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PREFACE 

 

The monoclinic phase of iron selenide (Fe3Se4) has been studied for last seven decades now; 

still, this material is full of surprises. Although the oxygen counterpart of the material, 

magnetite (Fe3O4), has always been in the limelight among the researchers for its widespread 

applications, Fe3Se4 is relatively very less explored and understood. In this thesis, efforts are 

dedicated to understand the physical properties and explore new properties which were not 

studied before in monoclinic iron selenide. It will be evident from the results discussed in the 

coming chapters;Fe3Se4 holds tremendous potential for both fundamental studies and 

technical applications. 

 

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

in various fields are discussed. It is highlighted in the chapter as why Fe3Se4 is fundamentally 

and technologically an important compound to study. Brief literature review of Fe3Se4 is 

given and scope of the thesis is discussed.  

 

The second chapter consists of two main sections with the objective of improving the energy 

product by modification of Fe3Se4. In the first section, the effect of manganese ion doping on 

the magnetic properties are studied in detail. Various samples with different manganese 

concentration were prepared and the optimum doping concentration was found for which the 

energy product was maximum without changing the Curie temperature. In the second section, 

a nanocomposite was made from Fe3Se4 and Fe3O4 nanoparticles forming a hard: soft 

exchange spring magnet. A single-phase behavior is obtained in magnetism although two 

crystallographically different phases were present in the composite.  

 

The third chapter deals with the change in magnetic entropy and specific heat capacity in 

Fe3Se4 nanoparticles were studied in a broad temperature (215-340 K) and magnetic field 

range (0-60 kOe). The isothermal magnetic entropy change (ΔSM) is estimated by an indirect 

method from the isothermal magnetization curves measured in this temperature range. The 

ΔSM  was obtained   - 46 × 10
-2

 J/kg.K at ~317 K when the field was changed from 0 to 60 

kOe. The nature of this transition was analyzed by universal curve behavior. The temperature 

and magnetic field dependence of specific heat capacity was studied and analyzed to estimate 

the adiabatic temperature change (ΔTad).  
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In the fourth chapter, a very important discovery is discussed. For the first time, 

spontaneous and reversible polarization in Fe3Se4 is observed. Experimental evidences of the 

coexistence of magnetic and ferroelectric ordering and magneto-electric coupling at room 

temperature in Fe3Se4 nanorods are discussed. We observed that the ferroelectric and 

magnetic Curie temperature coincide and shows a coupling manifested by an anomaly in the 

dielectric constant and Raman shift at TC. We do not completely understand the origin of the 

ferroelectric ordering at this point however the simultaneous presence of magnetic and 

ferroelectric ordering at room temperature in Fe3Se4 along with hard magnetic properties will 

open new research areas for devices.  

 

Chapter 6 will describe the conclusion of the overall work presented in this thesis. The future 

direction of this thesis also presented in this chapter. 

 



III 
 

LIST OF ABRREVIATIONS 

1. Ferroelectricity                                                                      FE 

2. Ferromagnetism                                                                    FM 

3. Antiferromagnetic       AFM 

4. Magneto-electric        ME 

5. X-ray diffraction       XRD 

6. Transmission electron microscope     TEM 

7. Selected area electron diffraction     SAED 

8. Physical Property Measurement System    PPMS 

9. Vibrating sample magnetometer     VSM 

10. Zero field-cooled and  Field-cooled     ZFC-FC 

11. AC measurement system      ACMS 

12. Magnetization vs. field      M-H 

13. Full-width half maximum      FWHM 

14. Magnetization vs. temperature     M-T 

15. Room temperature       RT 

16. Coercivity        HC 

17. Energy product       BHMAX 

18. Magnetocaloric effect       MCE 

19. Inverse magnetocaloric effect      IMCE 

20. Entropy change        ∆SM 

21. Adiabatic temperature change     ∆Tad 

22. Relative cooling power       RCP 

23. Specific heat         CP 

24. Differential scanning calorimeter     DSC 



IV 
 

25. Refrigeration capacity       RC 

26. Second order phase transition      SOPT 

27. Nanorods        NR 

28. Metal Chalcogenides       MC 

   



 

     Table of contents 

 

Chapter 1: Introduction         1 

 1.1. Transition metal Chalcogenides       2 

 1.2. Why are chalcogenides so different from oxides?    6 

 1.3. The binary Fe-Se system        7 

 1.4. Why is Fe3Se4 unique?        11 

 1.5. Structure of Fe3Se4        12 

1.5.1. Crystal structure of Fe3Se4      12 

1.5.2. Magnetic structure of Fe3Se4 by neutron diffraction   14 

1.6. Synthesis processes of Fe3Se4       17 

1.6.1. Synthesis of single crystal of Fe3Se4     17 

1.6.2. Synthesis of bulk polycrystalline Fe3Se4    18 

1.6.3. Synthesis of nanoparticles of Fe3Se4     18 

 1.7. Magnetism in Fe3Se4        21 

1.7.1. Ferrimagnetism        22 

1.7.2. Magnetocrystalline anisotropy      23 

1.7.3. Stoner-Wohlfarth model       26 

1.7.4. Maximum energy product      26 

1.7.5. Magnetic properties of Fe3Se4 nanoparticles    27 

1.7.6. Magnetoresistance in Fe3Se4      30 

1.7.7. Effect of doping metal site on magnetic properties of Fe3Se4  31 

 1.8. Study of electric properties in iron selenide     32 



 

 1.9. Study of thermal properties in iron selenide     33 

 1.10. Scope of present investigation       35 

 1.11. Thesis Outline         36 

References          38 

 

Chapter 2: Synthesis and magnetic properties of pure and modified Fe3Se4 

nanoparticles           45 

 Section 2.1. Introduction        47 

 Section 2.2. Increasing the energy product of Fe3Se4 by Fe-site doping  52 

 2.2.1. Experimental section       52 

  2.2.2 Characterization methods      53 

  2.2.3. Results and discussion       55 

   2.2.3.1. X ray diffraction      55 

   2.2.3.2. Electron microscopy- imaging and diffraction study  57 

   2.2.3.3 Raman study        61 

   2.2.3.4. Magnetic studies      63 

Section 2.3: Increasing the energy product of Fe3Se4 nanoparticles by forming  71 

          hybrid with soft magnet       

   

2.3.1. Experimental section       71 

2.3.2. Results and discussion       74 

2.3.2.1. Structural characterization by powder X-ray diffraction 74 

2.3.2.2. Electron microscopy study     75 

2.3.2.3: Magnetic characterization     81 



 

 Section 2.4.Conclusion        91 

   References         92 

    

 

Chapter 3:  Study of thermal properties and magnetic entropy of    96 

  Fe3Se4 nanoparticles  

 3.1. Introduction         98 

3.1.1. Magnetocaloric effect       98 

3.1.2. Normal and inverse MCE      99 

3.1.3. Challenges in developing magnetocaloric materials   100 

3.2. Experimental details        102 

 3.2.1. Measurement methods of magnetocaloric effect in    102 

  Fe3Se4 nanoparticles 

 3.2.2. Heat capacity measurements      103 

3.3. Results and discussions        104 

3.3.1. Magnetism study       104 

3.3.2. Heat capacity measurements      114 

3.4. Conclusion         120 

 References          121 

 

Chapter 4: Is Fe3Se4 is a room temperature multiferroic?    125 

4.1. Introduction         127 

4.1.1. Overview of multiferroics      127 



 

4.1.2. Proper and improper multiferroics     128 

4.1.3. Room temperature multiferroics     130 

4.1.4. Ferroelectric metals       132 

 4.2. Experimental details and techniques      133 

 4.3. Results and discussion        135 

4.3.1. Observation of electrical polarization in Fe3Se4 nanorods  135 

4.3.2. Impedance spectroscopy      137 

4.3.3. Raman spectroscopy       143 

4.3.4. Observation of spin-phonon-charge coupling    148 

 4.4. Conclusion         149 

 References           150 

 

Chapter 5: Conclusion and scope for future work       155 

Section 5.1.Conclusion        156 

Section 5.2.Scope of future work       158 

List of publications         160 

 



Chapter1: Introduction 

 
1 

Mousumi Sen 

  

  

Chapter1: Introduction 

 

In this chapter, brief introduction to the transition metal chalcogenides and their 

vast area of applications is given. The iron-selenium binary phases are discussed 

in details. The uniqueness of Fe3Se4 is highlighted and brief history of this 

material is presented. The crystal structure, magnetic structure, synthesis methods, 

and, magnetic properties of this sample is studied in details. The scope of this 

thesis is mentioned at the end of this chapter. 
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1.1. Transition metal chalcogenides 

 

The energy issue is the most important agenda in the current scenario and chief concern 

among the scientific community. There is a burning requirement for a cost-effective, 

efficient, environment-friendly energy conversion and storage devices that can power 

energy demanding areas. The performance of these devices depends hugely on the 

properties of the materials used. Among these materials, metal chalcogenides (MC), 

particularly the late transition metal chalcogenides consisting of metal atoms (Fe, Co and 

Ni) and chalcogen atoms (S, Se, Te) have renewed interest as very attractive candidates 

for applications in devices including fuel-cells, solar-cells, light-emitting-diodes, sensors, 

memory-devices, thermoelectric devices, supercapacitors, Li- ion batteries, magnetic 

materials etc.; and for these reasons these compounds are studied extensively in last few 

decades
1,2

. 

Some of the metal sulphides are active photovoltaic materials, and, are cheap and 

abundant as they are generally present as minerals in earth crust for example— chalcocite 

(Cu2S) and pyrite (FeS2)
3–5

. Pyrite (also known as fool’s gold) has a suitable band gap 

(0.95 eV), strong light absorption leading to display of high quantum efficiencies in 

devices ( 90%). The fabrication of this material is inexpensive and can be done on large 

surfaces by roll to roll deposition of nanoparticle ink or paint on flexible substrates
3
. 

Metal chalcogenide semiconductors, for examples CdS, CdSe, PbS, ZnS, are becoming 

increasingly popular as it is easy to convert them into quantum dots at ambient conditions 

for application in narrow wavelength (pure colour) LED’s for display
6–8

.  

Materials such as cobalt sulphide (Co9S8) and nickel sulphide (Ni3S2) have gained 

attention as cathode materials because of their metallic conductivity
9
. Cobalt selenides, 
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tellurides and their hybrids show impressive oxygen reduction reaction (ORR) activity 

and act as catalyst for fuel cells
10,11

.  

Ultrathin 2-dimensional layered transition metal dichalcogenides (TMD’s) are 

fundamentally and technologically fascinating
2,12–14

materials. TMD’s have two in-

equivalent valleys in the k-space with large separation between them leading to important 

applications in the field of valley-coupled spintronics applications
15–17

. The interlayer 

space in TMD’s helps in hosting varieties of guest species, thus making them good energy 

storage materials
12,18,19

to be used in Li-ion batteries, supercapacitors etc. 

Compounds belonging to the family M2X3 (where M = Bi, Pb, Sb and X = S, Se, Te)are 

potential low bandgap thermoelectric (TE )materials
20–22

. The criteria to be a good TE 

material are low electrical resistivity and high Seebeck coefficient. The telluride materials 

are considered as best thermoelectric materials and occupy the most of market shares. 

But, because of the shortage and toxicity of tellurium, alternate materials and developed 

and researched. Especially, the thermoelectric properties enhances when these materials 

are formed as oriented nanostructures
23–25

. Enhanced thermoelectric properties were 

observed for highly crystalline and oriented nanostructures of Bi2S3which is closely 

related to the structure of dense array of c-axis oriented nanorods
20

. The chemical bonds 

in Bi2S3 are highly anisotropic, the covalent bonds are directed across c-axis and along a 

and b-directions bonding are made of weak ionic and van-dar Waal’s forces. It has been 

proved that career mobility in c-axis direction is higher than a-axis because of effective-

mass anisotropy.  Thus, oriented nanostructures are preferable for enhancing the transport 

property and hence good TE properties.  Because of the simplicity and reliability of 

thermoelectric materials they are extensively used in the space power generation, cooling 
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applications, temperature control in LASER, modern cars and variety of other power 

generation applications.  

