 13.3 7.0 16.6 5.3 14.3 
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Mr/ M60 kOe 0.233 
0.54

9 
0.311 

0.56

2 
0.370 

0.56

9 
0.30 0.59 0.356 0.594 

Ha (kOe) 5.7 37.3 7.6 36.2 10.1 36.8 7.2 35.0 9.0 29.9 

Keff (erg/cm3) x 

105 
0.59 16.9 1.19 15.1 1.90 17.2 1.77 20.3 1.68 14.9 

BHmax (kG Oe) 0.8 96.6 3.2 85.4 7.1 
109.

9 
7.5 

181.

9 
6.6 135.7 

 

5.5 Conclusion 

Fe3Se4 NPs were intensively investigated to reveal the fundamental correlation between the 

size/shape and magnetic properties. The examined Fe3Se4 NPs were fabricated using a one-pot 

thermal decomposition method under well-controlled crystal growth conditions. The grain 

growth of NPs estimated from the XRD pattern arise monotonically with an increase in reaction 

temperature. The crystallite size range is about 33 nm-42 nm depending on the reaction 

temperature from 260 °C to 330 °C. A discrete environment has been provided in the reactions 

to allow the growth of different facets, which results in the unique morphology of the NPs. All 

the hysteresis curves with different size/shape showed the ferrimagnetic behavior of Fe3Se4. 

The magnetic parameters such as MS, HC, Keff, BHmax and TB exhibited a strong dependence on 

size and shape. The M60 kOe increases by increasing the crystallite size to a maximum value of 

about 5.4 emu/g at 300 K for nanorods while it becomes 7 emu/g for nanoplatelets. The HC and 

MR values also increase with increasing the crystallite size up to a maximum value of about 2.3 

Oe and 2 emu/g, respectively, for nanorods. The BHmax increases linearly with crystallite size 

up to a maximum value of 7.1 kG Oe at 300 K for nanorods, and it reaches 7.5 kG Oe for 

nanoplatelets. These findings show that considerable attention should be given to tuning the 

size and shape of TMCs, which have potential industrial applications. 
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Chapter 6 

Influence of M in Monoclinic M3Se4 (M= Fe, Co, and Ni) Compounds 

on the Structure, Morphology, and Magnetic Properties at Nanoscale 
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Below, we have listed some of the important 'take-away' points from this chapter:  

1) Herein, the conscious effort has been made in fabricating the monoclinic M3Se4 

compounds (where M can be Fe, Co or Ni) by a thermal decomposition method. 

2) The deep mechanistic insight of theoretical crystal habit helped in understanding 

the reason behind the varied experimental morphology of M3Se4. 

3) The influence of transition metal (M) on the magnetic properties is investigated for 

monoclinic M3Se4 NPs. 

4) Fe3Se4 is observed to be well known ferrimagnetic with Curie temperature of nearly 

322 K. However, the other two compounds Co3Se4 and Ni3Se4 are examined to be 

paramagnetic over whole measurement temperature range (5 K to 300 K). 
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6.1 Introduction 

TMCs are regarded as promising materials with rich phase diagrams1. However, compared to 

the oxides, control over chalcogenides is difficult due to complexities in phase-diagram, poor 

control over stoichiometry, and morphology. It is well known that the electronic (optical, 

magnetic, and electrical) and thermal properties of solids are extremely sensitive to the 

crystalline phase, stoichiometry, shape, and size2–6. Therefore, one of the critical challenges is 

obtaining control over the chemistry of phase formation of TMCs. Recently, among TMCs, 

much attention has been given to transition metal selenides (TMSes) because they potentially 

have interesting and unique chemical and physical properties7–9. Studying the changes in 

magnetic, electrical, thermal, and optical properties of these materials will be interesting, which 

are strongly related to the type of transition metal ions (M) and M-Se elemental ratio. The 

unique and novel M-dependent properties displayed by crystals have always posed curiosity, 

challenges, and opportunities. 

In addition, the nano-dimensionality has added immense advantages in the physical and 

chemical property tunability through the surface to volume ratio variation. Many of the 

wonders seen in the nature can be understood by the nanoscale phenomena. In case of magnetic 

materials, their properties are extremely sensitive to their size, shape, elemental ratio, and 

crystallinity10–12. Moreover, their assembly needs to be precisely controlled for magnetic 

materials over certain other materials as subtle changes in these parameters have a relatively 

larger influence on the applications. Some of the well-known applications of magnetic 

materials include high-density magnetic memory storage, magnetic read-heads, ferrofluids, and 

biotechnology13–19.  

In the previous chapters20, complexities in the phase diagram and control over 

stoichiometry have been explored in Fe-Se system, which has 4 stable phases― orthorhombic 

FeSe2, monoclinic Fe3Se4, hexagonal Fe7Se8, and tetragonal β-FeSe. The study of phase-

dependent magnetic properties gave the comprehension that Fe3Se4 phase possesses most 

interesting magnetic properties among all the 4 phases21. The ferrimagnetism of this 

combination is thought to be caused by ordered iron vacancies in alternate layers. The Fe2+/Fe3+ 

cations and Se2- anions are arranged in alternating layers along the c-axis, and the deviation 

from (1:1) stoichiometry leads to the formation of cation vacancies in every second Fe-layer to 

compensate the iron deficiency, and these vacancies are distributed as far apart as possible. 

Each layer has a different magnetization value, as the number of vacancies and the vacancy 
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distribution is distinct in each layer22. In a unit cell, the cation vacancies appear in every other 

Fe layer with a different number in each alternating layer. These cation vacancies are lying in 

the (-101) plane23–24. Thus, the origin of ferrimagnetic ordering is attributed to the spins 

ferromagnetically aligned within each plane along the c-axis and antiferromagnetically aligned 

in an adjacent plane with ordered iron vacancies24. 

At nano-dimensions, the Fe3Se4 reveals semi-hard magnetic properties below its Curie 

temperature (TC) even without the noble metal or rare-earth atoms, making it a unique material. 

The magnetic properties of Fe3Se4 nanoparticles (NPs) via changing cations from Fe to nearby 

transition metals are not completely understood so far due to the complexity of fabricating the 

single phase M3Se4 (M= Fe, Co, Ni) NPs. It has even been suggested that Co3Se4 and Ni3Se4 

are paramagnetic in nature25; however, no experimental work has been demonstrated to 

critically investigate this assumption. Other than their magnetic properties, the Co3Se4, and 

Ni3Se4 recently gained huge attention as a prominent catalysts and showed high electrocatalytic 

activities towards hydrogen and oxygen evolution reactions (HER and OER)26–29.  

 

Figure 1. Schematic of the unit cell of a) Fe3Se4, b) Co3Se4, and c) Ni3Se4 having monoclinic 

NiAs-type crystal structure. Red, blue, and green circles represent Fe, Co, and Ni cations. Grey 

circles represent Se anions. 

The compounds M3Se4 (M
2+)1(M

3+)2(Se2-)4 (where M = Fe, Co, and Ni) crystallizes in 

the monoclinic space group (SG) I2/m (Fe3Se4 and Ni3Se4) and C2/m (Co3Se4) as drawn in 

Figure 1. For Fe3Se4
30, the lattice parameters of unit cell are a=6.20 Å, b=3.54 Å, and c=11.28 

Å [α= γ= 90°, β= 91.807°] and for Ni3Se4
31 a=6.19 Å, b=3.63 Å, and c=10.45 Å [α= γ= 90°, 

β= 90.05°]. Whereas, for Co3Se4
32 the parameters are a=12.10 Å, b=3.57 Å, and c=6.18 Å [α= 

c) Ni3Se4

b) Co3Se4

a) Fe3Se4
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γ= 90°, β= 120.73°]. Two geometrically distinct cation sites are present in each crystal 

structure. For Fe3Se4― [Fe3+]A [Fe3+Fe2+]B (Se2-)4: Se atoms tetrahedrally coordinate A sites, 

which are inhabited only by Fe3+ cations, whereas Se atoms octahedrally coordinate B sites, 

which are occupied equally by Fe2+ and Fe3+ cations. For (Co/Ni)3Se4― [(Co/Ni)2+]A 

[((Co/Ni)3+)2]B (Se2-)4: A sites are tetrahedrally coordinated by Se atoms and are occupied 

exclusively by (Co/Ni)2+ cations, while B sites are octahedrally coordinated by Se atoms and 

are occupied exclusively by (Co/Ni)3+ cations. 

In this chapter, the syntheses of single phase M3Se4 (M= Fe, Co, and Ni) have been 

reported at the nanoscale. This will also open various new directions for the controlled 

syntheses of several other TMCs. This study also highlights the essential points― starting by 

observing the crystal habits of M3Se4 compounds according to the theoretical models and 

discussing the underlying reason for particular experimental morphology in each of these 

phases. The variation of oxidation states of M ions sitting at the surface in M3Se4 NPs is also 

discussed using surface-sensitive techniques compared to the sub-surface M ions. A unique 

distinct magnetic property is observed with changing transition metal in monoclinic M3Se4 

NPs, and the reason behind the findings is also explained. 

6.2 Thermal decomposition-based synthesis of M3Se4 compounds at the 

nanoscale  

A one-pot thermal decomposition method has been used to synthesize the monoclinic M3Se4 

nanocrystals. Drawing from our experiences, the synthesis method that gave us the Fe3Se4 NPs 

of the largest size nanorods (T= 330 ˚C in presence of oleylamine (OLA)) was used to 

synthesize Co3Se4, and Ni3Se4 NPs. The reaction parameters are the same in all experiments 

except the initial precursor of transition metal. In a typical reaction, 1.5 mmol portion of metal 

acetylacetonate {0.53 g for Fe(acac)3 [Iron (III) acetylacetonate; 99.99%] and Co(acac)3 [cobalt 

(III) acetylacetonate; 99.99%]; 0.38 g for Ni(acac)2 [nickel (II) acetylacetonate; 95%]} were 

used as organometallic precursors and 2 mmol of Se powder [0.158 g] as a Se precursor. Both 

the precursors were added to an organic solvent of OLA (15 mL) at 30 °C in a 100 mL three-

neck round-bottom (RB) flask with constant magnetic stirring under the flow of high-purity 

nitrogen gas. The reaction temperature was raised from 30 °C to 120 °C and maintained for 30 

min at 120 °C. Further, the temperature was raised at a ramping rate of 2 °C min-1 up to 200 

°C, and 5 °C min-1 was used to reach 330 °C, at which the samples were maintained for a 60 

min. In all the reactions, a thermometer was placed inside the RB-flask, and the temperature 
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was kept stable within ± 2.0 °C. After 60 min at 330 °C, the reaction was cooled to laboratory 

temperature (~ 30 °C) by detaching the heating source. After cooling, the specimens were 

washed with 20 mL of 2-propanol, further separated from the solution by centrifugation. The 

obtained samples were rewashed with a mixture of 15 mL n-hexane and 10 mL 2-propanol. 

Finally, the resultant black precipitate was dried in the vacuum at laboratory temperature and 

utilized for further characterization. 

6.3 Characterization techniques 

Powder X-ray diffraction (XRD) measurements were taken on a PANalytical X'PERT PRO 

instrument (λ = 1.54 Å) in 2θ range of 10° - 80°. The size, morphology, SAED, and lattice 

images were characterized using a FEI Tecnai T20 transition electron microscopy (TEM) 

equipped with a super twin lens (s-twin) operated at 200 keV accelerating voltage. The powders 

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 X-ray photoelectron spectroscopy 

(XPS) spectra were recorded on Thermo Fisher Scientific Instruments (K Alpha+) with an X-

ray source (hν = 1486.6 eV) of monochromatic Al K alpha having 6 mA beam current and 12 

kV voltage operated at 150 W with the help of a Physical Electronics 04-548 dual Mg/Al anode. 

A UHV system has a base pressure of ≤5 × 10−9 Torr. The analysis depth was nearly 10 to 15 

Å. From surface normal, both the incident and take-off angles are at 55°. The spot size on the 

sample was 400 µm. The XPS data were resolved using XPSPEAK 4.123. Carbon was taken 

for reference for binding energy during the analysis. The XPS measurements were done on the 

exposed surface of the nanoparticles without any surface treatment. The magnetic 

measurements were carried out using a superconducting quantum interference device-based 

vibrating 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 magnetic field dependent 

magnetization (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 versus temperature (M−T) 

measurements was performed at a temperature sweep from 5 K to more than 300 K in a field 

of 100 Oe following standard field-cooled (FC) and zero-field cooled (ZFC) sequences. 
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Mercury 4.0.0 software was used to draw the internal crystal structures and packing 

diagrams of the M3Se4 compounds (Fe3Se4, Co3Se4, and Ni3Se4) crystal using the reported 

crystallographic information with COD numbers 152708630, 901280332, and 900924531, 

respectively. The indexed morphologies predicted using Bravais Friedel Donnay Harker 

(BFDH) and Hartman Perdok (HP) laws were drawn using the WinXMorph program. 

6.4 Results and discussion 

6.4.1 Structural and morphological investigations of M3Se4 NPs using XRD and TEM 

 

Figure 2. XRD pattern of a) Fe3Se4, b) Co3Se4, and c) Ni3Se4 (red line), calculated XRD curve 

after crystal structure refinement by Rietveld method (black line), Iobs-Ical, difference curve 

(blue line) and Bragg position (green vertical line) is displayed. 

The as-synthesized M3Se4 (where M= Fe, Co, and Ni) compounds were intensively 

investigated for their crystallinity and phase purity using powder XRD, followed by the 

Reitveld refinement using FullProf software (Figure 2). The absence of any unidentified peak 

in the diffraction patterns indicates that no secondary phase is present in all samples under the 

limit of the laboratory XRD technique. All the diffraction patterns are according to the reported 
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standards diffraction patterns of corresponding samples (Fe3Se4, Co3Se4, and Ni3Se4) without 

ambiguous reflections. The refinement details are mentioned in Table 1.  

Table 1. Rietveld refinement data of the as-synthesized M3Se4 nanoparticles ―Fe3Se4, Co3Se4, 

and Ni3Se4. χ2 and wRP (%) represented the chi-square and weighted profile R-value, 

respectively. Unit cell parameters are denoted by a,b,c, α, β, and γ. 

   Compound 

Parameter 

Fe3Se4 Co3Se4 Ni3Se4 

χ2 1.69 15.2 24.8 

wRP (%) 25.9 28.2 20.3 

Space group I2/m C2/m I2/m 

Structure Monoclinic Monoclinic Monoclinic 

a (Å) 6.2 12.2 6.2 

b (Å) 3.5 3.5 3.6 

c (Å) 11.3 6.2 10.5 

α 90˚ 90˚ 90˚ 

β 91.8˚ 121.8˚ 90.7˚ 

γ 90˚ 90˚ 90˚ 

 

The order of broadening of diffraction pattern indicates that all the three samples are of nano 

dimension. The crystallite sizes of M3Se4 samples were calculated using the method given by 

Paul Scherrer33–34 along different planes corresponding to the most intense diffraction peaks in 

individual samples. The crystallite size is nearly observed to be― for Fe3Se4 → 42 ± 3 nm & 

35 ± 3 nm along (-112) & (202) planes, for Co3Se4 → 8 ± 2 nm & 7 ± 2 nm along (002) and 

(202) planes, and for Ni3Se4 → 19 ± 2 nm & 17 ± 2 nm along (-112) and (-114) plane, 

respectively. All the M3Se4 compounds were formed in the monoclinic crystal structure with 

the calculated lattice parameters as tabulated in Table 1, having a distinct SG. 

It is important to note that in the same reaction conditions with appropriate time and 

temperature, the atomic arrangement in monoclinic M3Se4 compounds leads to distinct SG as 

the M changes from Fe to Co. In Fe3Se4 and Ni3Se4, atoms are arranged in I2/m SG, while in 

Co3Se4, atoms are arranged in C2/m SG. Although both the SG belong to the same category, 

the atomic arrangement is different, affecting the end morphology and properties. Structural 

changes can explain the reason behind this observation.  

In 1951, Buerger35 classified phase transitions based on structural changes involving 

primary or higher coordination as reconstructive (sluggish) and displacive (rapid). 
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Reconstructive transitions necessitate the breaking and forming of bonds, which necessitates a 

major reorganization of the crystal structure in which many bonds must be broken and new 

ones established. The transformation of graphite to diamond36, for example, is a reconstruction 

involving a complete shift in the crystal structure. Because many bonds must break, 

reconstruction transitions usually require high activation energies and take place slowly. In 

contrast, there are only minor changes in the arrangement of coordination polyhedra during 

displacive transitions. It entails distorting rather than breaking the bonds, and the structural 

alterations are generally minor. As a result, displacive transitions occur often, with activation 

energies of zero or low, and cannot typically be avoided. Additionally, structural similarity is 

present in displacive transitions. The symmetry relationship exists between the two 

polymorphs― the symmetry of the low-temperature polymorph is low and belongs to a 

subgroup of that of the high-temperature polymorph. Thus, the displace transitions are 

commonly observed in the same category of SG. For example, displace phase transition is 

observed in C-centred clinopyroxenes LiScSi2O6 and ZnSiO3
37. It is only possible to detect 

these transitions in in-situ instruments. It is believed that here also, the displacive phase 

transition is happening in Fe3Se4 and Ni3Se4; however, it is so fast that the ex-situ 

characterizations will not observe this phase transition. While in the case of Co3Se4, the 

reaction has just started, and the atoms have arranged in C2/m SG. They have not got enough 

time/energy for phase transition. The further reaction was not possible due to gel formation. 

From diffraction peaks broadening, it is observed that the particle size is also large in the case 

of Fe3Se4 and Ni3Se4, while it is very small in Co3Se4. Later discussed, the microscopic analysis 

will also add essential points to this concept. 

 

Figure 3. Typical TEM images of as-synthesized a) Fe3Se4, b) Co3Se4, and c) Ni3Se4 NPs (in 

the presence of OLA) show the rod-like features in Fe3Se4 and Ni3Se4. While small quasi-

spherical-like features are observed in Co3Se4. 