According to some recent studies, bismuth selenide (Bi2Se3) can serve as a parent matrix 

compound for topological devices, where the career transport will have a purely quantum 

topological origin
26–28

. These topological insulators are a new class of quantum matter 

where the surface states are robust and protected by time-reversal symmetry and possess 

immense potential in the field of dissipation-less electronics and spintronics.  

The discovery of high temperature superconductivity in -FeSe
29,30

 phase evoked a huge 

interest among the researchers about the iron-selenium phases. Iron-selenium systems 

present us the most unique diversity ranging from superconductor to semiconductor to 

metallic behavior and permanent magnet like characteristics
31–33

. Recently, large 

ferrielectric polarization was predicted in BaFe2Se3,which was surprising as till now this 

material was investigated as a member of the high-temperature iron-based superconductor 

family
34

.Few other members of iron-selenium family (such as CdCr2Se4)were also found 

to show some interesting multiferroic behaviors
35,36

 which we will discuss in detail in 

chapter 4.  

The MC’s has shown their potential in the field of biomedical applications too. 

Nanoparticles of bismuth selenide have been used for realizing both real-time monitoring 

of tumor and therapeutic functions
37

. The drug loaded on Bi2Se3 nanoparticles were 

capable of thermo-chemotherapy and real-time imaging simultaneously.  Iron sulphide 

and cobalt selenide nanoparticles have been used as theranostic platform to perform both 

imaging and photothermal therapy
38,39

. High near infra-red absorbance combined with 

super-paramagnetic nature of iron sulphide nanoparticles make it suitable for magnetic 

resonance imaging.  
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The vast areas of application in the field of transition metal chalcogenides is summarized 

in tabulated form in figure 1.1. 

 

 

 

Figure 1.1: Schematic to show the diversity in applications of transition metal 

chalcogenides. Some of the areas are indicated under each class where these materials are 

used. 
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1.2. Why are chalcogenides so different from oxides? 

By the term chalcogenides, we refer generally to the sulphides, selenides and tellurides of 

the material. The chalcogenides are distinctly different from their oxide counterparts.  The 

reasons behind the differences between chalcogenides and oxides can be understood by 

simple qualitative arguments given by Jellinek in his review article in 1988
31

. Mostly 

these differences occur because of the differences between oxygen atom and chalcogen 

atoms (S, Se, Te). The chalcogen atoms are larger and heavier than oxygen atom and also, 

they are less electronegative than oxygen. As a result, the metal-chalcogen bonds have 

more covalent character than metal –oxygen bonds. Usually in transition metal 

chalcogenides oxygen has the oxidation state of -2, but, due to its smaller size and 

electronegativity chalcogen atoms can have less negative oxidation states (for e.g. -1). 

Chalcogen atoms also possess accessible d orbitals in contrast to oxygen, which are often 

used to make metal-chalcogen bonds.  

The energy-gap between the top of the valence band and bottom of the conduction band is 

smaller in chalcogenides as compared to oxides. As oxygen is more electronegative than 

chalcogens, its valence band lies at lower energy than chalcogens whereas, the conduction 

bands remains mainly unchanged. This reduced bandgap in chalcogenides gives rise to 

many disparate optical and electrical properties in chalcogenides.  

To highlight the difference, a comparison between Fe3O4, Fe3S4 and Fe3Se4 magnetic 

properties are tabulated in table 1.1.  
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Compound Magnetic ordering 

temperature 

Saturation magnetization at 

room temperature 

Fe3O4(bulk) TC 858 K  90 emu/g
40

 

Fe3S4(bulk) TC 600 K 38 emu/g
41

 

Fe3Se4 (bulk) TC 330 K  7 emu/g 

   

 

Table 1.1: Comparison of magnetic properties of Fe3O4, Fe3S4 and Fe3Se4  

 

1.3. The binary Fe-Se system: 

The iron – selenium system was studied by thermo-analytical and X-ray diffraction 

methods. Combining all the measurement results, a phase diagram (temperature-

concentration) was constructed from 623-1323 K and 20-66 atomic % selenium in the 

decade of 1970
S31,42

. Three important phases in Fe-Se systems with different structures 

were identified. These three phases, their structures and stability ranges are discussed 

here. 

a) The tetragonal monoselenide: 

 This phase has 49.02 atomic % of selenium with PbO structure with approximate 

 composition Fe1.04Se. In this phase the surplus iron atoms are present in the interstitial 

 positions. This phase caught the worldwide attention of researchers after the discovery of 

 superconductivity in this phase with transition temperature 8 K
29

. The crystal structure of 

 -FeSe is composed of layers of edge sharing FeSe4-tetrahedra. This material has the 
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 simplest crystal structure among the iron based superconductors. With the application of 

 high pressure (1.48 GPa), the upper critical temperature of FeSe is raised to 27 K
30

.  

 b) Phases with NiAs-related structure: 

 These phases are described by the general formula Fe1-xSe with a wide range of 

 homogeneity between 51 to 59 atomic % of selenium. In the composition Fe7Se8 (53.3 %), 

 hexagonal NiAs structure is found and in Fe3Se4 a monoclinic deformation to the NiAs 

 structure is found. These phases are characterized by the presence of metal ion vacancies 

 in the structure. The ordering of iron vacancies leads to the ferrimagnetism in both 

 stoichiometric compound Fe3Se4 and Fe7Se8. There iron vacancies are confined to every 

 alternate layer of metal atom in monoclinic Fe3Se4 

c) Phases with orthorhombic marcasite structure: 

This phase is the richest in selenium content and has a very narrow homogeneity range 

(66.6 at% selenium).Iron diselenide (FeSe2) adopts marcasite structure at room 

temperature and shows semiconducting properties with bandgap 1 eV
32,43–45

. In the 

lattice, each iron atom is surrounded octahedrally by 6 Se atoms and each Se atom is 

attached tetrahedrally to 3 iron atoms and one Se atom. FeSe2 shows a broad absorption at 

1100 nm
46

. The optical properties make FeSe2suitable for solar energy applications.  

Figure 1.2 shows the iron-selenium phase diagram constructed by Wilfried et. 

al.
31

combining all the available data in literature. At very high temperatures, the only 

solid state that exists is the NiAs-type structure. The tetragonal phase undergoes a reaction 

forming NiAs-structure and iron at 458 C. Fe3Se4 goes through a -transition at 704 C 

into hexagonal structure. FeSe2 melts incongruently at 585 C and forms NiAs-structure 

and selenium rich liquid.  
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Figure 1.3 sums up the three important phases found in the binary Fe-Se system. 

 

Figure1.2: Iron--Selenium phase diagram
31

.  
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Figure1.3: Schematic shows three important phases from the binary Fe-Se phase diagram 

with different crystalline structure and physical properties. 
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1.4: Why is Fe3Se4 unique?  

 

Fe3Se4 is a historic material which has been studied for its magnetic properties since last 7 

decades
47

. Since the early 1950s, it was known that the -phase having NiAs-type 

structure shows ferrimagnetic properties
48

.The structural studies of these phases done by  

Okazaki and Hirakawa in 1956 stated that the ferrimagnetism in these compounds is the 

result of ordered iron vacancies in the structure
49

. The X-ray diffraction patterns from the 

single crystals of Fe3Se4 and Fe7Se8showed strong spots corresponding to the NiAs-type 

structure along with some very weak spots which were designated to the superstructures 

due to the presence of Fe-vacancies. The vacancies are dispersed as widely as possible. 

The lattice parameters of the superstructure are twice as large as that of the fundamental 

structure along a and b axis and three times along c-axis for Fe7Se8 and two times for 

Fe3Se4
49

. Subsequent neutron diffraction experiment on Fe3Se4 in the year 1968 probed 

the magnetic unit cell, which was found to be same as structural unit cell. Moments in the 

c-plane are collinear pointing along b-axis and ferromagnetically aligned whereas, 

moments in the neighboring planes are antiferromagnetically aligned
50,51

.  

After decades, iron selenide compounds started gaining attention after the discovery of 

superconductivity in tetragonal PbO-phase FeSe1-x
29,30

. Being non-toxic and having the 

simplest crystal structure among other Fe-based superconductors, iron chalcogenides 

gained popularity rapidly.  

Then, the monoclinic phase of iron selenide (Fe3Se4) showed some very promising new 

properties, when reduced to nano-dimension
33,52

.The reason Fe3Se4 is special is that it 

shows semi-hard magnetic properties at room temperature without the presence of rare-

earth atoms or noble metal atoms at nano-dimensions. These properties are explored in 

details in coming sections. 
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1.5. Structure of Fe3Se4 

 

1.5.1. Crystal structure of Fe3Se4 

The structures of metal chalcogenides can be broadly classified into two structural classes, 

nickel arsenide and cadmium iodide. These two structures are closely related and can be 

converted into one another. The arrangement of chalcogens are same in both the 

structures, but, one extra layer of metal atom inserted between the cadmium iodide layer 

structure will convert the structure to nickel arsenide. The filling of this van der Waals’ 

region by additional metal atoms destroys the layered structure of the compound
53

.  

 

 

 

 

 

 

Figure 1.4: Arrangement of atoms in cadmium iodide and nickel arsenide structure. 

If one fourth of metal atoms are removed from the closed pack structure of NiAs, the 

resulting structure is M3X4 type (M is metal ion and X is chalcogen) (figure 1.5). When 

the cations are removed from alternate metal layers in ordered manner, vacancies are 

confined to every second metal layer and are ordered, leading to monoclinic 

symmetry
54

(Cr3S4 type structure).  

CdI
2

 NiAs 
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Figure 1.5: Idealized representation of close packed NiAs and Cr3S4 structures
54

. 

 

X-ray diffraction analysis was studied by Okazaki and Hirakawa
49

on the single crystal 

specimens of iron selenides. X-ray data were collected by Laue oscillation methods using 

Co K-radiation.Fe3Se4 has a monoclinic structure with Laue symmetry C2h-2/m. The 

lattice parameters of the unit cell containing two chemical units, Fe3Se4, were found to be 

A= 6.17, B= 3.53, C= 2c= 11.1 Å and β= 92.0 

NiAs Cr3S4
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The rotation photographs around the c-axis showed the splitting of spots corresponding to 

the monoclinic deformation of the fundamental lattice. From the structure, Fe3Se4 is 

expected to cleave along ( ̅01) planes. The unit cell of Fe3Se4 is shown
33,49

 in figure 1.6. 

 

Figure 1.6: Schematic of the unit cell of Fe3Se4. Open and solid circles represent 

vacancies and Fe atoms. Se atoms are omitted for clarity. Ref 
33,49

 

Open and solid circles represent vacancies and Fe atoms. Se atoms are omitted for clarity. 

In a Fe3Se4 unit cell, the vacancies of Fe appear in every other Fe-layer, and the number 

of vacancies alternates between different layers. The lattice vacancies are aligned along 

the b-axis and adopt a body-centered structure in a unit cell. All these vacancies lie in the 

( ̅01) plane as shown in Figure 1.6. Due to the presence of vacancies, the surrounding 

environment of chalcogen atom (Se) becomes polar. To conserve the charge balance, the 

structure adopts a mixed oxidation state of the transition metal (Fe).  
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1.5.2. Magnetic structure of Fe3Se4 by neutron diffraction 

Neutron diffraction experiments
50

 on bulk polycrystalline samples revealed that the 

chemical unit cell is very similar to that of the Cr3X4 (X= S, Se and Te), but, in Fe3Se4, no 

enlargement of the unit cell due to magnetic ordering takes place as in case of 

Cr3X4compounds. Two diffraction patterns are recorded at 81 K and 371 K (below and 

above Curie temperature)(figure 1.7). The only observed extra peaks were due to λ/2 

peaks, so it was concluded that magnetic ordering does not result into enlargement of the 

unit cell. The magnetic moments are aligned ferromagnetically within each c-plane and 

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

place and probably along the face diagonal. Later investigations showed that the moments 

point along the b-axis
51

. Going from Fe7Se8 to Fe3Se4, the structural changes associated 

are very small which are pointed below. 