10 nm5 nm50 nm

a) Fe3Se4 b) Co3Se4 c) Ni3Se4
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The morphology of as-synthesized M3Se4 compounds was examined by TEM. As 

presented in Figure 3, the Fe3Se4 and Ni3Se4 are rod-like, while the Co3Se4 is in a small quasi-

spherical shape. A glance at the scale bar in all the images indicates that all the samples are in 

nano-dimensions. The shape of the NPs is similar in Fe3Se4 and Ni3Se4, while it is entirely 

different in Co3Se4. The different scale bar of all images clearly shows the distinct size in each 

case. The fastest growth is achieved with Fe3Se4, followed by Ni3Se4 and Co3Se4― nanorods 

of Fe3Se4 are being made in large size, then Ni3Se4 nanorods and the smallest of all are Co3Se4 

quasi-spheres. In the same reaction condition, all M3Se4 are forming differently. The theoretical 

crystal habits have been predicted to examine the underlying reason for these observations, 

giving the idea about the particular morphology of individual M3Se4 compounds with minimal 

energy.  

6.4.2 Crystal habit of M3Se4 NPs using BFDH and HP model 

Usually, two successful approaches―BFDH38–40 and HP41–43 have been used to predict the 

morphology of crystals. Chapter 2 to 4 clearly shows the importance of these models. 

Additionally, as mentioned in the above chapters, these models have efficiently predicted the 

crystal morphology of numerous organic and inorganic crystals such as ZnO44, FeOOH45, Nd: 

LaVO4
46, BaSO4

41-43, GdVO4
47, GeO2

48, CaCO3
49, triglycine sulphate50, benzophenone51, 

Pb17O8Cl18
52 etc. These models will also help in clarifying the experimental results by 

examining the crystal habit of M3Se4 compounds. According to the BFDH model, Table 2 

explains the relative growth rate (RGR) and morphological importance (MI) of low-index 

planes of M3Se4 compounds, and the WinXmorph53 software with these RGR and MI determine 

the crystal habit of corresponding compounds. 

For Fe3Se4 crystal (001) and (00-1) faces are of highest MI followed by (-101), (10-1), 

(101), and (-10-1) planes. The resultant crystal habit of Fe3Se4 is a rod-like shape with 

longitudinal side― (001) and (00-1) faces strongly visible, followed by (-101), (10-1), (101), 

and (-10-1) planes. The other planes ((011), (0-11), (01-1), (0-1-1), (110), (-110), (1-10), (-1-

10)) are on the edges of the rod as shown in Figure 4a. 

Further, the Co3Se4 crystallographic crystal habit is predicted. This compound is unlike 

Fe3Se4 because it has a distinct unit cell parameter and SG; hence its crystallographic 

morphology will also be different. The predicted morphology is shown in Figure 4b. The 

crystal habit of Co3Se4 is a rectangular box-like shape with longitudinal side― (100) and (-
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100) faces strongly visible, followed by (-201), (20-1) (001), and (00-1) planes. The other 

planes (110), (-110), (-1-10), (1-10) (1-1-1), (-1-11), (11-1), and (-111) are on the edges. 

Ni3Se4 shares the same crystal parameters as Fe3Se4; thus, the crystallographic 

morphology of Ni3Se4 is also similar to Fe3Se4, as shown in Figure 4c. 

Table 2. Morphological importance of several faces of M3Se4 crystals (Fe3Se4, Co3Se4, and 

Ni3Se4) based on the BFDH model. The dhkl represents the interplanar spacing in Å. RGR and 

MI are calculated relative growth rates and morphological importance, respectively. 

Phase Faces (hkl) dhkl (Å) RGR MI 

Fe3Se4 

(001), (001̅) 11.27 1 1 

(1̅01), (101̅) 5.51 2.04 0.49 

(101), (1̅01̅) 5.36 2.10 0.48 

(011), (01̅1), (01̅1̅), (011̅) 3.37 3.34 0.29 

(110), (1̅10), (1̅1̅0), (11̅0) 3.07 3.66 0.27 

Co3Se4 

(100), (1̅00) 10.40 1 1 

(001), (001̅) 5.34 1.94 0.51 

(2̅01), (201̅) 5.21 1.99 0.49 

(110), (1̅10), (1̅1̅0), (11̅0) 3.37 3.07 0.32 

(11̅1̅), (1̅1̅1), (111̅), (1̅11) 3.08 3.36 0.29 

Ni3Se4 

(001), (001̅) 10.25 1 1 

(1̅01), (101̅), (101), (1̅01̅) 5.32 1.96 0.50 

(011), (01̅1), (01̅1̅), (011̅) 3.43 3.04 0.32 

(110), (1̅10), (1̅1̅0), (11̅0) 3.13 3.33 0.29 

 

Figure 4. The theoretical morphology of M3Se4 crystals is predicted using the BFDH model. 

a) Fe3Se4, b) Co3Se4, and c) Ni3Se4 show the indexed morphological drawing with 

corresponding hkl planes. 

a) b) c)
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Further, the inversion symmetry operator should be present to predict the crystal 

morphology using the HP model. As if the inversion operator is not present, an intrinsic dipole 

moment is present within the unit cell, and this model works only for crystals with non-polar 

unit cells. The list of symmetry operators of M3Se4 is discussed in Figure 5.  

 

Figure 5. The list of symmetry operators of M3Se4. a) Fe3Se4, b) Co3Se4, and c) Ni3Se4. 

The data reveals that the inversion operator is present in all M3Se4 compounds, and hence the 

crystal habit of these phases could be predicted by using the HP model. Figure 6 to 8 shows 

the packing diagram of M3Se4 crystal with a blue cloud shape periodic bond chain (PBC) 

vector. 

 

Figure 6. a) Unit cell of Fe3Se4. b) Packing diagram of Fe3Se4 crystal along with 1 PBC vector 

represented by blue cloud having stoichiometry Fe3Se4. The three crystallographic axes are 

denoted by a, b, and c. 

Ni3Se4
Co3Se4Fe3Se4

Fe3Se4 (Monoclinic)

SG― I2/m, PG― 2/m

a = 6.208 Å

b = 3.541 Å

c = 11.281 Å

α= γ= 90°, β= 91.8°

c

a

b

a)

b)
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Figure 7. a) Unit cell of Co3Se4. b) Packing diagram of Co3Se4 crystal along with 1 PBC vector 

represented by blue cloud having stoichiometry Co3Se4. The three crystallographic axes are 

denoted by a, b, and c. 

 

Figure 8. a) Unit cell of Ni3Se4. b) Packing diagram of Ni3Se4 crystal along with 1 PBC vector 

represented by blue cloud having stoichiometry Ni3Se4. The three crystallographic axes are 

denoted by a, b, and c. 

PBC vector completely lies on the (010) and (0-10) planes of the M3Se4 structure. 

Accordingly, these planes are in the F (flat) category of faces and are most visible in the final 

crystal shape in all three compounds. In case of Fe3Se4 and Ni3Se4, large component of PBC 

vectors lie on the (001), (00-1), (101), (-101), (10-1), (-10-1), (110), (-110), (1-10), (-1-10), 

Co3Se4 (Monoclinic)

SG― C2/m, PG― 2/m

a = 11.93 Å

b = 3.57 Å

c = 6.14 Å

α= γ= 90°, β= 119.3°
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Co Se
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(011), (0-11), (01-1), (0-1-1), (111), (-1-1-1), (-111), (1-11), (11-1), (1-1-1), (-11-1), and (-1-

11) planes. While, in Co3Se4, large component of PBC vectors lie on the (100), (-100), (-201), 

(20-1), (101), (-10-1), (10-1), (-101), (110), (-110), (1-10), (-1-10), (011), (01-1), (0-11), (0-1-

1), (111), (-1-1-1), (-111), (1-11), (11-1), (1-1-1), (-11-1), (1-1-1) planes. Therefore, these 

planes correspond to the S faces for the corresponding samples. In the case of Fe3Se4 and 

Ni3Se4, the (100) and (-100) planes are not parallel to any PBC vector, while, in Co3Se4, they 

are (001), (00-1) planes. Therefore, they belong to the K (kinked) category having the least 

visibility in the final morphology. Table 3 summarizing all M3Se4 crystal planes of different 

categories based on the HP model provides the RGR and MI for distinct faces of corresponding 

M3Se4 compounds. 

Table 3. Morphological importance of several faces of M3Se4 (Fe3Se4, Co3Se4, and Ni3Se4) 

crystal based on HP model. All the faces are categorized according to their alignment with PBC 

vectors. 

S. No. Faces (hkl) 
PBC vectors lying 

parallel to (hkl) planes 

Face 

category 
MI 

Fe3Se4 

 

and 

 

Ni3Se4 

(010), (01̅0) Blue F Largest 

(001), (001̅), 

(101), (1̅01̅), (101̅), (1̅01), 

(110), (1̅10), (11̅0), (1̅1̅0), 

(011), (01̅1), (011̅), (01̅1̅), 

(111), (1̅1̅1̅), (1̅11), (11̅1), 

(111̅), (11̅1̅), (1̅11̅), (1̅1̅1) 

Large component of blue S Large 

(100), (1̅00) 
No PBC vector lie along 

these planes 
K Smallest 

Co3Se4 

(010), (01̅0) Blue F Largest 

(100), (1̅00), (2̅01), (201̅), 

(101), (1̅01̅), (101̅), (1̅01), 

(110), (1̅10), (11̅0), (1̅1̅0), 

(011), (01̅1), (011̅), (01̅1̅), 

(111), (1̅1̅1̅), (1̅11), (11̅1), 

(111̅), (11̅1̅), (1̅11̅), (1̅1̅1) 

Large component of blue S Large 

(001), (001̅) 
No PBC vector lie along 

these planes 
K Smallest 
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The WinXmorph software with RGR and MI has been used to forecast the crystal habit 

of M3Se4 compounds. It is observed that the (010) and (0-10) faces are of the highest MI for 

all M3Se4 crystals. In Figure 9, the morphological drawing predicted using HP theory illustrates 

the resultant crystal habit as a hexagonal-cylindrical-like shape with two enormously visible 

upper planes (010) and (0-10). It is noted that in all the M3Se4 compounds, the predicted crystal 

habit using HP model is nearly same with slight variation in Co3Se4. 

 

Figure 9. Theoretical morphology of M3Se4 crystal predicted using Hartman-Perdok (HP) 

model. The figure shows the indexed morphological drawing with corresponding hkl planes. 

a) to c) shows the upper view of the morphologies of a) Fe3Se4, b) Co3Se4, and c) Ni3Se4 

compounds with the highest morphological importance of the (010) plane. a') to c') shows the 

side view of the morphologies of corresponding compounds. 

In conclusion, the BFDH crystal habit of Co3Se4 is distinct from Fe3Se4 and Ni3Se4, 

while it slightly varies in the HP model. The underlying reason for observed dissimilarity in 

both models is the distinct path used for the prediction in corresponding models. In BFDH, the 

crystal parameters are the basis of crystal habit prediction, and Co3Se4 has different parameters 

from the other two compounds (SG is distinct) that lead to different crystal habits. In contrast, 

the bond energies are the prime tool for the HP model, which is nearly the same in all the cases 

with slight variation in direction. This leads to very small changes in the final predicted 

morphologies of M3Se4 compounds. It will be interesting to examine the effect of these changes 

in real-life experiments.  
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6.4.3 Correlation between theoretically predicted crystal habit and experimental 

morphological of M3Se4 NPs 

The real-life reactions of materials are much more complicated than the simplified theoretical 

models due to the involvement of external factors in the reaction. As observed in TEM images, 

the Fe3Se4 and Ni3Se4 NPs are in a rod shape, while in the same experimental conditions, the 

Co3Se4 NPs are forming in small quasi-spherical. The importance of understanding the reason 

behind the observed different shapes in M3Se4 NPs cannot be overstated. Here, the theoretical 

observation will help in understanding these findings.  

 

Figure 10. Correlation between the experimental and theoretically predicted morphologies of 

Fe3Se4. a) to d) represents the TEM images of Fe3Se4 NPs having rod-like features. b) and d) 

shows the lattice fringes space at 5.6 Å, and 2.6 Å represents the (002) and (202) of Fe3Se4, 

respectively. e) and f) represent the predicted morphology of Fe3Se4 by BFDH and HP model, 

respectively. 

The two models were utilized to predict the morphology of M3Se4 in this study. Figure 

10 demonstrates the Fe3Se4 morphology in both experimental and theoretical conditions. Both 

theoretical models predict a nearly rod-like Fe3Se4 crystal habit, making (001), (101), and (-

101) on the longitudinal sides (Figure 10e-f). Therefore, the most stable shape is rod-like based 
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on crystallographic and bond energies models. Taking a look at the synthesized Fe3Se4 NPs, 

they also follow the theoretical growth morphology and form nanorods with (002), (202) on 

the longitudinal sides of rods as observed in lattice fringes space at 5.6 Å and 2.6 Å (Figure 

10b and d). Accordingly, the Fe3Se4 crystal shape follows the theoretical path in the above 

reaction conditions. 

 

Figure 11. Correlation between the experimental and theoretically predicted morphologies of 

Co3Se4. a) to c) represents the TEM images of Co3Se4 NPs having quasi-spherical-like features. 

a), b), and c) shows the lattice fringes space at 5.2 Å and 2.6 Å represents the (200) and (400) 

of Co3Se4, respectively. d) and e) represents the predicted morphology of Co3Se4 by BFDH and 

HP model, respectively. 

Furthermore, as discussed in the above section, the crystal habit of Co3Se4 predicted by 

both models differs from each other― rectangular-box by BFDH and small cylindrical by HP 

model, as shown in Figure 11. Now, let's take a look at the synthesized Co3Se4 NPs. They are 

small quasi-spherical in shape with (200) and (400) planes on the upper side with lattice fringes 

space at 5.2 Å and 2.6 Å. As both models predict the distinct morphology, the experimental 

morphology will only follow one morphological path depending on the provided conditions. 

Here in our reaction conditions, the Co3Se4 has only started the fabrication, which leads to very 

small NPs compared to other M3Se4. At minimal energy, when the reaction has begun, the 

crystallographic model will dominate the crystal morphology, and later the bond energy 

theories will also participate prominently as per the reaction environment. Since the larger the 

area of a crystal's face, the greater the number of intermolecular interactions in that area. 

5.2 Å

(200)

2.6 Å

(400)

5.2 Å

(200)

5.2 Å

(200)

     

     

5 nm 5 nm 5 nm

a) b) c)

(20 )
     

d) e)



Ph.D. Thesis  Chapter 6 

194 

CSIR-NCL                                                                                                                                                       Monika 

Consequently, this results in the increased growth rate in that direction and subsequently 

decreased MI and vice versa. In Co3Se4, the (100) planes have a lower facial area. Therefore, 

the interaction and growth are slower in this face, resulting in a higher MI of (100). Thus, the 

crystallographic morphology dominates at the initial stage of reactions; therefore, the observed 

Co3Se4 NPs are close to the BFDH model with quasi-spherical shape, having (200) and (400) 

planes on the upper side.  

The morphology of the Ni3Se4 compound is similar to Fe3Se4 in both aspects― 

theoretically and experimentally. As mentioned above Ni3Se4 shares the rod-like features by 

both theoretical models making (001), (101), and (-101) on the longitudinal sides. Additionally, 

the synthesized Ni3Se4 NPs are also in rod shape, as shown in Figure 12, with (202) plane on 

the longitudinal side having 2.6 Å lattice fringes space, which is quite similar to the Fe3Se4. In 

conclusion, since both models are approaching the same morphology (rod-shape) in Ni3Se4 as 

well, the experimental findings in these conditions will be very close to the theoretical 

prediction, just as they were for Fe3Se4.  

 

Figure 12. Correlation between the experimental and theoretically predicted morphologies of 

Ni3Se4. a) and b) represent the TEM images of Ni3Se4 NPs with rod-like features. b) shows the 

lattice fringes space at 2.6 Å represents the (202) of Ni3Se4. c) and d) represent the predicted 

morphology of Ni3Se4 by BFDH and HP model, respectively. 
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Thus, it is appropriate to conclude that if both models examine the same morphology, 

the experimental morphologies will most likely follow the predicted crystal habits with 

minimal possible energies (temperature and time). However, if both models have predicted 

different crystal habits, the experimental results will follow the one according to provided 

reaction conditions. 

After studying M3Se4 shapes, a closer look at what is responsible for the huge difference 

in M3Se4 NP sizes in the same reaction conditions is crucial to understand. As outlined in the 

experimental section, all M3Se4 compounds synthesized here undergo identical reactions, other 

than using metal acetylacetone as a metal precursor. As mentioned in Chapters 3 and 5, when 

metal and selenium precursors react with OLA, they form metal-OLA complexes and 

selenium-OLA complexes that provide cations and anions, respectively. More availability of 

ions leads to the more rapid formation of compounds. Despite metal precursors, all three 

reactions are synthesized with the same reaction parameters in this work. Therefore, the 

reactivity of selenium precursors will be similar to that discussed in Chapter 3― Se-OLA 

complexes provide Se2-. However, all three types of metal precursors are different in their 

reactivity. Decomposition behavior of metal precursors plays a significant role here, as it 

determines the formation rate of cations and compounds corresponding to those metals. Hoene 

et al.54 investigated the thermal decomposition of multiple metal acetylacetone. According to 

their report, Fe(acac)3, Co(acac)3, and Ni(acac)2 begin to decompose above 184 ˚C, 213 ˚C, 

and ~ 200 ˚C. After forming complexes with OLA, this provides cations for the formation of 

corresponding compounds in the reaction. Thus, for the Fe-based compound, NPs growth 

started at the earliest stage, generating large Fe3Se4 nanorods. However, in the case of Co-based 

compounds, the growth of NPs starts only after high temperatures, resulting in small size NPs. 

Compared with Fe3Se4, the Co3Se4 has only begun the fabrication process, leading to very small 

NPs. Furthermore, the Ni(acac)2 decomposition occurs between these two compounds, 

resulting in large size NPs compared to Co3Se4, and small nanorods compared to Fe3Se4. It is 

reasonable to conclude that the metal precursor is critical in determining the size of M3Se4 NPs. 

6.4.4 XPS analysis of M3Se4 NPs 

TMCs are well known for their ease of surface oxidation after being exposed to air55. The 

oxidation state in M3Se4 NPs is determined by a highly surface-sensitive technique― XPS. In 

the present work, the samples are exposed to the air during sample preparation. Therefore, the 

local electronic structure of oxygen incorporated M3Se4 NPs is investigated by carrying out the 
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multi-peak fitting analysis. Figure 13 shows the metal (M) spectrum of M3Se4 compounds 

corresponding to M 2p core-level spectra with the presence of various peaks at different 

binding energy (BE).  

 

Figure 13. XPS spectra of as-synthesized M3Se4 NPs. a) to c) shows the metal (Fe, Co, and 

Ni) spectra of Fe3Se4, Co3Se4, and Ni3Se4, respectively. The red lines show a deconvoluted 

curve fits. 

In the Fe spectrum (Figure 13a), the peaks ~707 eV and 720 eV are due to spin-orbit 

splitting in 2p level ̶ 2p3/2 and 2p1/2, corresponding to an energy gap of 13 eV, which signify 

the existence of Fe2+ state in Fe3Se4. The other two peaks (~711 eV and 725 eV) denote the 

higher oxidation state (Fe3+) of iron species in Fe3Se4
56. In the Co spectrum (Figure 13b), the 

peak ~778 eV and 793 eV signify the higher oxidation state (Co3+) of cobalt species in Co3Se4
57. 

While the other two peaks ~781 eV and 797 eV imply the existence of a Co2+ state in Co3Se4. 

Further, in the Ni spectrum (Figure 13c), the peaks ~853 eV and 870 eV correspond to Ni2+ in 

Ni3Se4. While the other two peaks ~855 eV and 873 eV show the presence of Ni3+ in Ni3Se4
58. 

It is recognized that the broadness of the 2p peaks is due to a multiplet splitting caused by j-j 

coupling, which is too small to produce the resolved structure. The spectra of Co3Se4, which 

contains two Co3+ ions and one Co2+ ion, would then be expected to consist of a broad line 

from Co2+ (seven 3d electrons) and a narrow symmetric line from Co3+ (six 3d electrons). While 

in the other two cases, Fe3Se4 and Ni3Se4, the broad line is from M3+ (Fe3+―five 3d electrons 

and Ni3+―seven 3d electrons) and the narrow line from M2+ (Fe2+―six 3d electrons and 

Ni2+―eight 3d electrons). The satellite peaks were also observed at slightly higher BE in all 

spectrums, as mentioned in Figure 13. The peaks observed at higher BE can be assigned to 

charge transfer satellites of M2+ and M3+. This is linked to XPS shakeup excitations and is 

distinguished by a satellite peak at higher BE. This analysis is favorable with the expectation 

that monoclinic M3Se4 compounds should have both M2+ and M3+ for electron neutrality. 
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Figure 14. XPS spectra of as-synthesized M3Se4 nanoparticles. a) to c) shows the chalcogenide 

(Se) spectra of Fe3Se4, Co3Se4, and Ni3Se4, respectively. a') to c') shows the oxygen spectra of 

Fe3Se4, Co3Se4, and Ni3Se4, respectively. The red lines show a deconvoluted curve fits.  

As presented in Figure 14a - c, the peaks correspond to Se3d spectra, indicating the 

presence of deconvoluted peaks― Se–Fe–Se and Se–O peaks nearby 54-56 eV and 59 eV. The 

presence of Se–O peaks in all Se-spectrums clearly shows that the surface of these compounds 

became oxidized during the preparation and characterization59. Moreover, Figure 14a' - c' 

shows the XPS spectrum of O 1s having three deconvoluted peaks ―OI (~530 eV), OII (~532 

eV), and OIII (~534 eV)60, 61. In Fe3Se4, all three peaks are present, while in Ni3Se4 and Co3Se4, 

only the first two (OI and OII) are observed. The OI indicates partially hydroxylated NP 

surfaces. The OII reveals the Se species surface oxidation, which persists in the Se 3d spectrum. 

The OIII contribution is related to the physi-/chemisorbed H2O on the surfaces due to the 

exposure of air, which is absent in Ni3Se4 and Co3Se4 NPs. Thus, it has been clearly viewed 

that all the materials readily undergo surface oxidation as soon as they are exposed to air (well 

supported by M, Se, and O spectrum). 

6.4.5 Remarkable effect of M in monoclinic M3Se4 compounds on magnetic properties at 

nano-dimensions 

The influence of transition metal in M3Se4 compounds on the magnetic properties at nano 

dimensions has been investigated using SQUID-VSM. Figure 15 presents the M-T curves in 

ZFC and FC mode of M3Se4 NPs at 100 Oe applied magnetic field. Figure 15a presents the M-
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T curve of Fe3Se4 NPs, and the inset reveals the bifurcation below 330 K and Curie transition 

temperature ~ 322 K, below which it goes into a ferrimagnetic phase. 

 

Figure 15. Comparison of magnetization versus temperature curves (in ZFC and FC modes) 

for all the as-synthesized M3Se4 NPs. a) to c) curves correspond to the samples— Fe3Se4, 

Co3Se4, and Ni3Se4, respectively, in the applied magnetic field of 100 Oe. 

The findings align with previous reports of TC ~320 K for Fe3Se4. Figure 15b-c presents the 

M-T curves of Co3Se4 and Ni3Se4 from 5 K to more than 300 K at 100 Oe. The curves reveal 

the overlap of ZFC and FC curves over the whole measurement temperature range. It signifies 

that the Co3Se4 and Ni3Se4 NPs are paramagnetic in this range, and the magnetic transition 

temperature lies below the measurement temperature range. Figure 16 shows the magnetic 

susceptibility (χ) versus temperature curves of a) Co3Se4 and b) Ni3Se4. The magnetic 

susceptibility of a paramagnetic material diminishes as temperature rises. The extrapolation to 

zero temperature does not satisfy the Curie Law, as seen by the inverse of the magnetic 

susceptibility curve. Instead, because the intercepts are above 0 K, both compounds follow the 

Curie-Weiss Law62.   

 

Figure 16. The black curve represents the magnetic susceptibility (χ) versus the temperature 

plot of a) Co3Se4 and b) Ni3Se4, respectively, at 100 Oe. The blue curve denotes the inverse of 

the magnetic susceptibility versus temperature plot. 

Further, the M-H was examined to intensively study the magnetic behavior of M3Se4 

NPs. The M-H curves of as-synthesized M3Se4 NPs have been investigated at 300 K, and 10 
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K. Figure 17a shows the hysteresis loops of typical non-linear behavior common to the 

ferrimagnetic nature of Fe3Se4 NPs at 300 K as reported findings. The magnetization does not 

saturate until the highest applied field of 60 kOe. In earlier studies, the hysteresis loops of 

Fe3Se4 do not saturate even after applying 90 kOe, due to the very high anisotropy field or the 

spins are noncollinear in the system. Inset of Figure 17a clearly shows the coercivity (HC) and 

remanence magnetization (MR) values of Fe3Se4 NPs and are determined to be 2.3 kOe and 2 

emu/g at 300 K. Moreover, at 10 K, the M-H curve of Fe3Se4 does not saturate for the highest 

applied magnetic field of 60 kOe (Figure 17a'. In fact, the curve is far from saturation, and the 

coercivity values are a gross underestimation of their true values. It is noted that these 

underestimated coercivity values increase nearly 30-fold over the corresponding value at 300 

K― from 2.3 kOe to 35.5 kOe. The major increment in the coercivity value at a lower 

temperature likely has several contributions― reduction in the thermal activation energy that 

provides the more and more spins available to orient in the field direction, the increase in the 

overall effective magnetic anisotropy, ferrimagnetism, etc. The remanence magnetization 

increases from 2 emu/g at 300 K to 7.6 emu/g at 10 K. 

 

Figure 17. Magnetization vs. external magnetic field hysteresis loops at 300 K (blue curve) 

and 10 K (red curve) of M3Se4 NPs. a) to c) blue loops correspond to the samples— Fe3Se4, 

Co3Se4, and Ni3Se4, respectively at 300 K. a') to c') red loops correspond to the samples— 

Fe3Se4, Co3Se4, and Ni3Se4, respectively at 10 K. 

In contrast to Fe3Se4, the other two compounds (Co3Se4 and Ni3Se4) show the linear M-

H curve at 300 K as shown in Figure 17b-c and reveals a paramagnetic nature at room 
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temperature. At lower temperatures (10 K) also, the M-H plot shows a linear behaviour (Figure 

17 b’-c'). Thus, these compounds are paramagnetic in nature at both measured temperatures 

(300 K and 10 K), and the magnetic transition lies below 10 K. 

 

Figure 18. Zoomed-view of magnetization vs. external magnetic field hysteresis loops at 300 

K (blue curve) and 10 K (red curve) of Co/Ni3Se4 NPs. a) to b) blue loops correspond to the 

samples— Co3Se4, and Ni3Se4, respectively at 300 K. a') to b') red loops correspond to the 

samples— Co3Se4, and Ni3Se4, respectively at 10 K. Due to surface defects, a small loop is 

observable in the zoomed M-H measurement at both temperatures.  

In M3Se4 compounds having a monoclinic crystal structure, as the M varies from Fe to 

Co/Ni, the magnetic properties also change. At room temperature, with Fe, the monoclinic 

M3Se4 NPs are ferrimagnetic, while in the case of Co and Ni in the same structure, the magnetic 

behaviour is paramagnetic. At lower temperatures (10 K), the Co3Se4 and Ni3Se4 compounds 

show paramagnetism, while Fe3Se4 is ferrimagnetic. The Curie transition temperature of Fe3Se4 

is nearly 322 K. However, in Co3Se4 and Ni3Se4, the magnetic transition temperature is below 

the lowest measurement temperature (5 K). Although in the same structure, the transition metal 

is replaced from Fe to Co/Ni, however, the magnetic properties are drastically changing: the 

answer to this attractive finding lies in M3X4 (where M = Fe, Co or Ni, and X = O, S or Se) 

compounds magnetic properties. 
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Table 4. Comparison of magnetic properties of M3X4 compounds (where M can be Fe, Co, and 

Ni, and X can be O, S, and Se) with their corresponding magnetic transition temperature for 

bulk samples.  

(M3X4) 

M 

X 
Fe Co Ni 

O 
Ferrimagnetic63 

(TC ~ 858 K) 

Antiferromagnetic64 

(TN ~ 40 K) 

Ferrimagnetic65 

(TC ~ 808 K) 

S 
Ferrimagnetic66 

(TC ~ 606 K) 

Paramagnetic 

Antiferromagnetic67 

(TN ~ 58 K) 

Ferrimagnetic68 

(TC ~ 20 K) 

Se 
Ferrimagnetic22,24 

(TC ~ 314 K) 
Paramagnetic25 Paramagnetic25 

Table 4 shows the magnetic transition temperature (Curie or Neels temperature) of 

M3X4 compounds. There are two factors M (Fe, Co, or Ni) and X (O, S, or Se), and the essential 

question is what will happen to magnetic properties― if the M is constant and X is changing 

or vice versa.  

1) To understand the first point, Fe3X4 is taken as a case study. As X changes from O 

to S to Se, the atomic size of the anion increases resulting in increasing the lattice parameters 

and decreasing the exchange interaction. Additionally, the magnetic moment is also reduced 

due to the presence of 3d electrons delocalization and covalency effect69. Overall, the impact 

on magnetization is that it decreases with increasing the atomic size of X. In consequence, the 

required thermal energy to randomly orient the magnetic spins is reduced with increasing the 

atomic size of X. Thus, the magnetic transition temperature decreases from O to Se.  

2) Now, coming towards the second point, keeping X constant and changing the M― 

M3O4 is taken as a case study. The Fe3O4 is in the inverse spinel structure. Fe2+ is diamagnetic 

as it is octahedral with t2g
6 having no unpaired electrons, while Fe3+ is in both tetrahedral (e2 

t2
3) and octahedral (t2g

3 eg
2) having five unpaired electrons, each giving rise to high magnetic 
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moment; hence the arrangement of atoms leads to ferrimagnetism in Fe3O4 compounds63. The 

other two compounds, Co3O4 and Ni3O4, are in the normal spinel structure. In 

Co3O4[Co2+(Co3+)2O4], the Co3+ is in the octahedral state with no unpaired electrons (low spin: 

t2g
6), resulting in zero magnetic moments. In contrast, the Co2+ is in a tetrahedral state (high 

spin: e4 t2
3), having 3.26 μB magnetic moment at 4.2 K. Thus, only Co2+ contributes in the 

magnetism of Co3O4 compounds that result in antiferromagnetic behaviour with low Neel 

temperature (~ 40 K) (as the overall magnetic moment is very less and required thermal energy 

will be very low to randomly orient the magnetic moments). In Ni3O4, Ni2+ is in a tetrahedral 

state (high spin: e4 t2
4), and Ni3+ is in an octahedral state (low spin: t2g

6 eg
1). Both cations have 

unpaired electrons and are arranged so that the overall magnetization of each layer have 

different magnitude, which results in ferrimagnetic nature with ~808 K Curie temperature. 

Compared to Co3O4, the Ni3O4 have more resultant magnetization due to the presence of a 

higher number of unpaired electrons in 2 types of Ni ions; therefore, the magnetic transition 

temperature will be very high as compared to Co3O4. In case of Fe3O4 also due to the presence 

of five unpaired electrons in each Fe3+, resultant magnetization is very high which results in 

high Curie temperature (~ 858 K). 

These two essential points will be combined to get the answer for M3Se4 compounds. 

As the compounds changes from (Co/Ni)3O4 to (Co/Ni)3Se4, the Co and Ni ions go towards 

high spin states because the magnitude of octahedral crystal field stabilizing energy decreases 

as the size of the donor atom increases. However, the exchange interaction decreases from O 

→ S → Se which decreases the overall magnetization, followed by magnetic transition 

temperature (as in the case of Fe3X4― the magnetic transition temperature decreases from O 

to Se). When it comes to Co-based compounds, some studies claim that Co3S4 is a temperature-

independent paramagnetic, while others claim that it has an antiferromagnetic with Neels 

temperature of 58 K. Therefore, we may conclude that in Co-based compounds, magnetization 

has decreased or has not changed much from O to S. However, further decrease in the exchange 

interaction (as we go from S to Se) reduces the magnetization so low in the case of Co3Se4 that 

magnetic transition temperature reduces beyond the detection limits. In the case of Ni-based 

compounds, it drastically reduces to ~20 K for Ni3S4 from ~808 K (Ni3O4) and further reduces 

below the detection limits for Ni3Se4. Therefore, the magnetic transition temperature in Co3Se4 

and Ni3Se4 is below the measurement temperature lower limit. However, these compounds are 

very promising in other fields of science such as recently, Co3Se4 got huge attention for its high 
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OER values by electrocatalysis, photoelectrochemical water splitting, and Ni3Se4 is also a very 

potential catalyst; researchers are exploring more in these areas. Therefore, it will be interesting 

and important to further study the other properties of these pure as-synthesized compounds in 

the future. 

6.5 Conclusion 

The fabrication of a transition metal selenides is not an easy task, and the compounds with 

higher asymmetry are harder to synthesize. In this work, the M3Se4 compounds where M can 

be Fe, Co, or Ni have been synthesized via the thermal decomposition method in the monoclinic 

crystal structure with distinct SG, leading to varied morphologies. The SG of Fe3Se4 and Ni3Se4 

is I2/m, while in Co3Se4, the atoms are arranged in C2/m. The distinct SG is most likely because 

of the displacive transition. The observed distinct morphologies are understood with the help 

of theoretical models such as BFDH and HP models. In the last section, the influence of 

transition metal (M) on the magnetic properties is studied for M3Se4 NPs. The Fe3Se4 is 

ferrimagnetic with a TC of nearly 322 K. In contrast, the other two compounds (Co3Se4 and 

Ni3Se4) are paramagnetic in the whole measurement temperature range. The magnetic 

transition temperature in the last two compounds is so low that it is impossible to detect within 

measurement limits. In conclusion, the work provides the appropriate method for synthesizing 

M3Se4 NPs with distinct M having various magnetic properties, and this route can be extended 

to most TMCs. 
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This chapter summarized the work presented in the thesis and highlights the potential 

direction for future work. 
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7.1 Summary of the thesis 

The crystallinity of solid materials is the prime factor that decides the properties. The 

nucleation and growth dynamics defined the final crystallinity of the materials. The crystal 

formation processes have been studied for decades for several materials, including metals and 

metal oxides; however, their crystallization physics is not explored much due to the complexity 

of TMCs. In this thesis, we have made efforts in this direction. 

TMCs represent an important class of materials with rich phase-diagram and diverse 

industrial applications. The electronic and phononic properties are extremely sensitive to the 

crystalline phase, stoichiometry, particle shape, and size. Therefore, it is essential to reach 

reasonable control over the chemistry of phase formation. TMSe have good chemical and 

physical properties due to the benefits of transition metal cations, selenium anions, and 

enhanced morphological/structural qualities. Among the TMSes, FexSey compounds (with x/y 

varying from 1:2 to 1:1) are of great importance because of their exciting and unique optical, 

thermal, electrical, and magnetic properties that are firmly related to the Fe−Se elemental ratio 

as well as their crystalline structure. 

The family of iron selenides has four stable phases: FeSe2 (orthorhombic marcasite), 

Fe3Se4 (monoclinic NiAs-type), Fe7Se8 (hexagonal NiAs-type), and FeSe (tetragonal PbO-

type). Depending upon the composition of Fe:Se, these compounds could be metal, 

semiconductors, or superconductors, and their magnetic properties also vary a lot from ferro- 

to ferrimagnetic.  