 Slight monoclinic deformation.  

 Number of vacancy and their distribution in the vacancy layers differ. 

 Contraction of lattice along the c-axis. Fe-Fe distance in this direction 

reduces from 2.94 to 2.79 Å. 

One formula unit of Fe3Se4 can be written as Fe
2+   

  L   
  , where L denotes a vacancy. 

Figure 1.8 shows the alignment of magnetic moments in a unit cell. 
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Figure 1.7: Neutron diffraction spectrum at temperatures81 K and 371K.
50

 

 

The moment values derived from the neutron diffraction measurement are close to 

observed value
55

 of 3.25   for Fe
2+

 and 1.94   for Fe
3+

.  
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Figure 1.8: Unit cell of Fe3Se4 showing the orientation of magnetic moments. 

 

1.6. Synthesis processes of Fe3Se4 

 

1.6.1. Synthesis of single crystal of Fe3Se4 

Single crystals of Fe3Se4were prepared by elemental synthesis at elevated temperatures in 

silica tubes
49,56

. The powdered mixture of electrolytic iron (reduced by hydrogen) and 

selenium (redistilled 99.997%) in proper proportion were sealed in an evacuated silica 

tube. The mixtures were heated to 1150C and temperature was maintained for 70 hours 

and then cooled down to room temperature very gradually taking 5 days. The single 

crystal of Fe3Se4 displays metallic lustre.  
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1.6.2. Synthesis of bulk polycrystalline Fe3Se4 

Powder samples of bulk polycrystalline Fe3Se4 are produced from hydrogen reduced iron 

fillings obtained from 99.999% pure iron rods and spectrographically standardized 

selenium
50

. Accurately weighed quantity of reactants are sealed in a double walled quartz 

tube and fired at 1050 C for 4 h and then kept at 800 C for 3 days. Then the sample is 

cooled to room temperature and sample is crushed and again filled into evacuated tube 

and homogenized at 350 C for a week.  

1.6.3. Synthesis of nanoparticles of Fe3Se4 

Synthesis by thermal-decomposition:  

In this method, hexagonal and monoclinic phases of iron selenide nanocrystals are 

synthesized via an injection method in a three-neck flask under argon atmosphere
52

. 

Firstly, Fe-oleylamine complex is prepared by dissolving iron precursor in oleylamine 

(OLA) at elevated temperatures (200 C) and then cooled down to room temperature. 

Similarly, Se-powder is also dissolved in OLA at 330 C under argon gas. Then, the Fe-

OLA complex is injected into Se-solution and the resulting mix is subjected to heating 

and aging. The hexagonal sheets of iron selenide nanoparticles can be seen in figure 1.9. 
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Figure 1.9: TEM image of Hexagonal-phase nanosheets of iron selenide prepared by 

thermal decomposition method. Inset: a single hexagonal nanosheet
52

. 

Synthesis by organic-solution-phase method 

In the year 2011, Zhang et al
33

synthesized nanostructures of Fe3Se4 by a one-pot high-

temperature organic-solution-phase method which became very popular for preparing 

Fe3Se4nanoparticles in later years. In this method, all the precursors are mixed in an 

organic solvent in a four neck flask, and the heated under nitrogen flow. 

As, Fe3Se4 is a naturally layered material having weak bonding in the plane ( ̅01), layered 

structures (nano-sheets or nano-platelet) tend to form in the initial stages of the reaction. 

By controlling the nucleation rate and different coordination ligands various different 

morphologies of Fe3Se4 nanostructures are obtained. Figure 1.10 displays different shapes 

of Fe3Se4 nanoparticles obtained by this method. 
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Figure1.10:Typical TEM images of (A) the as-synthesized Fe3Se4nanocacti with rod-like 

features growing on the surface, (B) several isolated Fe3Se4nanosheets, and (C) the as-

synthesized Fe3Se4nanoplatelets.HRTEM images of (D) the rod-like features growing on 

the surface of Fe3Se4nanocacti, (E) the edge of a rolled-up Fe3Se4nanosheet revealing its 

thickness; and (F) the as-synthesized Fe3Se4nanoplatelets
33

.  

Synthesis by anodic aluminium oxide (AAO) porous membrane  

Synthesis of one-dimensional nanowires of Fe3Se4 has been realized with the help of 

commercially available anodic aluminium oxide (AAO) templates.  In the first step Fe 

nanowires are deposited in the template and in the second step the nanowires are selenized 

in presence of pure Se-powder at high temperature in an evacuated silica tube. Figure 1.11 

shows the cross-sectional view of Fe3Se4 nanowires in the AAO template.  
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Figure 1.11: SEM image for the cross-sectional view of the Fe3Se4/AAO membranes. 

The inset exhibits a good filling of Fe3Se4 nanowires in the AAO membrane
57

. 

1.7. Magnetism in Fe3Se4 

Before discussing the magnetism in Fe3Se4, it is necessary to gain understanding of some 

basic terms and phenomenon in magnetism.  

1.7.1. Ferrimagnetism:  

Ferrimagnetic substances exhibit significant spontaneous magnetism just like 

ferromagnetism. In 1948, L. N ́el coined the term ferrimagnetism and gave theoretical 

understanding of ferrites (double oxides of iron and another metal), the most important 

ferrimagnetic materials
58

. In a ferrite crystal, the metal ions occupy two different 

crystallographic different positions (A-site and B-site). N ́el assumed that the exchange 

interaction between ions at A and B-site is negative. Thus, the two sublattices are 

spontaneously magnetized in opposite directions. In ferrimagnets, the magnitude of 
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magnetic moments in the two sub-lattices A and B are not equal. Therefore, the moments 

do not entirely cancel each other and a net spontaneous magnetization results (figure 

1.12). Ferrimagnetic materials consist of magnetic domains and exhibit all the hallmarks 

of ferrimagnets, like Curie temperature, hysteresis, remanence etc.  

However, the response of a ferrimagnet is quite different from a ferromagnet at a very 

high magnetic field
40

. Above a certain critical magnetic field, the spin orientation changes 

from antiparallel to a canted arrangement resulting in sudden increase in magnetization, 

known as spin flopping.  

 

Figure1.12: In ferrimagnets, the magnetic structure is composed of two magnetic 

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

here) of two sublattices are not equal and result in a net magnetic moment.  
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1.7.2. Magnetocrystalline anisotropy 

Magnetocrystalline anisotropy is an intrinsic property of the crystal. A material is said to 

possess magnetocrystalline anisotropy if it has taken more energy to magnetize along one 

direction than others. The time reversal symmetry requires that a state with a certain 

magnetization distribution M(r) should have the same energy as the state with reversed 

magnetization along the same axis, −M(r)
59

. This tendency gives rise to anisotropic 

energy which can be written as follows (for materials exhibiting uniaxial anisotropy 

neglecting the higher order terms). 

         
   

 

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

magnetization vector (figure 1.13).  

 

 

Figure 1.13: Directions of easy-axis, magnetization and external field in case of single 

domain particle with uniaxial anisotropy are shown for representative purpose. 

Easy axis
M

H

φ



Chapter1: Introduction 

 
24 

Mousumi Sen 

The strength of anisotropy in a material is determined by the magnitude of anisotropy 

constant. From the above expression it is clear that there are two local energy minima 

corresponding to θ= 0 and π, separated by an energy barrier EB
60

.  

 

Figure 1.14: Schematic picture of the free energy of a single-domain particle with 

uniaxial anisotropy as a function of magnetization direction. 

 

The physical origin of crystalline anisotropy lies in spin-orbit coupling
61

. The spin and the 

orbital motion of each electron are coupled. When an external field tries to reorient a spin 

the orbit of that electron also tries to orient, but, the orbit being strongly coupled to the 

lattice resists the orientation of spin. Anisotropy sets an upper limit on the coercivity of 

the materials as can be seen from the below expression. 

   
    

    
 

θ

E
B

0 π
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1.7.3. Stoner-Wohlfarth model (SW model) 

The Stoner–Wohlfarth model was developed by Edmund Clifton Stoner and Erich Peter 

Wohlfarth in 1948 for explaining the hysteresis in ferromagnets
62

. The particles were 

considered to be noninteracting single domain ellipsoidal particles with uniaxial 

anisotropy such that the magnetization (both magnitude and direction) doesn’t vary inside 

the particle. 

This model explains the coherent reversal of magnetization in single domain particles and 

the shape of the hysteresis loops were calculated for different angle between the easy-axis 

of the particle and applied magnetic field (φ in figure 1.13). When the external field is 

applied at an angle φ to the easy-axis, then the magnetization lies at an angle θ with the 

easy-axis. The free energy density of the system can be written as below
60

. 

                       

Solving this equation by energy minimization it was found that the hysteresis loop is 

rectangular with coercivity 2K/MS when the external field is either parallel (φ=0) or anti-

parallel (φ=180) to the easy-axis. When the field is perpendicular to the easy-axis, then no 

hysteresis is found in the SW model. 

 

1.7.4. Maximum energy product 

Maximum energy product is the figure of merit for expressing the quality of a permanent 

magnet. It is defined as the maximum area of the rectangle under the B-H curve in the 

second quadrant of the hysteresis loop (see figure 1.15).  It is a measure of the magnetic 

energy stored in the material. For the current permanent magnetic materials the energy 

product varies from few MGOe to up to 50 MGOe for rare earth based magnets
61

.  



Chapter1: Introduction 

 
26 

Mousumi Sen 

 

Figure 1.15: 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 single crystals of Fe3Se4 show that the easy-axis of magnetization in these samples is 

c-plane. The sample does not saturate even at 11000 Oe external magnetic field
56

.  Fe3Se4 

is a ferrimagnet similar to its sulphur counterpart Fe3S4
63

with Curie temperature  315 K. 

Fe3Se4 does not show rotation of its easy-axis with temperature unlike Fe7Se8. Although 

this compound is known to be ferrimagnetic for more than half a century, the recent thrust 

originated after discovery of semi-hard magnetic properties at room temperature in 

Fe3Se4.The most unique property of Fe3Se4 is the giant coercivity it displays (4 kOe at 

room temperature) upon reducing its size to nano-dimension
33

. It has a large uniaxial 

anisotropy constant  10
7
 erg/cm

3
. The most alluring behavior of this compound is the 

appearance of giant coercivity ( 40 KOe) at 10 K (figure 1.16). The coercivity increases 

almost 10 fold from its room temperature value and saturation magnetization also 

increases from ( 5 emu/g) to ( 15 emu/g). The hysteresis loop is almost squarish at low 

M-H curve

B-H curve

BHMAX
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temperature. It is very rare for compounds without any rare earth metal ions or noble 

metal ions to have such large values anisotropy constants.  

 

Figure 1.16: Hysteresis loops of (A) Fe3Se4nanocacti measured by the vibrating sample 

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

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

cooling.
33

 

1.7.5. Magnetic properties of Fe3Se4 nanoparticles 

Gen et al. studied the coercivity and anisotropy in Fe3Se4 nanostructures in year 2011
64

. 

The origin of this giant coercivity at low temperature is probed both by experiments and 

first principles calculations. The large value of anisotropy constant (1.1 × 10
7
 erg/cm

3
) at 

10 K arising from ordered cation vacancy is the reason for a large coercivity value. By 
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aligning the powder sample in an external magnetic field the anisotropy constant (Ku) can 

be determined by extrapolating the hysteresis loops in easy and hard directions.  

Anisotropy constant can also be estimated by law of approach to saturation from the 

hysteresis loop of the material by fitting the magnetization at high field values according 

to b equation given below
65

 

       (    
  

   
 

   

  
) 

where Ms is the saturation magnetization and M is the total magnetization of an ultrafine 

particle. Also, experimental magnetic hysteresis loop of Fe3Se4 nanoparticles obtained at 

10 K is in good agreement with the Stoner and Wohlfarth theoretical curve calculated for 

a noninteracting randomly oriented uniaxial single-domain particle system. In both the 

above mentioned work, it is found that anisotropy constant Ku is proportional to the cube 

of the saturation magnetization Ms, which indicates the presence of uniaxial 

magnetocrystalline anisotropy in this compound.  