Researchers have explored different aspects (such as cation site doping, variation of 

Fe:Se ratio etc.) of this system to study its magnetic properties. However, the control over pure 

compounds of the Fe-Se system is not reported so far. This thesis describes the efforts made to 

understand the formation process followed by controlling the crystallinity by growth kinetics 

and consequently the influence on magnetic properties. 

It starts by predicting the crystal morphology of the Fe-Se system via BFDH (pure 

crystallographic approach) and HP (periodic bond chain vector approach) models. The 

variation is observed in these four compounds due to the difference in the crystal structure that 

will add uniqueness to the magnetic behavior.  

The Fe-Se system has been fabricated using the wet-chemical method. An easy-to-

control synthetic procedure was developed by heating the Fe(acac)3 and Se mixture in a 

coordinating organic solvent to synthesize the Fe-Se phases. The process provided an 
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appropriate nucleation and growth environment in a reaction system. We demonstrated that 

synthetic circumstances have a significant impact on governing the phases of the Fe-Se system. 

The OLA was used as a reducing agent to decompose the precursors, and 1-ODE was used as 

an accelerating agent to accelerate all the reaction steps, resulting in the highest temperature 

phase formation. It was proposed that the reactivity of Fe and Se precursors primarily governed 

the nucleation of Fe-Se NPs, and growth was governed primarily by the reaction temperature 

apart from other factors. Instead of directly forming the FeSe phase from Fe and Se precursors, 

intermediate products of FeSe2, Fe3Se4, and Fe7Se8 phases are formed. They follow the 

sequence as FeSe2 → Fe3Se4 → Fe7Se8 → FeSe, in the temperature range of 110 °C - 300 °C. 

This emphasizes the essential role played by temperature and time with solvents in phase 

transformation. The optimized reaction conditions to synthesize the pure phases were reported. 

Additionally, the morphology of particles formed in each Fe-Se phase is also correlated with 

the theoretical crystal habits. This method also provides control over shapes and sizes by tuning 

the solvents and reaction temperature-time, which tunes the properties of Fe-Se NPs. 

Further, the magnetic properties of these as-synthesized NPs were studied. The 

correlation between the Fe-Se phases and the magnetic properties has been presented. The 

distinct arrangement of Fe and Se atoms results in drastically varying magnetic properties due 

to the change in Fe2+/Fe3+ ratio, crystal field environment around Fe-ions, magnetocrystalline 

anisotropy, Fe-vacancies, and so forth. The two NiAs-based phases –Fe3Se4 and Fe7Se8, are 

ferrimagnetic below ~ 300 K and show semi-hard magnetic properties. The other two phases –

FeSe2 and FeSe, exhibit weaker magnetism. The surface oxidation remarkably affects the 

magnetic properties, especially in the phases with weak magnetization, such as FeSe2 and FeSe. 

The surface-oxidized FeSe2 and FeSe show magnetic ordering at the nanoscale. The Fe3Se4 

NPs show ferrimagnetism at 300 K with a large magnetic coercivity which multiplies at low 

temperatures. The Fe7Se8 NPs show ferrimagnetism at all temperatures with a transition 

temperature higher than 360 K. The FeSe NPs indicate magnetic ordering at both the 

temperatures with a magnetic anomaly at around 80 - 100 K due to phase transition. The Fe3Se4 

shows the most unique and interesting magnetic properties. 

Further, the Fe3Se4 NPs were prepared under well-controlled crystal growth conditions 

to examine the influence of morphology on magnetic properties. The grain growth of NPs 

estimated from the XRD patterns, rises monotonically with an increase in reaction temperature. 

The crystallite size range is about 33 nm-42 nm depending on the reaction temperature from 
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260 °C to 330 °C. A discrete environment has been provided in the reactions to allow the 

growth of different facets, which results in the unique morphology of the NPs. The magnetic 

parameters such as MS, HC, Keff, BHmax, and TB exhibited a strong dependence on size and 

shape. The M60 kOe increases by increasing the crystallite size to a maximum observed value of 

about 5.4 emu/g at 300 K for nanorods, while it becomes 7 emu/g for nanoplatelets at the same 

temperature. The HC and MR values increase with the crystallite size up to a maximum observed 

values of about 2.3 Oe and 2 emu/g, respectively, for nanorods. The BHmax increases linearly 

with crystallite size up to a maximum value of 7.1 kG Oe at 300 K for nanorods, and it reaches 

7.5 kG Oe for nanoplatelets. 

To study the essential role of transition metal ions in M3Se4 magnetic behavior, we 

compared the structural and magnetic properties of Fe3Se4, Co3Se4, and Ni3Se4 synthesized 

following the thermal decomposition method. The ability to manipulate solution chemistry has 

been established via extensive investigation of the individual role of various reaction pathways, 

leading to the monoclinic M3Se4 NPs with distinct morphologies in the same reaction 

environment. The deep mechanistic insight helped identify the underlying reason behind the 

varied morphology with the help of the theoretical aspect. The Fe3Se4 is ferrimagnetic, with a 

Curie temperature of nearly 322 K. In contrast, the other compounds, Co3Se4 and Ni3Se4, are 

paramagnetic in the whole measurement temperature range. The magnetic transition 

temperature in the last two compounds is so low that it is impossible to detect within 

measurement limits. 

In conclusion, after diving deeper into formation processes, the work provides the 

appropriate method for synthesizing controlled Fe-Se NPs with distinct stoichiometry, 

transition metal, size, and shape. The helpful advice about synthesizing experimental 

conditions for the synthesis of Fe-Se NPs has been discussed for the first time that can be 

extended to most TMSes. 

7.2 Directions for future work 

We believe that this thesis provides a deep understanding of formation processes and controlled 

fabrication of TMSe, which can be used to understand and develop most of the TMCs in the 

future. 

The simple thermal decomposition route has been proven to be a brilliant method to 

synthesize any of the four phases in the Fe-Se system at the nanoscale with unique magnetic 
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properties. This is an excellent approach to meet the specific needs of storage devices, 

biomedicine, and catalyst applications. 

The influence of morphology and size on the magnetic properties of Fe3Se4 NPs has 

been examined for the first time. These findings show that considerable attention should be 

given to tuning the size and shape of TMCs, which have potential industrial applications. 

Future studies on this topic will look at the effects of stoichiometry, size, morphology, 

and transition metal on the ferroelectric characteristics of Fe3Se4. The ferroelectric 

characteristics may be significantly improved to make the material acceptable for practical 

applications. Furthermore, because Fe7Se8 is also a NiAs-based compound, future research in 

this sector will focus on its ferroelectric properties. It will be interesting to explore a new area 

of the Fe-Se system other than these compounds' magnetic and electric properties. 

Other than magnetic properties, it will be interesting to explore various other properties 

of synthesized TMSes. Co3Se4 and Ni3Se4 are promising candidates for catalytic activities; in 

the future, it will be an excellent scope to study the single phase Co3Se4 and Ni3Se4 NP's 

catalytic activities. It is strongly believed that the catalytic properties will be unique for these 

synthesized compounds. Especially for Co3Se4, as the size of the NPs are nearly 5 nm which 

will increase the activity. 

Thus, the thesis opens a new path for synthesizing TMCs special TMSes. It is 

appropriate to conclude that the thermal decomposition method used in the thesis can be used 

with appropriate modifications to synthesize any TMSes. In the future, it will be interesting to 

synthesize novel materials at the nanoscale using this synthesis route. 
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This thesis aims to create a chemical approach for fabricating controlled Fe-Se system 

nanoparticles and comprehending the formation process. Chapter 1 of this thesis gives an 

overview of the history and progress of essential formation processes for better understanding and 

controlling the Fe-Se system properties. Chapter 2 investigates the theoretical crystal habit of all 

the phases of the Fe-Se system using BFDH (pure crystallographic approach) and HP (periodic 

bond chain vector approach) models. Chapter 3 deals with the Fe-Se system's complete phase 

transformation sequence using a wet-chemical method, from plotting the phase diagram to 

optimizing the appropriate conditions required to synthesize individual phases. Finally, the cause 

for the similarities and dissimilarities in theoretical crystal habits and real-life experimental 

morphologies is examined. Chapter 4 explains the correlation between the phases and the 

magnetic properties of the Fe-Se system. The magnetic properties vary enormously with change 

in Fe:Se ratio due to the change in Fe2+/Fe3+ ratio, crystal field environment around Fe-ions, 

magnetocrystalline anisotropy, Fe-vacancies, and so forth. It is observed that Fe3Se4 has the most 

unique and interesting magnetic properties. Chapter 5 deals with the growth directions of Fe3Se4 

in different reaction conditions. The entire roadmap is laid-out―starting from the formation of 

the unit cell to the diffusion and attachment of monomers and the fate of various facet growth. 

Finally, we have shown how the distinct growth in various facets influences the magnetic 

properties. In chapter 6, a conscious effort has been made to fabricate the monoclinic M3Se4 

compounds (where M can be Fe, Co, or Ni). The influence of transition metal (M) on the magnetic 

properties is investigated for monoclinic M3Se4 NPs. The Fe3Se4 is observed to be well-known 

ferrimagnetic with a Curie temperature of nearly 322 K. However, the other two compounds, 

Co3Se4 and Ni3Se4, are examined to be paramagnetic over the whole measurement temperature 

range (5 K to 300 K). Chapter 7 summarizes the work done in this thesis and makes 

recommendations for future study in many domains. 
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ABSTRACT: Crystalline iron selenide (Fe3Se4) nanoparticles (NPs) present a useful
model system for a fundamental understanding of magnetism apart from having potential
applications in permanent-magnet-related technologies. Despite significant advancements
in understanding of the nucleation and growth processes, control over size and shape
tunability is nontrivial, especially for the transition metal chalcogenides (TMC). The
Wulff theorem states that if a crystal can grow purely under thermodynamic control of
parameters then it will adopt the shape determined by the surface-energy minimization,
i.e., the surface energy minimization will drive the growth of each crystalline facet.
However, the known or unknown, controllable or uncontrollable parameters of a typical
reaction which makes kinetic growth more art than science, depending upon whether we
understand them or not. There is hardly any study based on existing models and theories
to explain the TMC morphology evolution. In this work, there is a conscious effort to
know, understand, and control the individual role of various reaction pathways on the
shape and size of the Fe3Se4 nanocrystals. A qualitative growth mechanism is proposed
based on the diffusion and reaction processes. Furthermore, the influence of shape/size on the magnetic parameters such as
coercivity (HC), magnetization (M60kOe), effective magnetic anisotropy constant (Keff), energy product (BHmax), and average
blocking temperature (TB) is investigated for Fe3Se4 NPs. After diving deeper into the science of crystal growth, our insight provides
valuable guidance on experimental conditions for the synthesis of Fe3Se4 NPs with tunable sizes/shapes which for the first time can
be extended to most TMCs.

■ INTRODUCTION

Nanodimensionality has added immense advantages in the
physical and chemical property tunability through the surface to
volume ratio variation.1−5 The unique and novel size- and shape-
dependent properties displayed by nanocrystals have always
posed curiosity, challenges, and opportunities.6,7 Many of the
wonders seen in the nature can be understood by the nanoscale
phenomena. Recently, considerable interest has developed in
understanding the correlation between physical properties and
morphology.8 Besides, most electronic devices use the nanoscale
components with control over the assembly of nanoscale
building blocks, which in turn, is dictated by the size and shape
of the nanoparticles (NPs).1 The size, shape, and crystallinity of
NPs and their assembly need to be precisely controlled for
magnetic materials over certain other materials as subtle changes
in these parameters have a relatively larger influence on the
applications such as high-density memory storage using
magnetic media, magnetic read-heads, ferrofluids, or the rising
importance of magnetic NPs in biomagnetic applications.9−15

The important role of surface and bulk arrangement of atoms in
a single NP as well as the effect of three-dimensional
arrangements of NPs on magnetic properties have been
known for more than half a century in magnetic metals and

transition metal oxides.16−29 However, these effects are poorly
understood for their chalcogenide counterparts (M−X (M =
transition elements, X = S, Se, and Te)) due to complexities in
the phase diagram, poor control over stoichiometry, and
morphology. In our previous report, the complexities in the
phase diagram and control over stoichiometry were studied.30 In
this article, an intensive investigation on the control over the
morphology of Fe3Se4 NPs is presented, followed by the
influence of morphology on the magnetic properties.
Among the transition metal chalcogenides (TMC), iron

selenides are known, since the early 1950s and 1960s, to stabilize
in four phases: FeSe2, Fe3Se4, Fe7Se8, and FeSe.

31,32 Two phases,
Fe3Se4 and Fe7Se8, are noteworthy for their unique magnetic
behavior. Phases Fe7Se8 and Fe3Se4 show ferrimagnetic ordering
at room temperature with the Curie temperatures ∼453 and
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∼315 K, respectively.33−35 Among these two, lately, Fe3Se4 has
been a center of attraction for researchers due to its relatively
large magnetic anisotropy and coercivity at ∼300 K.36−38

However, to date, there is little effort on systematic studies to
develop controlled nucleation and growth pathways for Fe3Se4
as well as size-dependent magnetic properties to develop a
fundamental understanding of size/shape-property correla-
tions.36

In 1956, Okazaki and Hirakawa32 did the structural studies on
a single crystal specimen of Fe3Se4. The unit-cell lattice
parameters of Fe3Se4 (Fe

2+Fe2
3+Se4

2−) were calculated as a =
6.167 Å, b = 3.537 Å, and c = 11.17 Å with the I2/m space
group.32 Each Fe2+/Fe3+ cation is octahedrally coordinated by
six Se2− anions (FeSe6 octahedra), and the coordination
polyhedron of Se is the trigonal prism created by six Fe2+/Fe3+

cations (SeFe6 prisms).35 In 1968, Andresen39 performed
neutron-scattering measurements and stated that the ferrimag-
netism in this compound is the result of ordered iron vacancies
in alternate layers. The Fe2+/Fe3+ cations and Se2− anions are
arranged in alternating layers along the c-axis, and the deviation
from (1:1) stoichiometry leads to the formation of cation
vacancies in every second Fe layer to compensate for the iron
deficiency, and these vacancies are distributed as far apart as
possible. Each layer has a different magnetization value, as the
number of vacancies and the vacancy distribution is distinct in
each layer.39 As shown in Scheme S1, in a unit cell, the cation
vacancies appear in every other Fe layer with a different number
in each alternating layer. These cation vacancies are lying in the
(1̅01) plane.32,36 Thus, the origin of ferrimagnetic ordering is
attributed to the spins ferromagnetically aligned within each
plane along the c-axis and antiferromagnetically aligned in an
adjacent plane with ordered iron vacancies.36

Many efforts have been dedicated to developing rare-earth
(RE)-free magnetic materials for application as a permanent
magnet.40−42 This is receiving wide attention in both the
scientific and industrial fields due to toxicity and expense of RE
materials. Among RE-free materials, MnBi43 is an ambient-
temperature ferromagnet with a high coercivity (∼23 kOe) and
anisotropy constant (∼22 Merg/cm3 at 490 K). However, the
high vapor pressure of Mn and a low melting point of Bi inhibit
its industrial applications. Another Fe-based compound, FePt,41

is also an ideal compound due to its magnetic properties, but due
to the presence of Pt, it is unsuitable for mass applications. In
comparison, Fe3Se4 is a low-cost compound with interesting
magnetic properties, as stated earlier. At nanoscale, the Fe3Se4
shows semihard magnetic properties below its Curie temper-
ature even without the presence of RE or noble metal atoms,
which makes it a unique material.36,37 Zhang et al. reported a
coercivity of ∼4 kOe at 300 K, and that increases to ∼40 kOe at
10 K for nanoplatelets after applying 90 kOe of maximum
external field.36 For nanocacti morphology, the coercivities
around 3.436 and 2.74 kOe37 were observed in two different
studies, which increased nearly 10-fold (about 3636 and 29.5
kOe)37 at 10 K for a maximum applied external field of 90 kOe
field. This is unique and interesting for low-temperature
applications in particular. Large magnetic coercivity arises in
Fe3Se4 from its monoclinic structure with ordered iron
vacancies, leading to a large magnetocrystalline anisotropy:
∼1.0 × 107 erg/cm3 at 10 K.38 This value was determined for
powdered bulk sample by partially aligning them in a magnetic
field along the easy axis (b-axis) of Fe3Se4 and confirming the
alignment using the presence of a predominant peak at (020) in
the diffraction pattern and measuring the M−H loop along the

hard and easy axes.38 Long et al.38 established that the Fe3Se4 has
a uniaxial type magnetocrystalline anisotropy, as K is propor-
tional toMS

3. They also estimated the critical radius38 for a single-
domain particle of Fe3Se4, which is about ∼800 nm at 10 K and
∼2000 nm at 300 K, calculated from rc:

π
≈r

K
M

9
(A )

c

1
2

S
2

(1)

where A is an exchange stiffness constant, K is the magnetic
anisotropy constant, and MS is saturation magnetization.
Consequently, it is appropriate to conclude that the particles
below this size will lie in a single domain region.
For hard magnets, the most crucial figure of merit is the

maximum energy product defined by the notation (BH)max.
37

Theoretically, the maximum energy product is defined as

μ=BH M
1
4max 0 S

2

(2)

where μ0 defines the magnetic permeability of free space, andMS
illustrates the saturation magnetization. This equation describes
a crucial role played by MS in deciding the energy product.
Therefore, for applications in hard magnetic materials, it is
imperative to increase the value of MS. For Fe3Se4, the energy
product ∼4.38 kG Oe was observed at 300 K for nanorods,37

which was enhanced up to 10.22 kG Oe by Mn-doping in an
applied magnetic field of more than 85 kOe. At 10 K, a nearly 2
orders of magnitude increase of ∼0.12 MG Oe37 makes this
compound valuable for several low-temperature applications.
Therefore, it is interesting as well as important to study the
enhancement of the magnetic parameters of Fe3Se4 by the
influence of size and shape, at a lower external magnetic field
value than 90 kOe as cited in the earlier studies.
To examine the relationship between morphology and

magnetic properties, especially the energy product, control
over the morphology of NPs is essential, which is generally
governed by the crystal structure, lattice defects at an early stage
of crystal growth, symmetry-breaking, and reaction conditions.
When a single-crystal seed is allowed to grow in a vacuum
precisely under thermodynamic control, it should evolve toward
its equilibrium shape according to the calculated surface free
energy (Wulff construction).8,44,45 An equilibrium shape is
evaluated by the relative magnitudes of surface free energies
associated with different crystallographic facets. With this basic
understanding, it is feasible to change the ratios between the
surface free energies to obtain nanocrystals with the shapes
desired, other than the one predicted by thermodynamic control
using premeditated chemistry. Among the numerous proce-
dures, kinetic control over the addition of chemical species from
a solution phase seems to be the simplest and most versatile by
selective binding of capping molecules, ionic species, and so on,
to various facets on a nanocrystal to change their surface free
energies.8 When a capping agent is added to a reaction solution,
it stabilizes some particular facets. These facets will exhibit a
lower surface free energy, leading to the formation of
nanocrystals having a shape that maximizes the expression of
that facet. The selective affinity of the capping agents over
crystalline facets, they are chemisorbed differently on any
crystallographic plane leading to differential addition of atoms
onto planes. Due to the availability of a comprehensive variety of
molecules that can act as a capping agent, solution-phase
synthesis provides a powerful route to prepare various shapes of
nanocrystals.46 Generally, the preferential binding of a capping
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agent to a specific surface may depend on many factors such as
crystal structure, charge density, surface-ion−ligand interac-
tions, the electronic and surface structure of a material, or the
functional group(s) of a capping agent. Therefore, the
understanding of the growth process is very crucial for control
over the morphology.
In this work, the tunability of abundant magnetic parameters

has been reported for Fe3Se4 compound by varying the size/
shape of the particle at the nanoscale. This will also open various
new directions for the controlled syntheses of several other
TMCs. Here, the thermal decomposition method is adopted
over others in order to have particles with controlled
morphology. In particular, the study of systematic changes in
the nucleation and growthmechanism of Fe3Se4 compounds as a
function of reaction parameters at the nanometric regime has
been intensively investigated. This study also highlights the
important points, starting from the observation of preferential
growth according to the surface energy of low-index planes
followed by discussing the qualitative growth mechanism by
diffusion process and reaction process in the provided reaction
environment. Significant increases in the coercivity (HC),
magnetization (M60kOe), magnetic anisotropy constant (Keff),
energy product (BH)max, and average blocking temperature (TB)
of Fe3Se4 are observed with an increase in the crystallite-size.

■ EXPERIMENTAL SECTION
Materials. Iron(III) acetylacetonate [Fe(acac)3; 99.99%],

selenium powder [Se; 99.99%), oleylamine [OLA; 70%], 1-
octadecene [1-ODE; 90%], and octadecylamine [OCD; 97%]
were purchased from Sigma-Aldrich chemicals. All chemicals
were used without further purification.
Experiments. In this work, a one-pot thermal decom-

position method has been used to synthesize the controlled

Fe3Se4 nanocrystals. In a typical reaction, Fe(acac)3 was used as
an organometallic precursor, and selenium powder was used as a
Se precursor for synthesizing Fe3Se4 in an organic solvent. A 0.53
g (1.5 mmol) portion of Fe(acac)3 and a 0.158 g (2 mmol)
portion of Se were added to corresponding solvent at 30 °C in a
100 mL three-necked round-bottomed flask. The solution was
stirred under the flow of high-purity nitrogen gas at 30 °C. After
that, the temperature was raised to 120 °C andmaintained for 30
min. Subsequently, the temperature was raised at a ramping rate
of 2 °Cmin−1 up to 200 °C, and a rate of 5 °Cmin−1 was used to
reach the desired temperature at which the sample was
maintained for a pertinent time. A thermometer was placed
inside the round-bottomed flask, and the temperature was kept
stable within ±2.0 °C. The solution was cooled to laboratory
temperature by removing the heating source. After cooling, 20
mL of 2-propanol was added to the solution to wash the
specimen, which was further separated from the solution by
centrifugation. The obtained sample was rewashed with a
mixture of 15 mL of hexane and 10 mL of 2-propanol. Finally,
the resultant black precipitate was dried under vacuum and
utilized for further characterization.
The study of size effect was done over the full range of

temperature scan for synthesizing single-phase Fe3Se4 in the
presence of OLA (15 mL). Below 260 °C, there was always
FeSe2 phase impurity as discussed in our previous work,30 while
above 330 °C, no reaction was possible because the solution
turns into a gel. Therefore, the growth temperature was scanned
in the range of 260−330 °C to study the kinetics of crystal
formation. We tried several intermediate temperature con-
ditions to optimize the synthesis; however, here, for the sake of
brevity and clarity, the data on the samples formed at three
particular temperatures are discussed. The experimental details
(growth conditions and magnetic measurements) of the

Table 1. Summary of the Experimental Conditions, Indicating the Influence of the Temperature and Solvent Compositions on
the Crystallite Size and Shape of the Productsa

samples/parameters FSNR‑260°C FSNR‑300°C FSNR‑330°C FSPL‑330°C FSQS‑330°C

solvent OLA 1-ODE and OCD OCD
reaction 1 2 3 4 5

Step 1
reaction temperature (±2 °C) 120 °C
time (min) 30

Step 2
reaction temperature (±2 °C) 260 °C 300 °C 330 °C 330 °C 330 °C
time (min) 120 80 70 120 100

Crystallite Size d (±2 nm) along Following Planes
(1̅12) 33 37 42 34 36
(202) 25 31 35 28 32
(204) 22 24 26 21 27

Magnetic Parameters at Different Temperatures

measurement temperature (K) 300 K 10 K 300 K 10 K 300 K 10 K 300 K 10 K 300 K 10 K

Hc (kOe) 1.1 32.8 1.8 35.9 2.3 35.5 2.1 19.7 2.6 29.6
Mr (emu/g) 0.7 7.1 1.4 6.7 2 7.6 2.1 9.8 1.9 8.5
M60kOe (emu/g) 3.0 13.0 4.5 11.9 5.4 13.3 7.0 16.6 5.3 14.3
Mr/M60kOe 0.233 0.549 0.311 0.562 0.370 0.569 0.30 0.59 0.356 0.594
Ha (kOe) 5.7 37.3 7.6 36.2 10.1 36.8 7.2 35.0 9.0 29.9
Keff (erg/cm

3) × 105 0.59 16.9 1.19 15.1 1.90 17.2 1.77 20.3 1.68 14.9
BHmax (kG Oe) 0.8 96.6 3.2 85.4 7.1 109.9 7.5 181.9 6.6 135.7

aFe(acac)3 and Se powder were used as the Fe and Se precursors, respectively. An evolution of crystallite size for as-synthesized Fe3Se4
nanoparticles is compared with different crystalline planes calculated from powder X-ray diffraction, followed by comparing the magnetic
parameters of all the samples at 300 and 10 K. The M−H curves do not saturate for the highest applied magnetic field of 60 kOe. Therefore, these
observed magnetic values are a gross underestimation of their true values.
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remaining intermediate samples are reported in the Supporting
Information.
The reaction parameters including solvent and temperature

were modified for shape tuning of Fe3Se4, as shown in Table 1.
The study of shape effect was done over the two solvent
conditions: (1) 1-ODE and OCD are added together as an
organic solvent, and (2) only OCD is added as a solvent, at 330
°C. Under these solvent conditions, there is always a presence of
FeSe2 phase below the optimized temperature (330 °C), and
above it, the solution turns into the gel. The details of all the
characterization techniques are discussed in the Supporting
Information.

■ RESULTS AND DISCUSSION
Thermodynamic and Kinetic Growth. As per the Wulff

theory,45 the thermodynamic growth will follow the overall
surface energy minimization principle, and a hybrid shape
exposing a mixture of different facets in the right proportion will
become the winner of thermodynamics.8 The broken bond
approximation provides a simple method for evaluating the
surface free energies of nanocrystals surrounded by vacuum
where only interactions between the nearest neighbors are
considered.8 The surface free energies of different planes were
calculated for Fe3Se4. The calculation revealed that the surface
free energy of different low-index planes of Fe3Se4 lattice
increases in the following order: γ (101) < γ (001) < γ (010) < γ
(100)∼ γ (011) < γ (111)∼ γ (110). The details are mentioned
in the Supporting Information. Besides, the real-life reactions of
materials are much more complicated than the simplified
thermodynamical model due to the kinetic control over the
reaction. The true understanding of growth kinetics under real
synthetic conditions is very complicated due to the presence of
several species together and their interaction with each other.
The growth kinetics of Fe3Se4 under real reaction conditions is
proposed using diffusion-limited growth process and reaction-
limited growth process. Starting from the unit cell followed by
seven intermediate species (Scheme S2), the molecular
environment around the unit cell of Fe3Se4 surrounded with
available species that may influence the crystal growth is
proposed (Supporting Information). Finally, the qualitative
growth mechanism of Fe3Se4 NPs (along the c-axis) is proposed
as shown in Schematic S3. The schematic illustrates the addition
of atoms on the unit cell of Fe3Se4 surrounded with all possible
intermediate species in a typical synthesis. The details of the
growth mechanism are discussed in Supporting Information.
Structural andMorphological Investigations of Fe3Se4

NPs Using X-ray Diffraction Analysis and Transmission
Electron Microscopy. The Fe3Se4 samples were intensively
investigated for their crystallinity and phase purity using powder
X-ray diffraction (XRD), followed by the Reitveld refinement
using FullProf software (Figure 1). Figures S1and S2 present the
X-ray diffraction patterns of Fe3Se4 NPs in detail. The absence of
any unidentified peak in the diffraction patterns indicates that no
secondary phase is present in all samples. All the XRD patterns
were in good agreement with the Joint Committee on Powder
Diffraction Standards (JCPDS) Powder Diffraction File (PDF)
card number 73−202147 for Fe3Se4 without ambiguous
reflections. All the samples are formed in the monoclinic crystal
structure with the calculated unit cell lattice parameters
tabulated in Table S1, having the I2/m space group. The
refinement details are mentioned in the text adjoining Table S1.
The order of broadening of diffraction pattern indicates that the
Fe3Se4 are of nanodimensions.

The crystallite sizes for all the samples were calculated using
the method given by Scherrer48−50 along three different planes
corresponding to the threemost intense diffraction peaks (Table
1). Scherrer’s formula is in good agreement to compare the size
of particles.50 It is observed that the calculated crystallite-sizes
are directly proportional to the reaction temperature: The size
increases with an increase in reaction temperature. It worth
mentioning that the present synthetic route not only allows the
selective synthesis of different crystallite sizes by controlling the
temperature but also produces unique morphologies by
conveniently adjusting the growth conditions (reaction temper-
ature and solvents together).
The morphological properties of all the samples were

characterized by TEM. As shown in Figure 2, samples
FSNR‑260°C, FSNR‑300°C, and FSNR‑330°C synthesized with OLA
are quasi-spherical particles consist of agglomerated rod-shaped
nanostructures with multitudinous spikes grown on the surfaces

Figure 1. Comparison between the observed XRD patterns of Fe3Se4
NPs (red line), calculated XRD curve after crystal structure refinement
by Rietveld method (black line), the difference (Iobs−Ical) between
observed intensity (Iobs) and calculated intensity (Ical) (green line), and
Bragg positions58 (blue vertical line) for various samples labeled as
FSNR‑260°C, FSNR‑300°C, FSNR‑330°C, FSPL‑330°C, and FSQS‑330°C. Samples
FSNR‑260°C, FSNR‑300°C, and FSNR‑330°C were synthesized in the presence
of OLA in varying crystallite sizes. The sample FSPL‑330°C was
synthesized in the presence of 1-ODE + OCD. The sample FSQS‑330°C
was synthesized in the presence of OCD.
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pointing thoroughly outward. Moreover, as shown in Figure 2,
sample FSPL‑330°C represents the formation of nanoplatelets (in
the presence of 1-ODE and OCD), and sample FSQS‑330°C

reveals the shape of nanosized quasi-spheres (in the presence
of OCD).

Figure 2. Representative TEM images of as-synthesized Fe3Se4 NPs. The TEM images corresponding to the samples FSNR‑260°C, FSNR‑300°C, and
FSNR‑330°C (synthesized in the presence of OLA) show that particles are analogous with rodlike features growing on the surface. The images
corresponding to samples FSPL‑330°C (in the presence of 1-ODE + OCD) and FSQS‑330°C (in the presence of OCD) reveal nanoplatelets and quasi-
spherical morphologies. The insets show zoomed-in views with a scale bar of 50 nm. Due to intense magnetic polarization, the particles show
aggregation in the TEM images.

Scheme 1. Unit Cell of Fe3Se4 with Different Planes Drawn by Black Dotted Linesa

aSolid red circles represent Fe-cations, while open red circles represent cations vacancies.
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Furthermore, the directional growth analysis was done by
examining the relationship between the relative intensities (RI)
of XRD peaks and morphologies. It was observed that for all the
samples, the (1̅12) peak shows the maximum intensity, and its
intensity was normalized to 100 with respect to other peaks.
Scheme 1 illustrates the various planes of Fe3Se4 by black dotted
lines. The RIs of all the as-synthesized Fe3Se4 NPs are compared
in Figure 3 and Table S2. With respect to the most intense peak,
many of the peaks show a sample to sample variation in the RI,
which indicates varying growth kinetics of different facets when
the reaction conditions are altered.51 These results can be
related to the “morphological importance” (MI) of respective
lattice planes, which for a particular crystal is inversely
proportional to the growth rate, i.e., the faster the growth rate
of a plane, the lower the MI value of that plane and vice versa.
Thus, the slow-growing facet will dominate the morphology in
the resultant particle with a large surface area and is more
exposed to the environment.52 These more exposed planes will
contribute toward a higher RI in the XRD pattern, so the RIs of
crystalline peaks can be directly related to the MIs of respective
lattice planes, which immediately makes the growth direction in
a distinct environment accessible to us. This important
information by using the simple exercise actually gives us a
direct link between the crystal formation and tunable reaction-
limited growth conditions that were carefully selected in this
report.
Further analysis of RIs of (101), (202), and (2̅02) planes

suggested that for these planes, as the reaction temperature
increases, the RIs increases by 7, 2, and 4%, respectively, for
sample FSNR‑330°C (330 °C) in comparison with sample
FSNR‑260°C (260 °C). This implies that the relative growth rate
of these planes decelerates with rising temperature, making these
planes more significant in the resultant morphology as
temperature increases (larger MI values). These results are
consistent with the surface free energy calculations for various
low-index planes given in above section, and details are in
Supporting Information. The (101) plane was predicted to be
morphologically dominant among all low-index planes.
Similarly, the (002) peak also shows the increment up to 7%,
which is also consistent with the surface energy calculations.
These results suggest that the (101), (202), (2̅02), and (002)
faces are parallel to longitude in a rodlike shape. TEM images
support this statement. As shown in Figure 4, the (002) and
(202) planes are along the longitudinal directions of the rod

Figure 3. Variation in the relative intensities (RI) of diffraction pattern along different lattice planes of all the as-synthesized Fe3Se4 NPs. The N1, N2,
and N3 define FSNR‑260°C, FSNR‑300°C, and FSNR‑330°C samples, exhibiting the effect of size on RI. The symbols P and Q denote the FSPL‑330°C and
FSQS‑330°C samples, respectively, showing the variation in RI with shape.

Figure 4. Representative TEM images of as-synthesized Fe3Se4
(synthesized in the presence of OLA). (a) Image shows the rodlike
features of nanoparticles. (b) Zoomed-in views with a scale bar of 5 nm.
(c) The lattice fringes spaced at 5.6 Å represent the (002) plane. (d)
The SAED pattern reveals the presence of the (002) plane. (e) TEM
image from different area again reveals the rodlike morphology. (f) The
lattice fringes spaced at 2.6 Å represent the (202) plane. Thus, the
(002) and (202) faces are parallel to longitude in a rodlike shape that
results in longitudinal growth along the b-axis.
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having lattice fringe spacings of 5.6 and 2.6 Å, respectively. In
contrast, it was observed that the RIs of (020) plane were hardly
affected for samples synthesized at higher temperatures; in other
words, this facet does not show any significant change in its
relative-growth-rate with an increase in the reaction temper-
ature. This implies that the (020) face is vertical to longitudinal
planes ((101), (202), (2̅02), and (002)). Although the (200)
peak becomes more intense (up to 5%) with an increase in
reaction temperature, the RI value is very low, which indicates
that this plane will contribute to a faster growth in this direction.
Thus, this plane is less visible in resultant morphology as
compared to the other planes.Moreover, the other planes (222),
(2̅22), and (011) show the increase (from sample FSNR‑260°C to
FSNR‑300°C), followed by no variation in RI with rising
temperature. This implies that these planes were initially slowly
growing; however, at high temperatures, the growth is dormant
along with these directions. This suggests that these planes are at
the edges of the nanorods. The (110) plane is nearly invisible in
the resultant morphology as it has the smallest RI value. This
again corresponds to the above-calculated surface free energy
minimization, which shows that the (110) will have the least MI.
The other planes exhibit different nature from the surface free
energy minimization sequence due to the presence of kinetic
control over the reaction. In conclusion, the variation in the RI of
the above planes exhibits that for nanorods the longitudinal
growth is along the b-axis and that the vertical growth is along
the c- and a-axes in the presence of OLA.
To validate the influence of an amine group and a double

bond on the resultant morphology, the controlled experiments
are carried out by changing the solvents and comparing the RIs
of the resulting samples (Figure 3 and Table S2). The observed
variations in RI clearly demonstrate the distinct direction of
growth in the varied reaction environment. For sample
FSPL‑330°C (nanoplatelets), the direction of growth is swift
along the c- and a-axes, making (101) the top surface of
nanoplates having a lattice fringe spaced at 5.4 Å (Figure S4).
The MI of (002) decreases, and that of (020) is nearly constant.
Consequently, the shape deviated from rods to plates in the
presence of 1-ODE and OCD. Furthermore, the RI of sample

FSQS‑330°C (quasi-spherical) demonstrates that the direction of
growth is nearly the same along all three axes, as only an amine
group is present to influence the morphology, which will behave
almost identically in all directions (a-, b-, and c-axes). However,
(202) is a more exposed plane having lattice fringes spaced at 2.6
Å (Figure S5), which signifies that the growth is slightly faster
toward a- and c-axes. All other planes show nearly the same MIs
in the OCD environment, which results in fabricating the
quasispherical NPs. Therefore, after analyzing the RIs of all the
planes, it is appropriate to conclude that in a distinct
environment, the direction of growth is varying, which leads
to forming NPs with individual shapes. Additionally, as the
reaction temperature rises, the growth is also increasing in a
certain direction, which enhances the size of the NPs.