The critical size for the single domain size of Fe3Se4 can be estimated by the below 

mentioned expression
58

 

    
     

 
 ⁄

   
  

where, A is the exchange stiffness constant. When calculated, the single domain size of 

Fe3Se4 comes to about 2000 nm
64

. Therefore, the nanoparticles discussed here in this 

thesis can be considered single domain particles. The mechanism of magnetization 

reversal is incoherent rotation of spins in this compound. 
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1.7.6. Magnetoresistance (MR) in Fe3Se4 

Magnetoresistance is a phenomenon where the electrical resistance of the material tends 

to change as a function of external applied magnetic field. The 1-dimentional nanowire 

arrays show positive magnetoresistance
57

. Below 100 K, the Fe3Se4 nanowires exhibit 

positive MR, which is highly field and temperature dependent. Above 100 K, MR 

becomes vanishingly small. The positive MR is found to be symmetric around the zero 

field (figure 1.17). The MR properties of the Fe3Se4 nanowire arrays are well explained by 

the effect of the magnetic field on the VRH (variable range hopping) conduction process 

in this work. 

 

Figure 1.17: Positive magnetoresistance of the Fe3Se4 nanowire arrays at different 

temperatures
57

.  
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1.7.7. Effect of doping metal site on magnetic properties of Fe3Se4  

According to the phase diagram
66

, the systems Fe3-xMxSe4 can form solid solutions with 

structure Cr3S4 over a whole composition. In fact, replacing some of the Fe-atoms are by 

other metal atoms cast huge differences to the properties of this material. The efforts are 

mostly dedicated in the direction of improving the magnetic property of the material.  

In single crystals, it was seen that substitution Ni and Co atoms in place of Fe, dilutes the 

ferrimagnetism of Fe3Se4 and the substituted atoms do not show localized moments
67,68

. 

Co-doped Fe3Se4 nanostructures CoxFe3-xSe4, (with x ranging from 0 to 1) showed that the 

doped structures are also monoclinic. The saturation magnetization, coercivity and Curie 

temperature decrease with increasing Co concentration. The coercivity of the 

nanoparticles at 10 K is reduced to 37 kOe for x = 0.2 and further decreases to 9 kOe for x 

= 1
33

. The Curie temperature is also reduced to less than 200 K for x = 1 so the samples 

behave paramagnetically at room temperature.  

However, when some Fe-atoms are replaced with Cr-atoms improvements over Curie 

temperature. For FeCr2Se4 samples the Curie temperature was reported 429 K. The Cr-

substitution reportedly enhances the anisotropy constant and coercivity
69

. However, with 

increasing Cr concentration the saturation magnetization decreases monotonically. This 

can be contributed to weaker localized magnetic moments of Cr cations than Fe cations.  

In the next chapter, two different approaches have been discussed for improving the 

magnetic properties of pure Fe3Se4.  
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1.8: Study of electric properties in iron selenide 

In the year 1973, the electric conductivity was studied in Fe7Se8, Fe3Se4 and NiFe2Se4 

single crystals, results of which are presented below (figure 1.18). In Fe3Se4, up-to 330 K 

(the ferrimagnetic to paramagnetic transition temperature, Tc) the interatomic spacing is 

such that the cation-cation overlap takes place leading to formation of bands resulting in 

metallic conduction
70

. The study on single crystals shows that Fe3Se4 and Fe7Se8 has 

negative temperature coefficient of electric conductivity up to temperature 330 K. Above 

this temperature there is an increase in electric conductivity with increase in temperature 

(semiconductor type behavior). Below 330 K, the Fe-Fe interatomic spacing are such that, 

the cation-cation overlapping takes place leading to formation of bands which brings out 

metallic nature of conductivity in Fe3Se4. 

 

Figure 1.18: Temperature dependence of electric conductivity for 1) Fe3Se4 and 2) Fe7Se8 

3) NiFe2Se4 ( ⃗   (ab)), 4) NiFe2Se4 ( ⃗   (ab)) 
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Fe3Se4 can therefore also be called as semi-metal similar to its sulphur counterpart 

Fe3S4
71

.A semi-metal is a material that has a very small overlap between bottom of the 

conduction band and top of the valence band at Fermi level   . Therefore, semi-metals do 

not have band gap and negligible density of states at the Fermi level. At Tc, at least one 

electron is transferred to the conduction band
72

. The overlapping of cations disappears 

partially or completely and material exhibits semiconducting nature of conductivity 

(electrical conductivity increases with temperature).This may be due to thermal expansion 

of the material or the magnetic transformation. The electric property of the material 

depends hugely on the microstructure. We will discuss more about these properties in 

chapter 4.  

 

Figure 1.19: Schematic of energy band diagram of semi-metal. 
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1.9: Study of thermal properties in iron selenide: 

Heat capacity values of iron selenide phases were measured from temperature 3K to 350 

K by Gronvold and Westrum in 1959 on polycrystalline powder samples prepared by 

elemental synthesis at elevated temperature
73

.  

Figure 1.20: Heat capacities of iron selenides on a gram formula weight basis. Ref [66] 

A -transition was observed around 307 K in the temperature dependent heat capacity 

measurement of Fe3Se4. The increase in entropy associated with this transition is about 2 

cal mol
-1

deg
-1

. The transition temperature coincides with the change from paramagnetic to 

ferrimagnetic state in Fe3Se4. However, there are no reports of heat capacity of Fe3Se4 in 

nano-dimensions. In chapter 3, the thermal properties of Fe3Se4 nanoparticles are 

discussed in details.  
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1.10: Scope of present investigation: 

In this section, an introduction to various aspects of research done on iron selenide in this 

thesis is presented.  

 

Figure 1.21: Scope of the present investigation, the magnetic, thermal, and electrical 

properties of Fe3Se4 and their interactions.  

Due to the ever increasing price of rare earth materials, health hazards and environmental 

damage, the world was looking towards rare-earth free alternatives for permanent magnets 

applications. After the discovery of giant coercivity in the monoclinic iron selenide 

phase
33

, Fe3Se4 nanoparticles caught the attention of researchers for its semi-hard 

magnetic properties. As discussed in the previous section, the research was focused 

primarily on improving the magnetic properties to achieve more permanent magnet like 

characteristics.   
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Fe3Se4 holds copious potential for many applications in energy conversion and storage 

including high density data storage and permanent magnets. Serious efforts are required in 

order to improve the material property and designing of the composite materials. In order 

to use this material in real life applications, it is very important to study the physical 

properties of this material, for e.g. thermal properties and electric properties.  These 

properties in Fe3Se4 are under-estimated and literature reports are rare. In this thesis, 

efforts are dedicated to understand the physical properties and their interplay in Fe3Se4, 

and how are they important for fundamental understanding and technical applications.  

Thesis Outline: 

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

applications in various fields are discussed. It is highlighted in the chapter as why Fe3Se4 

is fundamentally and technologically an important compound to study. Brief literature 

review of Fe3Se4is given and scope of the thesis is discussed.  

The second chapter consists of two main sections with the objective of improving the 

energy product by modification of Fe3Se4. In the first section, the effect of manganese ion 

doping on the magnetic properties are studied in detail. Various samples with different 

manganese concentration were prepared and the optimum doping concentration was found 

for which the energy product was maximum without changing the Curie temperature. In 

the second section, a nanocomposite was made from Fe3Se4 and Fe3O4 nanoparticles 

forming a hard: soft exchange spring magnet. A single-phase behavior is obtained in 

magnetism although two crystallographically different phases were present in the 

composite.  

The third chapter deals with the change in magnetic entropy and specific heat capacity in 

Fe3Se4 nanoparticles were studied in a broad temperature (215-340 K) and magnetic field 
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range (0-60 k Oe). The isothermal magnetic entropy change (ΔSM) is estimated by an 

indirect method from the isothermal magnetization curves measured in this temperature 

range. The ΔSM was obtained  - 46 × 10
-2

 J/kg.K at ~317 K when the field was changed 

from 0 to 60 kOe. The nature of this transition was analyzed by universal curve behavior. 

The temperature and magnetic field dependence of specific heat capacity was studied and 

analyzed to estimate the adiabatic temperature change (ΔTad).  

In the fourth chapter, a very important discovery is discussed. For the first time, 

spontaneous and reversible polarization in Fe3Se4 is observed. Experimental evidences of 

the coexistence of magnetic and ferroelectric ordering and magneto-electric coupling at 

room temperature in Fe3Se4nanorods are discussed. We observed that the ferroelectric and 

magnetic Curie temperature coincide and shows a coupling manifested by an anomaly in 

the dielectric constant and Raman shift at Tc. We do not completely understand the origin 

of the ferroelectric ordering at this point however the simultaneous presence of magnetic 

and ferroelectric ordering at room temperature in Fe3Se4 along with hard magnetic 

properties will open new research areas for devices.   

The conclusion of this thesis and scope of future works are discussed in fifth chapter.   
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The Fe3Se4 possesses a large coercivity at room temperature. At lower 

temperature, a coercivity value up to 40 kOe has been achieved. However, due to 

relatively lower saturation magnetization value, the energy-product of this 

material is not suitable for its use as rare-earth-free hard-magnetic material. For 

the manganese-doped iron-selenide nanostructures, the magnetization value 

increased from 4.84 to7.54 emu/g, without any change in the Curie temperature 

and crystalline structure; which is important for its hard magnetic applications. 

More than 130% increase in the energy-product value is obtained. We also 

synthesized the nanocomposite of hard/soft magnet—Fe3Se4/Fe3O4 (exchange 

spring-magnet) in an effort to increase the energy-product of Fe3Se4. With 

precise control over the interface and proper tuning of the size of hard and soft-

phases, clean single-phase behavior in the magnetization is obtained in spite of 

having two different crystallographic phases present in the sample. Bottom-up 

assemblage using pre-synthesized nanoparticles gives us precise control over the 

dimension of the hard and the soft-phase. The Fe3Se4:Fe3O4 nanocomposite 

behaves as exchange spring magnet and with inclusion of 10% soft-phase the 

energy-product increased by 115 %. 
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2.1: Introduction  

 Permanent magnets form the basis of enormous number of devices in the modern 

life. The large market of permanent magnet comprise of wind-turbines, loudspeakers, 

small rotors, positioning devices in computers, printers, televisions, telephones and some 

moving parts of automobiles like  starters, wipers, fan-motors, window-regulators 

etc.
1
With the recent thrust on green energy generation, the market demand for hard-

magnet is experiencing a many-fold increase. Till now, the conventional rare-earth (RE) 

hard-magnets have dominated the market and Fe-Nd-B is the most efficient class of 

permanent magnets known with an energy-product value varying from 20 MGOe to more 

than 50 MGOe
1–3

. Due to the ever increasing applications of permanent magnets, the 

demand for Fe-Nd-B magnet has led to heavy mining of RE-minerals. Additionally, the 

mining of these minerals can be associated with radioactive hazards and can be very 

expensive. Nd2Fe14B seems to be an ideal hard-magnetic material. The chances of 

replacing it with a rare-earth-free material while maintaining the similar energy-product is 

currently thin, however, for several applications, it is possible to replace them with new 

RE-free permanent magnetic material which are relatively cheaper and environment 

friendly to produce. 

There is a renewed interest in the development of some novel rare-earth-free magnetic 

materials. Although, the chances of getting a very high energy-product without using a 

rare earth ion are very small, still, this upcoming field is receiving a wide attention both in 

the scientific and industrial community as the raw materials are non-toxic and inexpensive 

in nature. Many efforts were dedicated to develop a RE-free material
4–6

. Among the RE-

free materials, the room temperature ferromagnetic phase of intermetallic compound 

MnBi is a promising candidate which shows high anisotropy constant (22 Merg/cc at 490 

K) and a high coercivity value (up to 23 kOe in thin films), however, low melting 
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temperature of Bi and high vapour pressure of Mn hinder its processing
7
.Among other 

iron based compounds, FePt is an ideal compound but the cost and availability of 

platinum makes it unsuitable for mass application and this family of compounds (Co-Cr-

Pt alloys)are used successfully in the memory storage applications commercially. 

As discussed in the previous chapter, Fe3Se4 has started gaining attention lately for 

displaying some amazing hard-magnetic properties at nano-dimension. The importance of 

this compound lies in its large uniaxial magnetocrystalline anisotropy.Fe3Se4may evolve 

as a potential option for rare-earth free, environment friendly and cheap permanent 

magnet.A coercivity value as large as 40 kOe has been achieved at 10 K in Fe3Se4 

nanostructures by Zhang et al
8
. In case of anisotropic nanostructures the anisotropy of the 

system can be further enhanced. Despite possessing such a unique property, the energy-

product of this compound is low because of its low saturation magnetization. At room 

temperature, typical reported magnetization value at a field of 9 T is 5emu/g
8
,however, 

smaller values of magnetization, such as 2.2 emu/g 
9
forFe3Se4 nanostructures are also 

reported. 

The most imperative figure of merit for the hard-magnets is the maximum energy-

product (BH)max. The energy-product is the maximum amount of magnetic energy stored 

in the magnet
1
. The theoretical maximum of (BH)max is given by the following equation

2
 

       
 

 
 
 
  
 ……………………………….(1) 

where µ0 is permeability of free space, Ms is the saturation magnetization. As evident 

from the expression, saturation magnetization (Ms) plays a very important role in deciding 

energy-product, increasing the Ms value is very crucial for its application as hard-

magnetic materials. 
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As discussed earlier,Fe3Se4  is a ferrimagnet at room temperature and the ferrimagnetism 

arises due to the ordered iron vacancy on the alternate layers of iron
8,10,11

. 

We have taken two different approaches in an attempt to increase the energy-

product of this material. In the first approach, some of the Fe sites were doped with 

manganese ion. Substitution of some Fe with Mn ions was found to have favorable 

influence on the net ferrimagnetic moment of the system. We reported a significant 

increase in saturation magnetization of Fe3Se4 nanostructures by doping Mn ions in Fe 

site, Fe3-xMnxSe4 (x = 0.01 to 0.2).  

In the second part of this work, the energy-product of Fe3Se4 was improved by 

forming a hybrid material with a soft magnet thereby forming a hard/soft exchange spring 

magnet. In hybrid materials, the control over surfaces, interfaces, lattice-disorder, doping 

and imperfections are the keys to achieve novel and enhanced physical, chemical, and 

biological properties. The control over the interfacial properties has demonstrated its 

importance in technologies related to semiconductor devices, sensors, magnetic media 

storage, ferro/piezoelectrics devices etc. in form of superlattices, composites, hybrid 

materials, and core-shell nanostructures
12–15

. 

The exchange spring-magnets are a combination of magnetically hard and soft 

materials, which are designed to provide a large energy barrier to the demagnetization, 

and larger energy-product while maintaining low volume-fraction of the hard-phase. This 

is important for the industry to make smaller and efficient permanent magnets for the 

applications in hybrid cars, wind-turbine engines, memory storage etc
16–19

. In these 

interfacial materials, the magnetically hard-phase is responsible to induce a large 

magnetocrystalline anisotropy and a large coercivity whereas the soft-phase increases the 

saturation magnetization value. The introduction of strong exchange coupling at the 
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interface of these two materials leads to the formation of spring-magnets, which helps to 

increase the energy-product of material while reducing the rare earth content and thus 

reducing the cost of permanent magnets. In an exchange spring magnet, at the interface of 

both the materials, the spins of the soft-phase are pinned in the direction of hard-phase 

while at the core of the soft-phase, the spins are free to orient with the external field. The 

interfacial physics results in the large enhancement in the effective magnetization at the 

expense of relatively small decrease in the effective coercivity of the hard-phase
16,17,20

. 

The design and fabrication of exchange spring magnets require a careful selection 

of hard and soft-phases, a precise control over the structure of both phases, as well as, a 

strong interfacial exchange coupling. It turns out that interfacial mixing and inter-

diffusion between phases at the grain boundaries helps to improve the energy-product of 

exchange spring magnets rather than a clean interface without interfacial mixing
21

. 

Therefore, the design of the interface between both the phases becomes challenging and 

technologically important. 

As we mentioned earlier, due to the crucial role of interface in exchange spring 

magnets, the dimensions of the soft-phase play an important role in the extent of 

exchange-coupling 
16,22

. Typically, the grain-size of the soft-phase should be comparable 

with the width of the domain-wall of the hard-phase
20

.  This condition imposes significant 

challenges in fabricating these two-phase magnets. Traditionally, some of the known rare-

earth and hexa-ferrite type hard-magnets have shown improved properties after interfacial 

coupling with transition metal based soft magnets by various approaches such as self-

assembly
18,23

, melt-spinning
24

, mechanical-milling 
25

 and dc- magnetron sputtering
21,26

. It 

was shown in Sm-Co/Fe bilayer system that the inter-diffusion at the interface through 

thermal processing resulted in the enhanced nucleation field and energy-product.
21,25

The 

barium hexa-ferrite and magnetite nanocomposite, prepared by solution method, showed a 
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13 % increase in the energy-product after sintering at high temperature 
21

. However, as we 

discussed earlier, the exchange spring behavior is extremely sensitive to the interfacial 

properties and the enhancement was observed only for a particular combination of hard 

and soft-phases and under a suitable heat treatment 
19,21,24

.   

In this work, we report the fabrication of an interfacial, hybrid, nanocomposite 

system based on a combination of inexpensive and environment friendly Fe3Se4:Fe3O4 

synthesized via a simple solution based method. The Fe3O4 nanoparticles, with average 

size around 5 nm, are chosen as the soft magnetic phase to fabricate the exchange spring 

nanomagnets as the dimension of these particles are comparable to the domain wall width 

of hard magnets which is crucial for effective exchange spring coupling as discussed 

before. Magnetite (Fe3O4) nanoparticles are well researched for their various properties 

such as Verwey metal to insulator transition in ~ 8 nm oleic-acid coated particles
27,28

, 

spin-dependent electron scattering and magnetoresistance and collective spin behavior 

and spin relaxation studies in their 2-dimensional arrays
29

. Similar to the iron selenide, 

Fe3O4 is also a ferrimagnet. However, unlike iron selenide, it crystalizes in reverse spinel 

phase and is a soft magnet.  The bulk magnetization of Fe3O4  is ~ 92 emu/g  anisotropy 

constant ~ 1.35 x 10
5
 erg/cm

3 30
 while for Fe3Se4  the  and anisotropy constant is around 

two orders of magnitude larger ~ 1.2 x 10
7
 erg/cm

3 9
. The Curie temperature of Fe3O4 is 

much larger ~ 858 K than that of Fe3Se4 ~ 317 K.  

In this chapter, both the above approaches to increase the energy-product are explained. 
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Section 2.2: Increasing the energy-product of Fe3Se4 by Fe-site doping 

2.2.1.Experimental section 

Materials. Iron(III) 2,4-pentanedionate [Fe(acac)3] (>97%), manganese(III) 2,4-

pentanedionate [Mn(acac)3] (technical grade), Se (powder, 99.999%) and oleylamine(80-

90%) were purchased from Sigma-Aldrich and were used without any further purification. 

Synthesis of Fe3Se4 nanoparticles: 

 

Figure 2.2: Schematic of the synthesis process of Fe3Se4 nanoparticles by high 

temperature organic solution phase method in triple-neck flask under nitrogen 

atmosphere.  

N
2

gas

Oil bath
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The synthesis was done by a high temperature organic solution phase method as reported 

elsewhere
8
. Briefly, 0.53 g (1.5 mmol) of Fe(acac)3 and 0.158 g (2 mmol) of Se powder 

were added to  15 ml of oleylamine in a 100 ml three-neck flask under N2 atmosphere. 

The mixture was heated to 120 °C and kept for 1 h (see figure 2.2). Then, temperature 

was increased to 200 °C and kept for 1 h. Finally, the solution temperature was raised to 

300 °C and kept for 1 h. After 1 h, the heat source was removed and solution was allowed 

to cool down naturally to room temperature. The Fe3Se4 nanoparticles were precipitated 

by the addition of 20 ml of 2-propanol. The precipitate was then centrifuged and washed 

with solution containing hexane and 2-propanol in 3:2 ratio. 

Synthesis of Mn-doped Fe3Se4 nanoparticles: 

[Fe(acac)3] and [Mn(acac)3] were mixed in a certain ratio (total 1.5 mmol) to synthesise 

Mn-doped iron selenide nanoparticles (Fe3-xMnxSe4)with x = 0.01, 0.02, 0.03, 0.04, 0.05, 

0.07, 0.1, 0.2. 

2.2.2 Characterization methods: 

Powder X-ray diffraction (XRD) patterns were collected using PANalytical 

X'PERT PRO instrument using iron-filtered Cu - Kα radiation (λ = 1.5406 Å) in the 2θ 

range of 20 – 70º with a step size of 0.02°. The size and morphology of the prepared 

particles were obtained by using FEI Tecnai F30 high resolution transmission electron 

microscope (HRTEM) equipped with a super-twin lens (s-twin) operated at 300 keV 

accelerating voltage with Schottky field emitter source with maximum beam current (> 

100 nA)and small energy spread (0.8 eV or less).The point to point resolution of the 

microscope is 0.20 nm with a spherical aberration of 1.2 mm and chromatic aberration of 

1.4 mm with 70  m objective aperture size. The powders obtained were dispersed in 
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hexane and then drop-casted on carbon-coated copper TEM grids with 200 mesh and 

loaded to a single tilt sample holder. 

Raman spectra were recorded on a HR-800 Raman spectrophotometer 

(JobinYvon-Horiba, France) using monochromatic radiation emitted by a He–Ne laser 

(633 nm), operating at 20 mW and with accuracy in the range between 450 nm and 850 

nm ± 1 cm
–1

, equipped with thermoelectrically cooled (with Peltier junctions), multi-

channel, spectroscopic grade CCD detector(1024×256 pixels of 26 microns) with dark 

current lower than 0.002 electrons pixel
-1

 s
-1

. An objective of 50 X LD magnification was 

used both to focus and collect the signal from the powder sample dispersed on glass slide. 

Static magnetic property measurements of Fe3Se4 nanoparticles were performed 

using a Physical Property Measurement System (PPMS) from Quantum Design Inc., San 

Diego, California equipped with a 9 Tesla superconducting magnet. We performed dc- 

magnetization vs. temperature (M–T) and magnetic field vs. magnetization hysteresis (M–

H) measurements using a vibrating sample magnetometer (VSM) attachment. For DC 

magnetic measurements, the samples were precisely weighed and packed inside a plastic 

sample holder which fits into a brass sample holder provided by Quantum Design Inc. 

with negligible contribution in overall magnetic signal. We collected M – H loops at a rate 

of 50Oe/s in a field sweep from - 85 to 85kOe at the vibrating frequency of 40 Hz. The M 

- T measurements were also carried out in temperature range from 3 – 350 K at 100 Oe. 

The cooling and heating rates were kept constant at 2 K/min for all the measurements. 