Effect of Fe3Se4 Crystallite Size on theM−H Hysteresis
Curves at 300 K. For permanent-magnet applications, the
coercivity must be high. The coercivity of NPs below the single-
domain size limit is known to be strongly influenced by their
particle size, crystallinity, lattice defects, vacancies and their
ordering, external magnetic field, anisotropic growth of
crystalline facets, overall morphology, surface spin environment,
temperature, interparticle interactions, and so on. Even the
sample preparation method (packing of particles) can affect the
coercivity values for fine particles. As the particle size is
enhanced, it is generally observed that the coercivity increases
and goes through a maximum up to a single-domain limit size
and then tends toward zero.53,54

The magnetic properties obtained for Fe3Se4 NPs using a
SQUID-VSM show an interesting trend. Figure S6 shows a
comparison of M−H hysteresis curves taken at 300 K for
samples FSNR‑260°C, FSNR‑300°C, and FSNR‑330°C. All the samples
indicate a typical ferrimagnetic behavior where the magnet-
ization does not saturate until the highest applied field of 60
kOe. In earlier reports,36,38 even after applying field of 90 kOe,
the hysteresis loops of Fe3Se4 do not saturate due to the very
high anisotropy field or the spins are noncollinear in the
system.36 Figure 5 a) shows a zoomed-in view of the hysteresis
curves that clearly illustrates that the coercivity and remanence
values of all the samples increases with crystal growth, i.e., the

Figure 5.Magnetization vs external magnetic field hysteresis loops at 300 K (a) and 10 K (b) of rodlike Fe3Se4 nanoparticles. The blue, red, and green
loops correspond to the samples: FSNR‑260°C (33 nm), FSNR‑300°C (37 nm), and FSNR‑330°C (42 nm) synthesized at increasingly higher temperatures,
respectively. The numbers in parentheses show the crystalline size along the (1̅12) plane. Relationship between crystallite size and magnetic
parameters of rodlike Fe3Se4 NPs at 300 K. (c) Size dependence of coercivity (HC) and remanent magnetization (MR) and (d) size dependence of
energy product (BH)max and anisotropy constant (Keff).
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magnetic properties of Fe3Se4 are strongly affected by the
crystallite size. All the samples in this study are in a single-
domain size as mentioned above that the critical radius38 for a
single-domain particle of Fe3Se4 is ∼800 nm at 10 K and ∼2000
nm at 300 K. The influence of crystal growth on HC at 300 K is
shown in Figure 5c), and it is observed that theHC increases with
increasing the crystallite size (from 33 to 42 nm). At 300 K, the
HC of Fe3Se4 is found to vary from 1.1 to 2.3 kOe. This
increasing pattern between the HC and crystallite size is
observed because an increase in single domain size increases
the magnetic moment, which in turn increases the magnet-
ization followed by HC. Another important factor is surface
spins. With a decrease in particle size, the surface-to-volume
ratio increases, which leads to a larger number of surface spins
per unit volume. The surface spins are uncompensated and
remain disordered or canted, leading to the overall reduction in
the magnetization with the decrease in the particle size.3 As the
crystallite size d increases slowly from 33 to 42 nm, the
magnetization value (M60kOe) increases from 3.0 to 5.4 emu/g (a
higher magnetization is observed in Fe3Se4 nanorods as
compared to earlier reports);36,37 the remanence magnetization
(MR) also increases as tabulated in Table 1.
As illustrated in Scheme S4, the unit cell of Fe3Se4 showing the

orientation of the magnetic moments reveals the easy axis along
the b-axis.37 In our samples, the each building block is a single
crystallite. However, the surface spins are not parallelly aligned
in the same direction. The resultant magnetization is in the b-
axis of one single nanorod. Probably hundreds of such
nanocrystallites, as building blocks, agglomerate together due
to strong dipolar interactions to form a larger three-dimensional
assembly (as seen in the TEM images) where the nanocrystal
superspins may remain highly disordered (or weakly ordered
along the easy axis due to the interparticle interactions). In VSM,
the powder sample has numerous such agglomerated particles.
When the external magnetic field is applied, they try to align in
one direction by incoherent spin rotation phenomena as shown
in schematic S5.38

In a single crystal, it is simple to calculate magnetic anisotropy
constant (K) by extrapolating theM−H curve in both easy and
hard axis directions (taking the hysteresis loops as parallel and
perpendicular to the easy axes). As shown in Scheme S4, in a
single crystal, the order is the same in the entire particle, which
facilitates orienting them in one direction. However, in a sample
like ours, starting from a single particle with growth in b-axis for
the nanorod, many such agglomerated nanocrystallites are
present (the particle as shown in TEM is agglomeration of
single−single nanorods). Therefore, in VSM, orienting the
powder sample having numerous such agglomerated particles in
one easy axis and then the hard axis is not simple. There is much
literature that calculated the K utilizing this method for
agglomerated samples, which is not the appropriate method to
calculate the real value. However, as it is an intrinsic property of
any material, calculating K by the M−H curve of such samples
will give the effective K of all the particles oriented in different
directions. It will be interesting to study the effect of size on
effective magnetic anisotropy constant (Keff).
Generally, the anisotropy field (Ha) of anymaterial defines the

theoretical upper limit of the coercivity. Experimentally, it is
usually observed that the coercivity of any material reaches
nearly 25% of the anisotropy field.37 The Ha values for all the
samples were calculated by extrapolating theM−H curve in both
the easy and hard axis directions. In view of the low
magnetization of Fe3Se4, its shape anisotropy plays a minor

contribution in the total anisotropy, while the magnetocrystal-
line anisotropy plays a major role.36 The presence of ordered Fe
vacancies in monoclinic structure gives rise to a highly
anisotropic crystal field and the spin−orbit coupling, leading
to a large magnetocrystalline anisotropy in the system.38 Keff was
calculated from MS and Ha, according to the following
equation.37,38

=K M H
1
2eff S a (3)

The Keff value was determined for all the samples and is
tabulated in Table 1. As observed in Figure 5d, the Keff value for
Fe3Se4 increases with increasing crystallite size due to the
increase in MS and Ha. Moreover, all the above samples’ energy
product (BHmax) was also determined from the second quadrant
of the B−H hysteresis loop,37 as shown in Figure S7. The inset of
Figure S7 reveals the zoomed-in view of the second quadrant of
the B−H loop, and the area under the gray box represents the
BHmax of the corresponding samples. The BHmax value is found
to be 0.8 kG Oe at 300 K for FSNR‑260°C, which increases to 7.1
kG Oe for FSNR‑330°C. A significant increase in the energy
product values at 300 K (7.1 kG Oe) is observed compared to
that in the earlier report37 (4.377 kG Oe) for the same shape.
Figure 5d shows the linear dependency of energy products on
crystallite size. Equation 2 clearly illustrated that the energy
product is directly proportional to saturation magnetization
(MS). MS increases with crystallization, enhancing the energy
product. The practical energy product of a permanent magnet
depends strongly on its processing. Condensing the magnetic
NPs with high packing densities is very vital for the development
of permanent magnets. This vast varying range of the energy
product in Fe3Se4 NPs is crucial in developing the new RE-free
permanent magnets.36,37

Effect of Fe3Se4 Crystallite-Size on theM−HHysteresis
Curves at 10 K. At 10 K, the M−H curves do not saturate for
the highest applied magnetic field of 60 kOe. In fact, it is
noticeable that the curves are far from saturation. Therefore, the
coercive-field values (Table 1) are a gross underestimation of
their true values. However, it was noted that these under-
estimated coercivity values of Fe3Se4 NPs (synthesized in the
presence of OLA) lies between 33 and 36 kOe with crystallite
size varying from 33 to 42 nm (FSNR‑260°C to FSNR‑330°C),
respectively. These HC values are nearly 20- to 30-fold increase
over the corresponding value at 300 K, from 2.3 to 35.5 kOe
(FSNR‑330°C). The substantial increase in the coercivity at a lower
temperature may have various contributions: the increase in the
overall effective magnetic anisotropy, reduction in the thermal
activation energy, whichmakes more andmore spins available to
orient in the field direction, ferrimagnetism, and so on.38 In
comparison to the 300 K values, at 10 K the effective anisotropy
increases for FSNR‑330°C by almost 2 orders of magnitude, from
1.90 × 105 erg/cm3 (at 300 K) to 17.2 × 105 erg/cm3 (at 10 K).
The Keff was observed to increase from 16.9 × 105 to 17.2 × 105

erg/cm3 with increasing crystallite size (from 33 to 42 nm).
Additionally, the energy product also shows an enhancement for
FSNR‑330°C by nearly 2 orders of magnitude at 10 K, from 7.1 kG
Oe (at 300 K) to 109.9 kG Oe (at 10 K). The values of BHmax
fluctuate from 96.6 to 109.9 kG Oe with increasing crystallite
sizes (Table 1).

Effect of Fe3Se4 Shape on the M−H Hysteresis Curves
at 300 K. The magnetic properties of Fe3Se4 nanoplatelets
(FSPL‑330°C) and nano-quasi-spheres (FSQS‑330°C) fabricated in
the presence of different organic solvents (1-ODE + OCD and
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OCD) were also observed with SQUID magnetometer. The
hysteresis loops for these shapes are compared in Figure S8,
again revealing the ferrimagnetic and hard magnetic properties
of the material. Figure 6a,b shows a zoomed-in view of the
hysteresis curves that clearly illustrate the coercive field and
remanence for both the samples. HC andMR are affected by the
shape of the NPs (Table 1). These variations in the magnetic
performance arise from the distinct crystalline properties of the
plate and quasi-sphere-like NPs in comparison to the above

nanorods.36 At 300 K, the HC values of these compounds are
found to be distinct: 2.1 kOe for FSPL‑330°C and 2.6 kOe for
FSQS‑330°C. The shape diversity also shows a variation inM60kOe,
Ha, andKeff due to the small contribution from shape anisotropy,
as tabulated in Table 1. The highest magnetization to date, 7.0
emu/g (at 300 K), is observed for Fe3Se4 (in the case of
FSPL‑330°C). The energy product of these samples was calculated
at 300 K (from the second quadrant of the B−H hysteresis
loop). Figure S9 reveals the zoomed-in view of the second

Figure 6.Magnetization vs external magnetic field hysteresis loops (at 300 and 10 K) of samples FSPL‑330°C and FSQS‑330°C. Fe3Se4 NPs (nanoplatelets
and quasi-spherical particles) synthesized in the presence of 1-ODE + OCD and OCD, respectively.

Figure 7. (a) Zero-field-cooled (ZFC) magnetization vs temperature (M−T) curves for rodlike Fe3Se4 NPs. Blue, red, and green curves represent the
sample FSNR‑260°C (33 nm), FSNR‑300°C (37 nm), and FSNR‑330°C (42 nm) synthesized at 260, 300, and 330 °C, respectively. (b) Relationship between
crystallite size and average superparamagnetic blocking temperature of rodlike Fe3Se4 NPs. (c) M−T curves for sample FSNR‑260°C (33 nm) with
varying applied magnetic fields. (d) Relationship between the applied magnetic field and average superparamagnetic blocking temperature for sample
FSNR‑260°C.
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quadrant of the B−H loops, and the calculated energy product is
tabulated in Table 1.
Effect of Fe3Se4 Shape on the M−H Hysteresis Curves

at 10 K. Figure 6c,d shows the hysteresis loops of FSPL‑330°C and
FSQS‑330°C at 10 K. The coercivity of FSPL‑330°C and FSQS‑330°C
samples are 19.7 and 29.6 kOe, respectively, which is again∼10-
fold more significant than the value at 300 K. This large
coercivity originates from the large uniaxial magnetocrystalline
anisotropy of monoclinic structure of Fe3Se4 with ordered Fe
vacancies.38 Here also the effective anisotropy for FSPL‑330°C
increases by almost 2 orders of magnitude at 10 K in comparison
to that at 300 K, from 1.77 × 105 erg/cm3 (at 300 K) to 20.3 ×
105 erg/cm3 at (10 K). The Keff values are 20.3 × 105 and 14.9 ×
105 erg/cm3 for FSPL‑330°C and FSQS‑330°C, respectively. The
energy products of both the samples are 181.9 and 135.7 kG Oe
(Table 1).
Magnetic Property: Blocking Temperature. Blocking

temperature depends on the particle size, its distribution,
anisotropy energy, interparticle interaction, and measurement
time scale. When the particle size is below the single-domain size
limit, above the blocking temperature, in the absence of an
external magnetic field, the particle spins are free to orient
randomly as the thermal activation energy exceeds the effective
anisotropy energy (superparamagnetic behavior). However,
below the blocking temperature, spins freeze along their easy
axis (blocked state). The blocking temperature decreases with
the decrease in the anisotropy energy and the particle volume.55

Below TB, the sample reveals the coercivity, which becomes zero
above the blocking temperature.
Temperature-dependent magnetization (M−T curve) has

been examined for all the Fe3Se4 samples under field-cooled
(FC) and zero-field cooled (ZFC) conditions. As discussed
earlier (Scheme S5), the particles are an agglomerated mass of
nanocrystalline rods that strongly interact with each other
through dipolar interactions. Average blocking temperature
(TB) is an indication of superparamagnetic to the blocked state
transition of that material, which is taken as the peak of the ZFC
curve though due to the polydispersity; the blocking events for
each particle might exist on both sides of this peak and result in
the separation of ZFC−FC curves well above the average TB
(the peak of the ZFC curve).55−58 Figure 7a presents the TB for
nanorod samples (FSNR‑260°C, FSNR‑300°C, and FSNR‑330°C) as 313,
316, and 322 K, respectively. Figure 7b shows that TB increases
with increasing the crystallite size due to the increase in the
anisotropy constant and the particle volume. It is noticeable that
TB also changes with shape, e.g., for nanoplatelets (FSPL‑330°C)
and nanoquasispherical (FSQS‑330°C) as 323 and 319 K,
respectively (Figure S10), because of the variation in the
anisotropy constant and particle volume.
The thermal activation energy, magnetic anisotropy energy,

and external applied magnetic field affect the blocking events of
spins apart from interparticle interactions and measurement
time scale. It is understood that the addition of an applied
magnetic field changes the energy barrier from56

[ ± ]K V K V H Hto 1 ( / )u u o
2

(4)

where Ku, V, and H are uniaxial anisotropy constant, the
particle’s volume, and applied magnetic field, respectively. Ho is
related to the anisotropy field by Ho = 2 Ha = 2Ku/MS. H < Ho,
and the sign (+ or −) indicates the moment flip: (+) for parallel
to the antiparallel direction and (−) for antiparallel to parallel
direction. Figure 7c presents the ZFC curves of sample
FSNR‑260°C at the different external magnetic fields. This reveals

that as the magnetic field increases the peaks shift toward the
lower temperature. Figure 7d shows a decrease of TB with an
increasing magnetic field, which is consistent with the quadratic
dependence, as discussed by Zhang et al.56

■ CONCLUSION

Fe3Se4 NPs were intensively investigated to reveal the
fundamental correlation between the size/shape and magnetic
properties. The examined Fe3Se4 NPs were prepared under well-
controlled crystal growth conditions using a one-pot thermal
decomposition method. The grain growth of NPs estimated
from the XRD pattern arises monotonically with an increase in
reaction temperature. The crystallite size range is about 33−42
nm depending on the reaction temperature from 260 to 330 °C.
A discrete environment has been provided in the reactions to
allow the growth of different facets, which results in the unique
morphology of the NPs. All the hysteresis curves with different
size/shape showed the ferrimagnetic behavior of Fe3Se4. The
magnetic parameters such as saturation magnetization (MS),
coercivity (HC), effective anisotropy constant (Keff), energy
product (BHmax), and average blocking temperature (TB)
exhibited a strong dependence on size and shape. M60kOe
increases with increasing crystallite size, up to a maximum
value of about 5.4 emu/g at 300 K for nanorods, while it
becomes 7 emu/g for nanoplatelets. The HC andMR values also
increase with increasing the crystallite size up to a maximum
value of about 2.3 Oe and 2 emu/g, respectively, for nanorods.
The BHmax increases linearly with crystallite size up to a
maximum value of 7.1 kG Oe at 300 K for nanorods and reaches
7.5 kG Oe for nanoplatelets. These findings show that
considerable attention should be given to tuning the size and
shape of transition metal chalcogenides which have potential
industrial applications.
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(14) Oyarzuń, S.; Tamion, A.; Tournus, F.; Dupuis, V.; Hillenkamp,
M. Size Effects in the Magnetic Anisotropy of Embedded Cobalt
Nanoparticles : From Shape to Surface. Sci. Rep. 2015, 5, 14749.
(15) Moreno, R.; Poyser, S.; Meilak, D.; Meo, A.; Jenkins, S.; Lazarov,
V. K.; Vallejo-Fernandez, G.; Majetich, S.; Evans, R. F. L. The Role of
Faceting and Elongation on the Magnetic Anisotropy of Magnetite
Fe3O4 Nanocrystals. Sci. Rep. 2020, 10, 2722.
(16) Liu, L.; Kou, H. Z.;Mo,W.; Liu, H.;Wang, Y. Surfactant-Assisted
Synthesis of α-Fe2O3 Nanotubes and Nanorods with Shape-Dependent
Magnetic Properties. J. Phys. Chem. B 2006, 110, 15218−15223.
(17) Chatterjee, J.; Haik, Y.; Chen, C. J. Size Dependent Magnetic
Properties of Iron Oxide Nanoparticles. J. Magn. Magn. Mater. 2003,
257, 113−118.
(18) Park, T. J.; Papaefthymiou, G. C.; Viescas, A. J.; Moodenbaugh,
A. R.; Wong, S. S. Size-Dependent Magnetic Properties of Single-
Crystalline Multifferoic BiFeO3 Nanoparticles. Nano Lett. 2007, 7,
766−772.