Firstly, at 350K, the desired field was applied and the system was cooled down to 3 K and 

data were recorded while heating the sample from 3 to 350 K. The curve obtained was 

designated as field cooled (FC) cooling and field cooled heating respectively. For zero 

field cooled (ZFC) measurements, the sample was first cooled from 350 to 3 K in zero 

magnetic field and data was collected in heating mode once the field was applied at 3 K.  
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2.2.3: Results and discussion 

2.2.3.1. X-ray diffraction: 

The crystal structure of Fe3Se4 was characterized from the powder X-ray diffraction 

patterns. The XRD peaks of the pure Fe3Se4 nanostructures are in good agreement with 

bulk Fe3Se4 (JCPDS card no. 657252), which has monoclinic structure with a space group 

I2/m (12) and unit cell lattice parameters a = 12.73, b = 3.493, c = 6.159Å (Fig 2.3 top 

panel). The strongest line in the pattern corresponds to (111) plane. No significant 

changes in the peak positions were observed in the XRD patterns of Mn- doped samples 

compared with undoped Fe3Se4 (Fig. 2.3 bottom panel). Some peak broadening was 

observed for the (311) and ( ̅02) doublet peak with increasing doping concentration. The 

peak broadening might be due to the increase in lattice-strain after doping with Mn.  

Moreover, the X-ray form factor for Fe and Mn is 15.6 and 14.9 respectively and ionic-

radii for Fe
3+

 and Mn
3+

 is 55, 65 pm respectively. Therefore, it is difficult to interpret 

intensity profile from Fe and Mn using lab source X-ray diffractometer. For the highly 

doped samples (x = 0.1 and 0.2), the intensity of ( ̅12) and ( ̅02) peaks decrease slightly 

compared to other lightly doped samples. The reason for this decrease of intensity of 

( ̅12) and ( ̅02) peaks is not clear to us yet. 
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 Figure 2.3: Powder XRD patterns of Fe3-xMnxSe4 (x = 0 - 0.2) nanorods. In the top panel 

the XRD pattern of Fe3Se4 nanoparticles is plotted with JCPDS # 657252. 
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2.2.3.2. Electron microscopy- imaging and diffraction study 

The HRTEM study of the Fe3Se4 nanostructures and Mn-doped nanostructures 

shows that the rod-shaped nanostructures are highly aggregated for all the samples (Fig 

2.4.1 and 2.4.2) due to their ferrimagnetic nature at room temperature. Moreover, the 

image quality for magnetic particles is also affected due to the strong Lorentz interaction 

of electrons with oriented spins inside the particles. The diameter of the nanorods is in the 

range of 30-50 nm. From high resolution images (see Figure 2.4.3), the lattice fringes 

with inter-planar distances d111 = 0.27 nm are clearly visible (which is slightly larger than 

the point resolution of our microscope in Scherzer defocus condition and atoms are visible 

as dark spots). No significant changes in the morphology, size, and inter-planar distance 

of rods are observed after Mn-doping. The selected area electron diffraction (SAED) 

pattern (fig 2.4.4) which is due to random orientation of large collection of such particles 

contributing from selected area by SAED aperture in back focal plane of electron 

microscope. From the energy dispersive spectra (EDS) of as-synthesized 

Fe3Se4nanostructures, the Kα emission gives the ratio of atomic % of iron and selenium to 

be 0.75). 
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Figure 2.4.1: High-resolution transmission electron microscope images (a)for Fe3Se4 and 

(b-h) for Fe3-xMnxSe4 (x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 0.1) samples at 200 nm 

scale. 

(a)

(f)

(d)

(e)

(c)

(b)

(h)(g)
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Figure 2.4.2: High resolution transmission electron microscope images (i-p) for Fe3-

xMnxSe4 (x = 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 0.1) samples at 50 nm scale. 

 

(i)

(n)

(l)

(m)

(k)

(j)

(p)(o)
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Figure 2.4.3:High-resolution transmission electron microscope images (a-h) for Fe3-

xMnxSe4 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.07, and 0.1) samples respectively. 

 

 
 

 

Figure 2.4.4: Selected area electron diffraction pattern (a-h) for Fe3-xMnxSe4 (x = 0, 0.01, 

0.02, 0.03, 0.04, 0.05, 0.07, 0.1) samples respectively. 
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2.2.3.3 Raman study 

 

Raman scattering is an excellent tool to study the lattice-strain and bond-disorder. 

We observed that the Raman spectra of all samples (doped and undoped) are similar with 

little shift in peak position and change in full-width at half-maximum (FWHM).  We 

believe that this is the first investigation of Raman spectra of Fe3Se4 and therefore due to 

the absence of any previous report on Raman spectra ofFe3Se4 in the literature, we 

compared our results with β-Mg2SiO4 which crystallizes in the sameI2/m space-

groupsymmetry
31,32

. The peaks at ~ 228 and 411 cm
-1

 in Fe3Se4 spectra can be assigned to 

Fe-Se vibration modes
33,34

 (Fig. 2.5). It was found that both the Raman peaks shift to 

lower cm
-1

 as the Mn-doping concentration increases and shows a dip at x= 0.05 and then 

again shifts to higher cm
-1

. From this observation, it can be concluded that for the increase 

in the doping till x= 0.05,the lattice strain decreases and for higher doping the lattice 

strain increases. The FWHM also shows the same doping concentration (x= 0.05) as peak 

and higher doping concentration samples shows almost similar values of FWHM (figure 

2.6). The increase in FWHM can be due to increase in disorder in lattice. 
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Figure 2.5: Raman shift of Fe3-xMnxSe4 (x = 0 - 0.2) nanorods plotted from 100-1500 cm
-

1
. 
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Figure 2.6: Variation of the FWHM of Raman modes of 225 cm
-1

 and 400 cm
-1

 in the 

Raman spectra with doping concentration x. 

 

2.2.3.4. Magnetic studies 

The temperature dependent magnetization is measured in 100 Oe field. From the M-

T curve, Curie temperature of iron selenide nanoparticles is found to be 323 K where a 

peak in the ZFC magnetization curve is observed (Fig. 2.7 A).According to earlier reports 

of doping with transition metals 
8
, the Curie temperature and the saturation magnetization 

decreased with increased concentration of Co ion doping and the samples become 

paramagnetic at room temperature. Coercivity at room temperature was reduced to zero 

with cobalt ion doping. From the zoom view of the M-T curve (Fig. 2.7 B), it is clear that 

the Curie temperature does not change with Mn ion doping.  
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Figure 2.7(A): A comparison of magnetization versus temperature curves (in ZFC and 

FC modes) for undoped and doped (x = 0.04) Fe3Se4 nanorods. The inset shows the 

zoomed view of the encircled region of ZFC curve. (B): A zoomed view of the M-T curve 

around the transition temperature to show that the Curie temperature does not change with 

doping. 

 

All the doped and undoped samples show hard-magnetic properties(Fig. 2.8).The 

room temperature coercivity (Hc) of Fe3Se4 is found to be 2.74 kOe. This coercivity value 

is comparable to the RE-based nanoparticles of SmCo5(Hc= 2- 8 kOe) and Nd2Fe12B 

(Hc=1.2- 4 kOe) 
35–38

. 

 

Figure 2.8: A comparison of M-H curves for Fe3-xMnxSe4(x= 0, 0.01, 0.02, 0.03, 0.04, 

0.05, 0.07, 0.1, and 0.2) nanorods at 300 K. 
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Inset of Fig 2.8 shows a zoom view of hysteresis curves clearly depicting the 

coercive and remanence field for samples with varying doping concentration. At lower 

temperature a colossal increase in coercivity is observed and Hc value reaches up to 

~27.08 kOe at 10 K (Fig. 2.9) which is in good agreement with the earlier reports
8,9,39

. M-

H data shows no saturation of magnetization even at the field value of 8.5 T (Fig. 

2.8).This may be due to a superparamagnetic contribution in the magnetization which may 

come from some ultrafine particles
9
, also, any ‘ferri’-magnetic system requires higher 

field to align all the spin and the particles may have uncompensated spin and spin disorder 

at the surface of nanorods. For Fe3Se4the magnetization at 8.5 T is 4.8 emu/gat 300 K, 

which increases to 14.18 emu/g at 10 K (Fig. 2.9).The saturation magnetization is 

determined from the M versus 1/H plot at high field range (above 6 T).As we increase the 

Mn doping concentration slowly from x = 0.01 to 0.03, the magnetization value (Ms) 

increases from 5.76 emu/g to 7.5 emu/g, the remanence magnetization (Mr) also shows an 

increase in this range. Beyond x = 0.03, (for x = 0.04, 0.05, 0.07) the Ms values decrease 

with increase in doping concentration. As the Mn doping is further increased (x = 0.1, 

0.2), the saturation magnetization shows a significant decrease and drops even below 

Fe3Se4 sample (Table 2.1).A similar phenomenon of  decrease in saturation magnetization 

at higher doping concentration is also observed when monoclinic zirconia is doped with 

manganese ions 
40

. The reason for this decrease in saturation magnetization with higher 

Mn ion concentration may be attributed to the antiferromagnetic coupling between 

manganese ions at higher doping concentration [23].  

For Fe3Se4 the Mr/Ms value was found to be 0.336, for heavily doped sample (x= 

0.2) this ratio drops to 0.247 (Fig. 2.10). The coercivity experiences a very small decrease 

with manganese doping for low doping concentration. But for x = 0.1 and 0.2, the 
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coercivity reduces significantly (Table 2.1). The reason for increase in saturation 

magnetization initially with manganese ion doping may be due to the net contribution of 

Mn ions to the ferrimagnetic moment. At 10 K, the coercivity of Fe3Se4 increases to 29.5 

kOe, which is 10 folds greater than the value at 300 K. The M-H loop becomes close to 

square at 10 K and the Mr/Ms ratio increases to 0.587.  

 

Figure 2.9: A comparison of M-H curves for Fe3-xMnxSe4 (0, 0.1, and 0.2) nanorods at 10 

K and 300 K. 

The upper limit to coercivity is determined by the anisotropy field of the material, 

as a general trend coercivity of the material reaches near 25% of the anisotropy field. We 

have determined the anisotropy field by the extrapolating the magnetization graph in easy 

and hard axis direction 
41,42

. The anisotropy constant (K) at 300 K was calculated from the 
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saturation magnetization (Ms) and anisotropy field (Ha) according to the following 

equation. 

   
 

 
     

At 300 K, the K for Fe3Se4 is 1.12×10
5
 erg/cc. The K value was determined for all the 9 

samples and is tabulated under Table 1. As observed earlier
8
, K value for Fe3Se4is an 

order of magnitude higher than Fe3O4. 

Figure 2.10: Variation of Ms and Mr/Ms ratio with doping concentration (x) for Fe3-

xMnxSe4nanorods. 
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which increases to 10.22 kGOe for Fe2.97Mn0.03Se4. The practical energy-product that we 

can get from a permanent magnet depends strongly on its processing. The alignment of 

easy-axes in a particular direction can greatly enhance the Mr/Ms ratio and help in 

increasing the energy-product. Compacting the magnetic nanoparticles with high packing 

densities is very crucial for development of permanent magnets. This enhancement of 

energy-product by more than 130% is a vital step in developing new rare earth free 

alternative to permanent magnets. 

Figure 2.11: M-H plot and B-H plot for Fe3Se4nanocrystals at 300 K (inset: Calculation 

of maximum energy-product from the B-H hysteresis loop of Fe3Se4 at 300 K). 
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Table 2.1: Summary of magnetization parameters calculated for Fe3-xMnxSe4 nanorods at 

300 K. 

 

 

  

S. 

No

. 

Sample 

Fe3-xMnxSe4 

HC 

(kOe)  

Ms(emu/

g) 

Mr 

(emu/g) 

Mr/Ms Ha 

(kOe) 

K 

 (erg/cc) 

BHMax 

(kGOe) 

1 X = 0 2.74 4.84 1.63 0.336 7.053 1.12 × 10
5
 4.377 

2 X = 0.01 2.76 5.79 1.9 0.328 7.376 1.4 × 10
5
 5.858 

3 X = 0.02 2.47 6.73 2.11 0.313 6.028 1.33 × 10
5
 7.352 

4 X = 0.03 2.17 7.54 2.5 0.331 5.169 1.38 × 10
5
 10.22 

5 X = 0.04 2.4 5.74 1.93 0.336 6.054 1.14 × 10
5
 6.139 

6 X = 0.05 2.65 5.55 1.97 0.354 6.427 1.17 × 10
5
 6.457 

7 X = 0.07 2.3 5.20 1.84 0.353 5.497 0.94 × 10
5
 5.575 

8 X = 0.1 1.99 4.56 1.35 0.296 5.154 0.82 × 10
5
 3.08 

9 X = 0.2  1.94 4.41 1.09 0.247 5.211 0.75 × 10
5
 1.953 
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Section 2.3: Increasing the energy-product of Fe3Se4 nanoparticles by forming 

hybrid with soft magnet. 

Iron selenide and magnetite nanoparticles are synthesized by a high temperature hot-

colloidal method under inert atmosphere as described elsewhere 
8,43

 . 

2.3.1. Experimental section: 

Synthesis of Fe3Se4 nanoparticles: Fe3Se4 nanoparticles were synthesized as discussed 

in section 2.2.1. 

Synthesis of Fe3O4 nanoparticles: Iron(III)acetylacetonate (2 mmol), 1,2-

hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6mmol), and phenyl ether 

(20 mL) were mixed and stirred under a flow of nitrogen. The temperature was increased 

up to 200 °C and was kept at that temperature for 30 min and then, heated to reflux (265 

°C) under nitrogen gas for another 30 min. The black mixture was then cooled to room 

temperature. With the addition of ethanol (40 mL) to the mixture, a black material was 

precipitated. The black product obtained was dissolved in hexane in the presence of oleic 

acid ( 0.05 mL) and oleylamine ( 0.05 mL). To remove excess oleic acid and oleyl 

amine the precipitate was washed in ethanol and then dispersed in hexane. 
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Figure 2.12: Schematic for the development of exchange spring magnet 

Fe3O4:Fe3Se4nanocomposites through three different routes— (a), (b) and (c). The 

detailed procedures are mentioned in the text. 
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Synthesis of the Fe3Se4:Fe3O4 nanocomposite: We have taken three different 

approaches for developing the hard: soft nanocomposites as discussed below (see figure 

2.12). 

 (a) Here, the pre-synthesized hard and soft nanoparticles are ground together in powder 

form in mortar and pestle and then subjected to heating in tube furnace under inert 

atmosphere at 300 C for one hour.  

(b)Measured amount of Fe3O4 nanoparticles were taken in a round bottom flask in 15 ml 

oleylamine and sonicated for 10 minutes so that they are well dispersed in the solvent. 

Then Fe3Se4nanorods were synthesized as mentioned in section 2.1using this oleylamine 

containing   Fe3O4 nanoparticles.  

(c) In this approach, nanocomposites are prepared by a high temperature solution method. 

Hard and soft-phase nanoparticles are synthesized according to section 2.1 and 2.2. The 

measured amount of powder form of these nanoparticles are added to 15 mL oleyl-amine 

and refluxed under nitrogen atmosphere at 300 C for 1 h. Thereafter, after cooling 

naturally to room temperature, the samples were washed with 2-propanol and n-hexane 

(in 3:2 ratio) and were dried. The obtained powder was used for all further 

characterization. No further sintering of the samples was done. Three samples were made 

with different Fe3O4 weight % of 3.3, 5, and 10 and were named as F3.3, F5, and F10 

respectively. It is known that the formation of a capping layer by capping agents is a 

dynamic process in the solution, where the molecules adsorbed at the surface of the 

nanoparticles are in dynamic equilibrium with the molecules in the solution. During 

refluxing, nanoparticles of both the phases come in close proximity to each other and 

oleyl-amine molecules form an overall coating on these nanocomposite particles (see the 

schematic shown in Fig. 2.12). 
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Nanocomposites made only by approach (c) shows good reversible magnetization 

behavior and behave as a single phase in magnetic hysteresis measurements as can be 

seen later in the paper. So, samples F3.3, F5, and F10 are used for all the further 

experiments reported here.  

2.3.2: Results and discussion: 

2.3.2.1: Structural characterization by powder X-ray diffraction: 

Figure 2.13 shows the powder X-ray diffraction patterns of the exchange-coupled 

Fe3Se4:Fe3O4nanocomposites with three different ratios of soft and hard-phases. As can 

been seen from the figure, the characteristic peaks of both the hard-phase Fe3Se4 (JCPDS 

# 652315) and the soft-phase Fe3O4 (JCPDS # 790416) are present. No additional peaks 

(within the resolution of the XRD technique) due to any impurities or any secondary 

phase are observed.  
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Figure 2.13:  A comparison of X-ray diffraction patterns of as-prepared 

Fe3O4:Fe3Se4nanocomposites with varying weight proportions- A) F3, b) F5, and C) F10 

respectively. The peaks corresponding to Fe3O4 (JCPDS 790416) are marked as (#) and 

Fe3Se4 (JCPDS 652315) are marked as (*). For the sake of brevity, we have not shown the 

‘assigned Miller indices’ of the peaks. 

2.3.2.2: Electron microscopy study: 

The transmission electron micrographs of Fe3O4 nanoparticles (Figure 2.14) synthesized 

by the hot-colloidal method shows that particles are quasi-spherical and nearly 

monodispersed with particle diameter between 5-6 nm. Moreover, the image quality for 

magnetic particles is also affected due to the strong Lorentz interaction of electrons with 

the spins inside the particles. The diameter of the nanorods is in the range of 30-50 nm. 

Figure 2.15 shows the HRTEM image of the nanocomposite sample F5, the lattice fringes 

of Fe3Se4nanorods with inter-planar distance d002 = 0.56 nm is clearly visible.  
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Figure 2.14: High-resolution transmission electron images of surfactant-capped Fe3O4 

nanoparticles synthesized by the hot colloidal synthesis route. The lower panel shows 

lattice-fringes with d-spacing of 0.29 nm corresponding to 220 plane of Fe3O4. 

 

 

A

B

0.29 nm

50 nm



Chapter2: Synthesis and magnetic properties of un-doped and modified Fe3Se4 nanoparticles 
 

 
77 

Mousumi Sen 

The HRTEM image in the bottom panel lacks clarity due to distortion of electrons from 

the strong magnetic field of Fe3Se4nanorods.When a part of the nanocomposite was seen 

with greater magnification, small Fe3O4 nanoparticles were seen (red circles in figure 5D) 

on the surface of Fe3Se4nanorods. 

 

 

 

 

Figure 2.15: Representative high-resolution transmission electron micrographs of sample 

F5 (With 5% weight fraction of soft-phase in the Fe3O4:Fe3Se4 composite). (A)Shows 

highly aggregated Fe3O4:Fe3Se4 nanocomposite. (B) Shows the lattice-fringes with d-

spacing of 0.56 nm corresponding to 002 plane of Fe3Se4. HRTEM image in the bottom 
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panel lacks clarity due to distortion of electrons from the magnetic field of 

Fe3Se4nanorods. (C) A high magnification image of the nanocomposite, the encircled area 

is zoomed in (D) where small Fe3O4 particles (red circles) can be seen on the surface of 

Fe3Se4 rods.  

In Figure 2.16, scanning electron micrographs of the Fe3Se4: Fe3O4nanocomposites with 

3.3% (A) 5% (B) and 10% (C) weight percentage of Fe3O4 are shown.  All the samples 

show agglomeration. Nanocacti like morphology is observed with spikes growing out of 

the surface radially pointing in outward direction as observed in earlier studies
11

. The 

relative molar ratio of Fe, Se, and O in the nanocomposites was examined by energy 

dispersive spectrum (EDS) elemental analysis in a large scale of 200 μm. The top panel of 

Figure 2.17 shows the area of the sample where the scanning was done. The columns A, B 

and C show the distribution of elements Fe (blue), O (red) and Se (green) in sample F3.3, 

F5, and F10 respectively. The bottom panel shows the overlay for all the elements in the 

same scan area. The uniform distribution of all the elements throughout the scanning area 

shows that the composition of the nanocomposite is homogeneous throughout the sample.  
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Figure 2.16: Scanning electron micrographs with (A) 3.3%, (B) 5%, and(C)10% weight 

fraction of Fe3O4 in Fe3O4:Fe3Se4nanocomposites.All the samples show agglomeration 

and nanocacti-like morphology with spikes at the surface, which point radially outwards.  
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Figure 2.17: The images in columns A, B, and C represent the results corresponding to 

the samples F3.3, F5, F10 respectively. The images in topmost row show scanning 

electron micrographs (secondary electrons) of Fe3O4:Fe3Se4nanocomposites.. From 

second to fourth rows show the energy dispersive x-ray mapping for different elements 

from the area shown in the top row. From the elemental spectra analysis of the selected 
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region in all three samples, we can see that the distribution of Fe (Blue), Se (Green), and 

O (Red) is uniform throughout the samples. The bottom row shows the overlapped 

mapping of all the above elements. The scale bar for all the images in this figure is 200 

μm. 

 

2.3.2.3: Magnetic characterization 

As discussed in the earlier sections, Fe3Se4 is ferrimagnetic at room temperature with 

Curie temperature 317 K and it shows hard-magnetic properties 
11

. After coupling 

Fe3Se4 with Fe3O4 under proper conditions, these systems behave as an exchange coupled 

magnet.  

 

Figure 2.18: The comparison between room temperature (300 K) hysteresis loop of three 

Fe3Se4:Fe3O4nanocomposites (Fe3O4 is 5% by weight) prepared by three different 

methods (experimental section) showing the effect on the exchange interaction of the 
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interfacial coupling of hard and soft magnetic nanoparticles. (a) pre-synthesized hard and 

soft nanoparticles are ground together in powder form and then subjected to heating in 

tube furnace at inert atmosphere at 300 C. (b) Fe3Se4nanorods were synthesized in 

presence of Fe3O4 nanoparticles. (c) Both the hard and soft nanoparticles were taken and 

refluxed in organic solvent at 300 C under inert atmosphere. The comparison clearly 

shows that the processing method greatly influence the interfacial physics.  

 

In Figure 2.18, the hysteresis loop for Fe3Se4:Fe3O4 (Fe3O4 is 5% by weight) 

nanocomposites prepared by three different approaches (as described in the experimental 

section) are compared. All nanocomposite samples, prepared by three different 

approaches show ferrimagnetic character at room temperature. When we ground and heat 

the hard and soft-phase in powder form in tube furnace (approach “a”), the coercivity of 

the nanocomposite completely disappears and the M-H loop becomes more like 

superparamagnetic nanoparticles or soft magnet.  

In approach “b” (Fe3Se4nanorods were synthesized in presence of pre-synthesized Fe3O4 

nanoparticles), a step-like behavior was observed in the hysteresis curve (see inset of 

figure 2.18). In addition, the magnetization of the nanocomposite decreased significantly 

and near the origin the loop got pinched, i.e. the coercivity was sacrificed. Therefore both 

the above approaches did not produce desired results for an exchange spring magnet. 

When the nanocomposites were prepared via approach “c” (both the hard and soft 

nanoparticles were taken and refluxed in organic solvent at 300 C under inert atmosphere 

for one hour), all the samples show a single-phase behavior in magnetization hysteresis 

data even though the X-ray diffraction studies have shown the presence of two different 

crystallographic phases in the composites. No step like behaviors were observed in the 
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data and hysteresis loops change smoothly with the applied field exhibiting a good single-

phase behavior of the nanocomposite (Figure 2.18). This indicates very good interfacial 

exchange coupling between the hard and soft-phases. It should be noted here that poor 

exchange coupling leads to observation of step-like features
19,23

. The capping of a 

nanoparticle by organic molecules in solution is a dynamic process and the organic 

molecules in the solution are in dynamic equilibrium with the capped molecules attached 

with the nanoparticle surface. When, the pre-synthesized nanoparticles were refluxed 

under nitrogen atmosphere at high temperature (300C) in oleylamine the Fe3Se4 and 

Fe3O4 nanoparticles comes in close vicinity of each other’s and the dynamic surface 

coating allows the small Fe3O4 nanoparticles to get attached to Fe3Se4nanorods.  