(19) Ma, F.; Ma, J.; Huang, J.; Li, J. The Shape Dependence of
Magnetic and Microwave Properties for Ni Nanoparticles. J. Magn.
Magn. Mater. 2012, 324, 205−209.
(20) Singh, A. K.; Srivastava, O. N.; Singh, K. Shape and Size-
Dependent Magnetic Properties of Fe3O4 Nanoparticles Synthesized
Using Piperidine. Nanoscale Res. Lett. 2017, 12, 298.
(21) Gabbasov, R. R.; Cherepanov, V. M.; Chuev, M. A.; Polikarpov,
M. A.; Panchenko, V. Y. Size Effect of Mössbauer Parameters in Iron
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ABSTRACT: Herein, for the first time, the correlation between
the phase structure and the magnetic properties of the Fe−Se
system has been presented for FexSey compoundswhere x/y
ranges from 1:2 to 1:1. These phasesorthorhombic (FeSe2),
monoclinic (Fe3Se4), hexagonal (Fe7Se8), and tetragonal (β-
FeSe)were synthesized using a one-pot thermal decomposition
route at the nanoscale. The magnetic properties vary enormously
with change in the Fe/Se ratio due to the change in the Fe2+/Fe3+

ratio, crystal field environment around the Fe ions, magnetocrystal-
line anisotropy, Fe vacancies, and so forth. Among the four Fe−Se
phases studied, two of them, Fe3Se4 and Fe7Se8, are ferrimagnetic
below ∼300 K and show semihard magnetic properties. The other
two phases FeSe2 and β-FeSe exhibiting weaker magnetism are less
known for their magnetic properties. All these phases are prone to surface oxidation despite surface passivation, and its effect on the
magnetic moment will be pronounced for the phases with weak magnetization such as FeSe2 and β-FeSe.

■ INTRODUCTION

The selenides of iron have attracted much interest in recent
years because of their exciting and unique thermal, electronic,
optical, and magnetic properties.1−11 The richness of physical
properties also comes from the richness in the stoichiometric
phases these families of compounds may exhibit. The Fe−Se
system shows various stable polymorphs under ambient
conditions, including FeSe2, Fe3Se4, Fe7Se8, and FeSe.12−14

Hagg and Kindstrom’s15 original article referred to the iron
selenides as a α-phase (FeSex in a PbO-type structure with x
up to 8/7) and β-phase (FeSex in a NiAs-type structure with x
∼ 8/7−4/3).16 In the phase diagram of Okamoto,17 the
orthorhombic FeSe2, monoclinic Fe3Se4, hexagonal Fe7Se8, and
tetragonal FeSe are referred to as the FeSe2, γ, β-Fe7Se8, and β
phases of the Fe−Se system, respectively.18 In this work, the
phases are referred to as FeSe2 (orthorhombic marcasite),
Fe3Se4 (monoclinic NiAs-type), Fe7Se8 (hexagonal NiAs-type),
and β-FeSe (tetragonal PbO-type). Depending upon the
composition of Fe/Se, these compounds could be metals,
semiconductors, or superconductors, and their magnetic
properties also vary a lot from ferro- to ferrimagnetic.19−31 It
was recently observed that Fe3Se4 might also show ferroelectric
ordering coexisting with ferrimagnetic ordering under ambient
conditions.32,33 The thermal, optical (photon harvesting),
energy (supercapacitors, batteries, etc.), and catalytic proper-
ties (water splitting, etc.) of these compounds have not been
explored in depth so far. However, recently, the potential of

Fe3Se4 as a magnetic energy storage device was investigated,
and it was found that this compound shows a colossal increase
in the energy product while cooling from 300 to 10 K with the
potential to replace expensive rare-earth hard magnets at lower
temperatures.11,34

The nanoscopic forms of materials can provide additional
tunability of the physical and chemical properties. Although
Fe-based magnetic nanostructures, including iron, its oxides, or
alloys, have all been extensively studied, however, the magnetic
properties of iron chalcogenides have received relatively less
attention due to the complexities associated with the synthesis
of pure phases.35−48

Among the four stable phases of the Fe−Se system, two
(Fe3Se4 and Fe7Se8) are well known for their rich magnetic
properties, whereas the other two (FeSe2 and β-FeSe) are
known for their interesting optical and electronic proper-
ties.19−22 Bulk and nanostructured Fe3Se4 and Fe7Se8 exhibit
ferrimagnetic behavior at room temperature (RT) with the
Curie temperatures (TC) of ∼320 and 453 K, respec-
tively.23−25,34,49 While it is known that Fe3Se4 also shows
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ferroelectric ordering at ∼ 320 K,32 it will be interesting to
study the existence of similar ordering in Fe7Se8 in the future.
Unfortunately, the magnetic ordering of FeSe2 and β-FeSe is
still not fully understood. There are reports related to the
magnetic properties of these compounds.50−59 However, the
clear picture is still undefined. In this article, the fundamental
points of magnetic nature will be addressed, followed by
properties.
The fabrication of iron selenide solids is quite challenging as

slight stoichiometry variations often lead to significant changes
in the structural, chemical, and physical properties. Unsurpris-
ingly, the synthesis of iron selenides at the nanoscale is
significantly more challenging as they are more reactive and
less stable forms due to nanodimensions. However, the
available fabrication routes are very complicated and are not
flexible to achieve the desired phase. Among the various
techniques for preparing iron selenide nanoparticles (NPs),
thermal decomposition is a promising route for controlling the
phase of the Fe−Se system, as discussed in our previous
study.14 The stoichiometry of Fe−Se can be influenced by
many factors, such as the amount or type of precursors,
reaction temperature, and time.
This article presents a comparative study of various stable

phases and their magnetic properties for the Fe−Se system
(FeSe2, Fe3Se4, Fe7Se8, and β-FeSe). The thermal decom-
position-based route is used to synthesize individual phases of
the Fe−Se system, and excellent tunability of their magnetic
properties is observed.

■ EXPERIMENTAL SECTION

Sample Preparation. All the phases of the Fe−Se system
were developed by a one-pot thermal decomposition method
in organic solvents at a minimum possible temperature with
appropriate time. The chemical-synthesis details used in this
study were reported by the author previously.14 In addition,
the details of materials and experimental methods are also
mentioned in the Supporting Information.
Characterization Techniques. The magnetic measure-

ments were performed using the physical property measure-
ment system manufactured by Quantum Design Inc., San
Diego, California, equipped with a vibrating sample magneto-
meter (VSM) and superconducting magnet. The powder
samples were precisely weighed and packed inside a plastic
sample holder, which could fit 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 were performed at a
temperature sweep from 5 to 360 K in a field of 100 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.

■ RESULTS AND DISCUSSION

The crystallinity and phase purity of the as-synthesized iron
selenide phases, including FeSe2, Fe3Se4, Fe7Se8, and β-FeSe,
were investigated by powder X-ray diffraction (XRD). All the
diffraction patterns are in good agreement with the respective
standard JCPDS cardsJCPDS#74-0247 for FeSe2,
JCPDS#73-2021 for Fe3Se4, JCPDS#71-0586 for Fe7Se8, and
JCPDS#85-0735 for β-FeSe, as shown in Figure S1. The sharp
diffraction peaks in all samples indicate that all the as-
synthesized phases are highly pure without the presence of any

secondary phase under the limit of laboratory XRD, as
discussed in our previous work14 also.
The morphology of all the phases was characterized by

transmission electron microscopy (TEM). As shown in Figure
S2, all the as-synthesized NPs of the Fe−Se system show a
quasi-spherical shape with rod-like features growing on the
surface, resembling a cactus plant. Figure S2a′−d′ represents
the zoomed in-view of nanocacti, which clearly reveals the rod
shape of the Fe−Se system (agglomerated rods). Thus,
nanorods are the building blocks in each phase of the Fe−Se
system in the presence of oleylamine or oleylamine + 1-
octadecene as an organic solvent.
The thermal stability study of the as-synthesized NPs was

also carried out using thermogravimetric analysis (TGA) under
a flowing nitrogen atmosphere to determine the decomposition
behavior by heating the samples from 25 to 1000 °C at a rate
of 10 °C/min.14 As shown in Figure S3, the first-order
differentiation of weight loss with respect to the temperature
displays the decomposition behavior of the Fe−Se system. The
plots clearly show that all the samples exhibited different
weight-loss behaviorsFeSe2 underwent a four-step weight
loss and the other three phases only went through a two-step
weight loss. The first step (<460 °C) is quite similar in each
samplerelated to the loss of organic fragments. Among all
phases, FeSe2 is the least thermally stable as it starts the
decomposition at nearly 500 °C (from FeSe2 to Fe1−xSe),
followed by decomposition at ∼750 °C (from Fe1−xSe to
FeSe) and finally at ∼875 −1000 °C (FeSe). However, β-FeSe
is highly stable; the decomposition starts after 875 °C and
gradually decreases up to 1000 °C. The other two NiAs-type
compounds (Fe3Se4 ∼ 725 °C and Fe7Se8 ∼ 770 °C) start
decomposing between these two phases (FeSe2 and β-FeSe).
Please refer to Ghalawat and Poddar14 for further details on
the TGA of the Fe−Se system.
The oxidation state in all the phases of the Fe−Se system is

determined by a highly surface-sensitive techniqueX-ray
photoelectron spectroscopy (XPS). The surface composition
of the Fe and Se spectrum was investigated by carrying out the
multipeak fitting analysis, as discussed in our previous work14

also. In the Fe spectrum (Figure S4a−d), the peaks ∼707 and
720 eV imply the existence of the Fe2+ state in all Fe−Se
compounds. The other two peaks ∼711 and 725 eV
correspond to the presence of a higher oxidation state (Fe3+)
of iron species in all the phases. It is well known that both
Fe3Se4 and Fe7Se8 compounds have two oxidation statesFe2+

and Fe3+ for electron neutrality. However, the detection of a
higher oxidation state (Fe3+) in the FeSe2 and FeSe Fe-
spectrum clearly shows that the surface of these compounds
became oxidized during the preparation and characterization.
The presence of Se−O peaks (59 eV) in the Se spectra (Figure
S4a′−d′) of each compound again clearly indicates the surface
oxidation. Additionally, the XPS spectrum of O 1s (Figure
S4a″−d″) shows three types of oxygenOI, OII, and OIII

correspond to hydroxylate, the surface oxidation of the Se
species, and physi-/chemisorbed water on the surfaces due to
the exposure of air, respectively. Thus, it has been clearly
viewed that all the materials easily undergo surface oxidation as
soon as they are exposed to air (well supported by the Fe, Se,
and O spectrum, as shown in Figure S4). Please refer to
Ghalawat and Poddar14 for further XPS details. In this work,
the magnetic properties of these samples were studied in detail.
Scheme S1 presents a schematic illustration of an electronic

configuration of iron. The most likely oxidation states of iron
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are 2+ and 3+. The outermost shell electronic configurations of
Fe2+ and Fe3+ are shown in Scheme S1. There are four
unpaired electrons in Fe2+ and five in Fe3+. The combination of
these two ionic states with Se anions leads to four stable
structures. The interaction between the atoms is different in all
these structures, leading to distinct individual properties.
Magnetic Properties of the FeSe2 NPs. As mentioned

above, the magnetic properties of FeSe2 are not clearly
discussed. There are reports for bulk49 and on the nano-
scale,52,53,55−57 stating that in bulk, there is no magnetic
ordering; however, all the reported synthetic FeSe2 show
magnetic ordering due to the several defects. In this
compound, each cation is octahedrally coordinated with six
anions (FeSe6 octahedra), and each anion is tetrahedrally
coordinated with three cations and one anion forming the
dimer pair (Se2Fe3 tetrahedra).60 A Mossbauer study of
marcasite61 in an external magnetic field confirmed the absence
of a magnetic moment at the iron atom, suggesting that the
Fe2+ in FeSe2 marcasite also has a low spin configurationthe
completely filled t2g and the completely empty eg. Scheme S2
shows the crystal field splitting of the d-orbitals of Fe2+ at the
octahedral site into threefold t2g and twofold eg states having
the electronic configurations of t2g

6 and eg
0 states of 3d Fe2+.

Thus, iron atoms have no unpaired electron, which results in
no magnetic moment in FeSe2. In conclusion, the pure FeSe2 is
diamagnetic in nature. However, there are so many literature
reports that indicate magnetization.52,53,55−57 The reported
synthetic FeSe2 shows magnetic ordering due to the existence
of either ferrimagnetic impurities or surface oxidation, spin
canting, and so forth.
Figure 1 shows the schematic of the unit cell of FeSe2 and its

magnetic properties. Iron diselenide (Fe2+Se2
2−) has an

orthorhombic marcasite structure with the unit cell lattice
parameters a = 3.575 Å, b = 4.791 Å, and c = 5.715 Å having
the Pmnn space group (Figure 1a).14,60 The temperature
dependence magnetization (M−T) curves in zero-field-cooled

(ZFC) and field-cooled (FC) modes have been observed from
7 to 360 K at a 100 Oe applied magnetic field. Figure 1b shows
the M−T curves under the ZFC and FC conditions. The ZFC
curve developed to well-defined steplike transition at 45 K; the
magnetization first increased up to 45 K and then decreased
with decreasing temperature, indicating that the magnetic
moment configuration in the sample changes with the drop in
temperature; this may be due to the spin rotation with
decreasing temperature. The ZFC curve identifies an average
blocking temperature of ∼45 K. The magnetization of the ZFC
and FC process shows the bifurcation below 100 K (inset,
Figure 1b).
To acquire further insights into the magnetic properties of

the FeSe2 NPs, Figure 1c,d presents the magnetic field-
dependent magnetization (M−H) curves for the FeSe2
nanorods measured at 300 K (red curve) and 10 K (blue
curve) in an applied magnetic field up to ±60 kOe. At 300 K,
the M−H loop indicates a two-step behavior. At a lower
applied magnetic field, it reveals a nonlinear behavior. In
contrast, it follows a linear M−H behavior (i.e., paramagnetic)
at higher field values. However, at 10 K, it reveals a nonlinear
M−H curve until the highest applied magnetic field. The
observed prominent nonlinear hysteresis characteristics in-
dicate the presence of magnetic ordering at both temperatures.
Figure S5a,a′ shows a zoomed-in view of the hysteresis curves
at 300 and 10 K, clearly depicting the coercivity and remanent
field of FeSe2. By virtue of reduced thermal fluctuation of
magnetic dipoles, the observed coercivity (HC) and remanence
(MR) are 8 Oe and 2.0 × 10−4 emu/g at 300 K that increased
to 200 Oe and 0.4 emu/g at 10 K, respectively, although the
pure FeSe2 exhibits diamagnetic properties, as discussed above.
However, due to defects, FeSe2 generates magnetic ordering in
this report.
The existence of an induced surface layer of oxides in

transition-metal chalcogenides (TMCs) has been identified in
many materials.62−65 The TMCs are very sensitive toward
oxidation. The exposure to air quickly starts the formation of
an oxidation layer. As discussed above in XPS analysis
(supported by the Fe, Se, and O spectra), the surface oxidized
as soon as the iron selenide particles came into contact with
air.14 It was speculated that the surface oxidation of FeSe2 NPs
generates the magnetic ordering on the surface. Thus, the
surface-oxidized FeSe2 NPs are magnetically active in contrast
to their fundamental magnetic behavior. It is appropriate to
conclude that the as-synthesized FeSe2 NPs using organo-
metallic chemistry are easily oxidized as soon as they come in
contact with air and form a magnetic coating on the surface.

Magnetic Properties of the Fe3Se4 and Fe7Se8 NPs. In
the NiAs-type crystal structures of Fe3Se4 and Fe7Se8, the
cations are octahedrally coordinated by six anions (FeSe6
octahedra), and the coordination polyhedron of anions is a
trigonal prism created by six cations (SeFe6 prisms).19 In the
Fe1−xSe compounds, there are two types of Fe ionic states Fe2+

and Fe3+ along with ordered Fe vacancies.66,67 These
arrangements give rise to the magnetic behavior of the
compounds. Each layer is of the ferromagnetic order in the
opposite direction from the adjacent layer, resulting in the
overall ferrimagnetic nature of the compound. Scheme S3a,b
shows the Fe1−xSe system crystal field splitting of the d-orbitals
at the octahedral site into threefold t2g and twofold eg states
having the electronic configurations of t2g

4/t2g
3 and eg

2 states of
3d Fe cations (Fe2+/Fe3+). The Fe2+ and Fe3+ ions are
octahedrally coordinated with four and five unpaired

Figure 1. (a) Schematic of the unit cell of FeSe2; solid red circle
represents the Fe cations, and the solid gray circle represents the Se
anions. (b) M−T curves for FeSe2 (black curve) measured with an
applied field of 100 Oe in the FC and ZFC modes (the inset shows
the zoomed-in view of the curve). Hysteresis loops of FeSe2 measured
using the VSM within a field of ±60 kOe at (c) 300 K (red curves)
and (d) 10 K (blue curves).
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electrons.66 Scheme S3c shows the crystal field splitting of the
d-orbitals at the tetrahedral site into twofold e and threefold t2
states having the electronic configurations of e2 and t2

3 states of
3d Fe3+. Coupling is observed between the Fe ions. These
compounds exhibit exchange interactions, and the overlap of
the localized electronic orbital on Fe ion sites is mediated
through their common Se ion. For visualization, the exchange
interactions in the Fe1−xSe system are shown in Scheme S3d
with the superexchange interaction in Fe3+ octahedron−octa-
hedron example. The exchange interaction between Fe-Fe and
other Fe-Se-Fe is also present in these compounds. In bulk66,67

and at nanodimensions,68 both the compounds show
ferrimagnetic behavior due to the presence of ordered iron
vacancies in alternate layers (Figure 2a and 3a). This
ferrimagnetic ordering is attributed to the ferromagnetically
aligned spins within each plane toward the c-axis and
antiferromagnetically aligned in an adjacent plane.66,67

Fe3Se4 (Fe
2+Fe2

3+Se4
2−) has a monoclinic NiAs-type crystal

structure with the unit cell lattice parameters a = 6.167 Å, b =
3.537 Å, and c = 11.17 Å having the I2/m space group (Figure
2a).12,66 In Figure 2b,c, the magnetization ZFC and FC of
Fe3Se4 show bifurcation below 330 K and the Curie transition
temperature is nearly 322 K, below which it goes into a
ferrimagnetic phase. These results are also consistent with the
earlier reports of TC ∼ 320 K for Fe3Se4.

11,25,34 Figure S6
shows the zoomed-in view of the M−T curves in the ZFC
mode, illustrating an average blocking temperature of ∼313 K
with a peak in the ZFC curve. Consequently, ferrimagnetism
exists in the Fe3Se4 nanorods with a transition temperature of
322 K. Furthermore, this material reveals semihard magnetic
properties at the nanoscale.11,25,34 In earlier reports, for the
Fe3Se4 nanoplatelets, the observed coercivity was ∼4 kOe at
300 K, which increases to ∼40 kOe at 10 K for 90 kOe of the
maximum external field.25 The coercivity values for the Fe3Se4
nanorods at 300 K were reported as ∼3.4 kOe25 and 2.74
kOe.34 It was also reported that at 10 K temperature, the
coercivity values increased almost 10-fold, that is, 36 kOe25

and 29.5 kOe34 with 90 kOe of the maximum external field.
The as-synthesized Fe3Se4 nanorods reported in this article
also exhibited semihard magnetic properties, and their

hysteresis loops recorded at 300 K (red curve) and 10 K
(blue curve) for a field sweep up to ±60 kOe are shown in
Figure 2d,e, respectively. These hysteresis loops showed the
nonlinear behavior typical of the ferrimagnetic nature of Fe3Se4
NPs, as reported in the literature.11,25,34 The HC and MR values
of Fe3Se4 were determined to be 1.6 kOe and 1.2 emu/g,
respectively, which are relatively low compared to the reported
data due to the reduced size of the NPs.11,25,34 All the phases
were synthesized at the minimal possible temperature with an
appropriate time. Thus, the pure Fe3Se4 phase reaction started
from this stage and growth was terminated by stopping the
reaction that resulted in small NPs. A decrease in the particle
size below its single domain size is known to decrease its
magnetization.11 Second, as the particle size decreased, the
surface-to-volume ratio increased, resulting in a more
significant number of surface spins per unit volume. The
surface spins were uncompensated and remained disordered or
canted, leading to the overall magnetization reduction with a
decreased particle size.11

At lower temperatures, a colossal increase in the coercivity
was observed, and the HC increased nearly 20-fold to about 33
kOe at 10 K, the and MR increased to 7.4 emu/g, which is in
excellent agreement with the earlier reports.11,25,34 At a lower
temperature, the coercivity may increase by various contribu-
tionsthe reduced thermal activation energy that makes more
and more spins available to orient in the field direction, the
increase in the overall effective magnetic anisotropy,
ferrimagnetism, and so forth.11 The Fe3Se4 NPs also induced
an oxidation layer; however, their effect on the overall
magnetism is negligible. This compound is highly magnetized,
and any small contribution will not affect the overall magnetic
behavior.
Fe7Se8 (Fe5

2+Fe2
3+Se8

2−) has a hexagonal NiAs-type crystal
structure.67,69 As shown in Figure 3a, the unit cell lattice
parameters a = 7.21 Å and c = 17.67 Å have the P3121 space
group.67,69 The divergence of magnetization ZFC and FC
curves of Fe7Se8 over the whole range of temperature up to
360 K, as shown in Figure 3b, signifies the formation of an
ordered magnetic state, which may be due to the high TC of
the sample (the Curie transition temperature lies above 360

Figure 2. (a) Schematic of the unit cell of Fe3Se4; solid red circle represents the Fe cations, open red circles represent the cation vacancies, and the
solid gray circle represents the Se anions. (b) M−T curves for Fe3Se4 (black curve) measured with an applied field of 100 Oe in the FC and ZFC
modes. (c) Zoomed-in view of the M−T curve. The VSM-measured hysteresis loops of Fe3Se4 with a field of ±60 kOe at (d) 300 K (red curves)
and (e) 10 K (blue curves).
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K).19 Thus, the Fe7Se8 NPs are strongly coupled due to the
magnetic interactions. The field-dependence magnetization
curve of the as-synthesized Fe7Se8 NPs exhibits a ferrimagnetic
nature at both the temperatures (300 and 10 K), as presented
in Figure 3c,d. It is observed that the Fe7Se8 NPs exhibit
hysteresis with a remanent magnetization (MR) of 2 emu/g at
300 K and 8.6 emu/g at 10 K. They also exhibit a coercivity
field (HC) ∼1.8 kOe at 300 K, which increases to ∼13.8 kOe at
10 K. At a lower temperature, the magnetic parameters may
increase by various contributions, as discussed above for
Fe3Se4. Here also, the oxidation layer is induced at the surface;
however, as in the case of Fe3Se4, the effect on overall
magnetism is negligible due to the high magnetization of the
fundamental compound.
However, both the compounds (Fe3Se4 and Fe7Se8) exhibit

a ferrimagnetic nature and their fundamental unit cell is also
the same (NiAs-type).66,67 However, the ratio of the Fe cations
and the arrangement of atoms, including cation vacancies, are
different in both the compounds, which results in a distinct
magnitude of ferrimagnetism. According to the spin-only
moment, the 5 μB value is for the Fe

3+ ions having 5d-electrons
and 4 μB is for the Fe2+ ions having 6d-electrons.66 However,
the electrons are lost due to the delocalization of d-electrons
and/or the covalency effect.66 The observed moment values in
Fe7Se8 are from covalency effects of about 25% for both kinds
of ions. The moment further reduces in Fe3Se4 that can be
ascribed to an increased covalency effect due to the lattice
contraction.66 Additionally, in Fe3Se4, the delocalization of
some of the d-electrons is brought about by the short metal-to-
metal distance along the c-axis. These 3-d electrons are
connected with the metal-to-metal distance along the c-axis,
and the distance reduces from 2.94 Å to 2.79 Å upon going
from Fe7Se8 to Fe3Se4.

66 Thus, the magnetic ordering is
different in both compounds because of the delocalization of
the 3-d electrons and covalency effect. Besides, Fe7Se8 requires
more thermal energy to reduce the magnetic ordering than
Fe3Se4. Thus, the magnetic transition temperature increases
gradually with the increase of selenium in NiAs-type
compounds.

Magnetic Property of the FeSe NPs. Scheme S4a shows
the β-FeSe system and crystal field splitting of the d-orbitals of
Fe2+ at the tetrahedral site into twofold e and threefold t2 states
having the electronic configurations of e3 and t2

3 states of 3d
Fe2+. Scheme S4b shows a schematic illustration of exchange
interactions in the β-FeSe. This compound exhibits super-
exchange interactions.70−72 β-FeSe (Fe2+Se2‑) has a tetragonal
PbO-type crystal structure with the unit cell lattice parameters
a = 3.765 Å and c = 5.518 Å having the P4/nmm space group,
as shown in Figure 4a.27 In this compound, each cation is

tetrahedrally coordinated with four anions (FeSe4 tetrahedra),
and each anion is tetrahedrally coordinated with four cations
(SeFe4 tetrahedra).

14,27

Figure 4b shows the ZFC and FC curve of β-FeSe. A
magnetic anomaly has developed around 80−100 K, more
prominent in the FC curve. It is known that the tetragonal
phase undergoes structural transitions upon cooling. These
magnetic deviations are nearly at the same temperature, as
observed in the resistive measurements by Hsu et al.27 They
reported that the β-FeSe having a tetragonal structure with
space group P4/nmm transforms into the triclinic structure
with the space group P1̅ at ∼100 K by temperature-dependent
XRD.27 In another study, Margadonna et al.73 observed that
upon cooling, the β-FeSe phase (tetragonal P4/nmm) exhibits
a structural transition from the tetragonal to the lower-
symmetry orthorhombic Cmma phase at nearly 70 K. The
transition occurs within a broad temperature range (about 70−
100 K), depending on the stoichiometry of the samples,74 and
could be observed by temperature-dependent measurements. It
is appropriate to conclude that the observed magnetic anomaly
in the ZFC and FC curves is due to the phase transition of the
β-FeSe phase.
Furthermore, field dependence magnetization was examined

to gain more insight into the magnetic properties of β-FeSe at
the nanoscale. In Figure 4c,d, the hysteresis loops of β-FeSe are
nonlinear and reveal the magnetic nature of NPs having a HC

Figure 3. (a) Schematic of the unit cell of Fe7Se8; solid red circle
represents the Fe cations, open red circles represent the cation
vacancies, and the solid gray circle represents the Se anions. (b) M−T
curves for Fe7Se8 (black curve) measured with an applied field of 100
Oe in the FC and ZFC modes. Hysteresis loops of Fe7Se8 were
measured using the VSM with a field of ±60 kOe at (c) 300 K (red
curves) and (d) 10 K (blue curves).

Figure 4. (a) Schematic of the unit cell of β-FeSe; solid red circle
represents the Fe cations, and the solid gray circle represents the Se
anions. (b) MT curves for β-FeSe (black curve) measured with an
applied field of 100 Oe in the FC and ZFC modes. Hysteresis loops of
β-FeSe were measured using the VSM with a field of ±60 kOe at (c)
300 K (red curves) and (d) 10 K (blue curves).
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and a MR of 84 Oe and 1.8 × 10−2 emu/g at 300 K,
respectively, which increased to about 761 Oe and 0.1 emu/g
at 10 K (blue curve in Figure 4d). As in the case of FeSe2, the
β-FeSe NPs also induced the oxidation layer, which affects the
overall magnetic behavior. Therefore, the observed properties
are of surfaced-oxidized β-FeSe NPs. The nonuniform curve at
10 K may be attributed to fundamental β-FeSe and the surface-
oxidized layer.
Moreover, here it is essential to discuss the super-

conductivity of the synthesized β-FeSe. It is known that β-
FeSe shows a superconducting transition at ∼8 K.27 Greenfield
et al.29 reported that exposure to oxygen will result in non-
superconducting samples of β-FeSe. The samples exposed to
air, oxygen, or ambient conditions will lose their super-
conductivity even in a short period of time. They proved it by
preparing three types of samplessample I (exposed to air),
sample II (free from air; prepared and handled in an inert
atmosphere), and sample III (free from air/H2O; prepared and
handled in an inert atmosphere; vacuum-degassed at 100 °C
and the residual water removed).29 It was observed that sample
I exhibited antiferromagnetic ordering, while sample III did not
show any antiferromagnetic ordering; instead, it revealed the
characteristic superconducting transition at 8 K. Sample II
exhibited intermediate magnetic properties. Thus, the
magnetic ordering and superconductivity are competitive in
β-FeSe. The exposure of air or water appeared to completely
suppress the superconductivity and allow the magnetic
ordering to persist.29 In this work, the as-synthesized β-FeSe
exhibits magnetic ordering due to surface oxidation of NPs,
while the superconductivity is completely suppressed.
Magnetic Properties of the Fe−Se System. A simple

one-pot thermal decomposition route has been used to prepare
the Fe−Se system with various phases, such as FeSe2 (O),
Fe3Se4 (M), Fe7Se8 (H), and β-FeSe (T). In contrast with
bulk, FeSe2 shows magnetic ordering at the nanoscale due to
the presence of the oxide surface in NPs. The results of
magnetization measurements as a function of temperature and
the applied field clearly reveal the existence of magnetic
ordering at the nanoscale in surface-oxidized FeSe2 NPs. As
discussed in the above section (also explained in our previous
study14), XPS analysis confirms that the materials readily
undergo surface oxidation when exposed to air. Exposure to
the atmosphere induces the magnetic behavior in the FeSe2
compound. It is most likely that the atmospheric oxygen atoms
induce a vital localized magnetic moment on the neighboring
Fe atoms, leading to magnetic ordering at the nanoscale.
Superparamagnetism transition known as the blocking temper-
ature occurs in the FeSe2 and Fe3Se4 NPs at around 45 and
313 K, respectively. The ferrimagnetic nature is present in the
two Fe1−xSe compounds due to the number of vacancies and
their ordering on every second metal layer. The shift from
stoichiometry results in the formation of Fe vacancies on every
second metal layer that are distributed as far apart as possible.
Besides, Fe3Se4 NPs show ferrimagnetic behavior with large
magnetic coercivity at 300 K, which increases about 20 times at
10 K with a Curie transition temperature of TC ∼322 K. The
other NiAs-based structure (Fe7Se8) also shows ferrimagnetic
properties at both 10 and 300 K with a transition temperature
higher than the measured temperature (360 K). The β-FeSe
NPs reveal a deviation around 80−100 K due to phase
transition. These NPs also show a magnetic ordering at 10 and
300 K with higher magnetization and coercivity values at 10 K.
β-FeSe also exhibits magnetic ordering due to surface oxidation

and completely suppresses the superconductivity nature. The
surface oxidation occurs in all phases of the Fe−Se system.
However, in the case of Fe3Se4 and Fe7Se8, the effect on
magnetism is negligible due to the high magnetic nature of
these compounds. While in FeSe2 and β-FeSe, the surface
oxidation affects the magnetic behavior of the fundamental
compounds.
These results confirm that the simple one-pot thermal

decomposition approach can produce iron selenide NPs with
any of the four different phases and substantially different
physical properties, moreover vastly different magnetic proper-
ties. The magnetic parameters of the Fe−Se system at both
temperatures are tabulated in Table 1. The coercivity and

saturation magnetization values (M60 kOe) for all the above
phases of iron selenide NPs at 300 and 10 K are compared in
Figure 5. Remarkably higher magnetization and coercivity
(Figure 5) are observed in both the NiAs-based compounds
(Fe3Se4 and Fe7Se8 NPs), as compared with the other two
compounds (FeSe2 and β-FeSe NPs) because of the presence
of Fe vacancies, crystal field environment around Fe-ions, two
types of Fe cations, magnetic anisotropy, and so forth. These
values increase hugely at 10 K for the Fe1−xSe compounds
(Figure 5b). Thus, it is possible to customize the magnetic
properties of iron selenides by controlling their phase
structure. The well-regulated magnetism may lead to broad
applications of magnetic carriers in storage devices, bio-
medicine, and catalysts.

■ CONCLUSIONS
A simple one-pot thermal decomposition approach has been
used to fabricate various phases of iron selenide NPs. The
distinct arrangement of Fe and Se atoms results in drastically
varying magnetic properties due to the change in the Fe2+/Fe3+

ratio, crystal field environment around the Fe-ions, magneto-
crystalline anisotropy, Fe vacancies, and so forth. The findings
reported in this study explain the excellent tunability of
magnetism in the Fe−Se system at the nanoscale. The two
NiAs-based phases, Fe3Se4 and Fe7Se8, are ferrimagnetic below
∼300 K and show semihard magnetic properties. The other
two phases, FeSe2 and β-FeSe, exhibit weaker magnetism and
are less recognized for their magnetic properties. The surface
oxidation remarkably affects the magnetic properties, especially
on the phases with weak magnetization, such as FeSe2 and β-
FeSe. The surface-oxidized FeSe2 and β-FeSe show magnetic
ordering at the nanoscale. FeSe2 and Fe3Se4 NPs exhibit
superparamagnetic transition at the blocking temperatures of
∼45 and 313 K, respectively. Also, the Fe3Se4 NPs show
ferrimagnetism at 300 K with a large magnetic coercivity,
which multiplies at low temperatures. The Fe7Se8 NPs show
ferrimagnetism at all temperatures with a transition temper-

Table 1. Magnetic ParametersCoercivity (HC),
Remanence (MR), and Magnetization at 60 kOe (M60 kOe)
for Various Phases of the Fe−Se System Are Compared at
300 and 10 K

parameters HC (Oe) MR (emu/g) M60 kOe (emu/g)

phase 300 K 10 K 300 K 10 K 300 K 10 K

FeSe2 8 200 2.0 × 10−4 0.4 0.09 2.30
Fe3Se4 1615 33 360 1.2 7.4 3.88 13.17
Fe7Se8 1800 13 800 2 8.6 5.70 14.01
β-FeSe 84 761 1.8 × 10−2 0.1 0.43 0.28
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ature higher than 360 K. The β-FeSe NPs indicate magnetic
ordering at both the temperatures with a magnetic anomaly at
around 80−100 K due to phase transition. The simple thermal
decomposition route has been proven to be a brilliant method
to synthesize any four phases in the Fe−Se system at the
nanoscale with unique magnetic properties in each phase. This
is an excellent approach to meet the specific needs of storage
devices, biomedicine, and catalyst applications.
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