In top panel of Figure 2.19, the comparison between the magnetization versus magnetic 

field (M-H) curves at 300 K for five samples are shown including the as-synthesized 

Fe3Se4 nd Fe3O4 nanoparticles and Fe3Se4:Fe3O4nanocomposites with three different 

ratios of soft and hard-phases. The magnetization curves do not saturate even at 8.5 T 

for any of the samples, which is primarily due to the ferrimagnetic properties, and the 

surface spins structures. The saturation magnetization was calculated by plotting M 

versus 1/H in high field region (above 60 kOe) and extrapolating the curve to y-axis to 

get Ms. The Ms value increases from 4.5 emu/g to 6.9 emu/g as the weight fraction of 

soft-phase is increased from zero to 10 % in the nanocomposite. Pure Fe3Se4 shows the 

highest value of coercivity ( 2.27 kOe); which matches well with the previous 

reports
8,9,11

. To study the behavior at low temperature, the hysteresis data for all the 

samples were collected at 10 K. In contrast to the 300 K data the behaviors of these 

nanocomposites changes entirely (Figure 2.19 bottom panel). At 10 K, the Fe3O4 

nanoparticle spins are blocked and therefore, smooth spring like behavior is not 

observed in the nanocomposites. When the direction of external field changes, the 



Chapter2: Synthesis and magnetic properties of un-doped and modified Fe3Se4 nanoparticles 
 

 
84 

Mousumi Sen 

change in the spins of soft-phase which are blocked gives step like features in the 

hysteresis loop. 

 

 

 

 

 

 

 

 

 

Figure 2.19: Comparison of M-H hysteresis loops recorded at 300 K for the samples F3.3 

(3.3 % Fe3O4), F5 (5 % Fe3O4), F10 (10 % Fe3O4), as-synthesized Fe3Se4 nanorods and 

Fe3O4 nanoparticles. Saturation magnetization is found to increase monotonically as a 

function of increase in the weight fraction of soft-phase (Fe3O4 nanoparticles) in the 
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nanocomposites. The coercivity, on the other hand, shows a decrease with an increase in 

the weight fraction of the soft-phase (from F3.3 to F10). 

In Figure 2.20, we have plotted the change in energy-product (BHmax), remanence 

magnetization (Mr), coercivity (Hc), and saturation magnetization (Ms) as a function of 

increasing weight % of Fe3O4 nanoparticles in Fe3Se4:Fe3O4nanocomposites. It is seen 

from Figure 9 and 10, that upon increasing the content of the soft magnetic phase, the 

saturation magnetization increases as expected as the Ms of Fe3O4  is much larger than 

Fe3Se4. In contrast, the coercivity value decreases with an increase in soft-phase content 

due to exchange spring coupling. The reason for this decrease in coercivity can be 

understood as follows. In an exchange spring system the ‘soft-phase spins’ at the interface 

are pinned to the hard-phase due to strong exchange interaction. As a function of distance 

from the interface, the chain of spins acts like a spring due to the gradual decrease in the 

interaction with distance. When the direction of the external magnetic field reverses, the 

soft-phase initiates the switching of the hard-phase, so the effective coercivity is realized 

at a lower value. It is noticeable that this solution based method adopted by us to design 

Fe3Se4:Fe3O4nanocomposites exchange spring magnet from the pre-synthesized 

nanoparticles proves out to be very efficient as with the inclusion of just 10 % soft-phase 

into the system enhances the energy-product by 116 % without showing a two-phase 

behavior as evident from the M-H loops (absence of step-like behavior). The magnetic 

properties of the hard-phase, soft-phase and nanocomposites are summed up in Table 2.2.  
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Figure 2.20: The graphs in various panels show changes in the calculated values of 

various magnetization parameters (at 300 K) of Fe3O4:Fe3Se4nanocomposites with 

varying weight fraction (x-axis) of soft-phase (Fe3O4 nanoparticles). The energy-product, 
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remanent magnetization, and saturation magnetization values show an enhancement with 

an increase in the weight fraction of soft-phase in the composite whereas, the coercivity 

values show a reduction.  

A comparison of zero field cooled (ZFC) and field cooled (FC) magnetization 

curves of nanocomposites with varying amount of at Fe3O4 fraction recorded at an 

external applied field of 100 Oe is shown in Figure 2.21. The Curie temperature of Fe3Se4 

is around 317 K and the transition around 110 K can be attributed to blocking temperature 

(TB) of Fe3O4 nanoparticles. No significant change in the Curie temperature of the 

nanocomposite is seen.  
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Figure 2.21: A comparison of ZFC- FC magnetization curves of Fe3O4:Fe3Se4 

nanocomposite containing 5 % weight fraction of the soft-phase at an external applied 

field of 100 Oe. The Curie temperature of Fe3Se4 is around 323 K (seen by the bifurcation 

of ZFC-FC curves followed by a peak in ZFC magnetization) and the transition around 

110 K can be attributed to blocking temperature of Fe3O4 nanoparticles.  
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AC magnetic susceptibility measurements of the soft-phase (Fe3O4) nanoparticles are 

done with small excitation amplitude 10 Oe from frequency 500 Hz to 9999 Hz (Figure 

2.22). The data for both real and complex part of magnetization exhibit the expected 

behavior of superparamagnetic systems where the maxima shift marginally towards 

higher temperature with higher frequencies48. This also confirms the blocking nature of 

transitions of the soft-phase Fe3O4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 2.22: AC magnetic susceptibility measurements of the soft-phase (Fe3O4) 

nanoparticles are done with small excitation amplitude 10 Oe from frequency 500 Hz to 

9999 Hz. 
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Table2.2: Variations in the magnetic properties measured at 300 K as a function of 

change in the weight fraction of soft-phase in the Fe3O4-Fe3Se4 nanocomposites. 

  

Sample 

(Weight fraction 

of Fe3O4 

nanoparticles in  

Fe3O4-Fe3Se4 

nanocomposite) 

Coercivity 

(HC) 

(kOe) 

Saturation 

magnetization 

(MS) (emu/g) 

Remanence 

magnetization 

Mr (emu/g) 

Energy-product 

(kGOe) 

0 % 2.26 4.5 1.4 3.2 

3.3 % 1.72 5.1 1.5 4.02 

5 % 1.73 6.3 1.9 6.14 

10 % 

Fe3O4 

1.58 

0 

6.9 

35 

2.1 

0 

6.94 

-- 
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Section 2.4: Conclusion  

Manganese doped iron selenide nanostructures in an attempt to increase the energy-

product of the sample. The magnetization value increased from 4.84 to7.54 emu/g, 

without any change in the Curie temperature; which is important for its application in 

hard-magnet. We could obtain more than 130% increase in the energy-product value in 

manganese doped iron selenide nanostructures. The reason for the decrease in coercivity 

and saturation magnetization in highly doped samples is not clear and is subject of further 

study with the help of neutron diffraction studies etc.   

An exchange spring magnet based on Fe3Se4:Fe3O4 nanocomposite is demonstrated. . 

Bottom-up assemblage using pre-synthesized nanoparticles gives us precise control over 

the dimension of the hard and the soft-phase. This solution phase method provides 

flexibility in deciding the required dimension for the constituent hard and soft-phases, and 

represents a possible solution for dropping or eliminating the expensive rare earth 

elements that are often crucial in the development of permanent magnetic materials. The 

magnetic properties were studied with the amount of soft-phase present in the composite 

and the magnetic parameters were found to be enhanced monotonically with increased 

volume of soft-phase in the nanocomposite. The precise control over the interface and 

proper tuning of the hard and soft-phases is subject to more vigorous research in this area. 
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Abstract 

The magnetocaloric cooling technology based on magnetocaloric effect (MCE) is 

rapidly catching up as a potential alternative to gas based refrigeration technique as it 

is energy-efficient and environment-friendly. However, at present, very few materials 

exhibit MCE around room temperature or higher. In this chapter, the observation of 

MCE spanning a broad temperature range (~300 K to  ~340 K) studied by a 

combination of external field (H) and temperature dependent magnetization (M) and 

heat capacity (Cp) measurements in Fe3Se4 nanorods (NRs) are discussed. The 

magnetic measurements of Fe3Se4 NRs show the characteristic bifurcation of MZFC, 

MFC vs. T curves above its Curie temperature (Tc ~ 317 K) and a large coercivity of 

~29 kOe at 10 K. The maximum in the isothermal magnetic entropy change (ΔSM) is 

observed in the close proximity to the TC. The ΔSM and relative cooling power (RCP) 

showed linear dependence on H. RCP value of 12.45 J/kg was obtained for field 

change from 0 to 6 T. The results discussed here indicate that Fe3Se4 NRs holds a 

promise towards the development of a cheap, rare-earth-free, room-temperature 

magnetocaloric material. 
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 Introduction: 

3.1.1: Magnetocaloric effect 

Magnetocaloric effect (MCE) is a magneto- thermodynamic phenomenon that has given 

birth to magnetic refrigeration, an environment-friendly and efficient energy conversion 

technology that enables cooling by exposing a magnetic material to an external magnetic 

field near its critical temperature. French physicist P. Weiss and Swiss physicist A. 

Piccard were first to observe MCE in nickel near its Curie temperature in the year 1917
1
. 

The alignment of spins along the external magnetic field direction leads to the decrease in 

the magnetic entropy of the system. When the magnetic field is applied adiabatically to 

the system, this decrease in magnetic entropy is compensated by increase in the crystal 

lattice entropy of the system, which in turn increases the system temperature. Although 

this method of refrigeration is not yet available in practical appliances in market, still 

magnetic refrigeration is gaining popularity among the research community across the 

globe specially in the niche areas such as space technology. Magnetic refrigeration offers 

several advantages over the conventional gas based compression systems including 

improved efficiency, freedom from ozone depleting gases.  

The magnetocaloric cooling cycle consists of four thermodynamic steps (see figure 

3.1)analogous to the Carnot refrigeration cycle. The steps are discussed below: 

Adiabatic magnetization: The magnetic material is isolated from the environment. 

Magnetic field (+H) is applied to refrigerant material which results in increase in the 

refrigerant temperature as explained above.  

Isomagnetic enthalpy transfer: This excess heat is then expelled to the surrounding by 

means of a fluid while maintaining the magnetic field constant so that reorientation of 

spins can be prevented. 
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Adiabatic demagnetization: The magnetic field is removed(H=0) under adiabatic 

conditions. The magnetic entropy increases. To compensate this, the refrigerant material 

absorbs thermal energy from the crystal lattice lowering sample temperature. 

Isomagnetic entropic transfer: The sample is then placed in thermal contact with the 

environment to be refrigerated. As the sample is cooler than the refrigerator environment, 

it absorbs heat from the environment. Then the cycle continues.  

 

Figure 3.1: Schematic to show the four thermodynamic steps of cooling by magneto-

refrigeration.  

3.1.2: Normal and inverse MCE 

When the material heats up upon applying external magnetic field and cools down when 
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i.e. the sample cools down when magnetic field is applied. Ni-Mn based Heusler alloys 

are perfect examples for showing inverse MCE
2,3

. The origin of inverse-MCE is 

associated with the antiparallel disorder of magnetic sublattices
4
.The absolute amount of 

heat absorbed during the structural transition exceeds the heat release arising from the 

change of magnetic ordering, so the net temperature decreases on application of magnetic 

field
5
.  

3.1.3: Challenges in developing magnetocaloric materials: 

Gadolinium and many of its alloys are considered as prototype magnetic refrigerant 

materials. After the discovery of giant magnetocaloric effect in Gd5(Si2Ge2) by Pecharsky 

et al.
6
there is a continuous hunt for newer and better materials which show good 

magnetocaloric effect near and above room temperature (RT).
6,7,8

 Very few materials are 

available at present which show this effect above room temperature. Among the materials 

that exhibits MCE near RT, Gd metal, Gd5(SixGe1-x)4 alloys, MnAs
9
, FeRh

6,9,10
, and some 

manganites show good potential  but, as indicated by Pecharsky et al.
11

, it is not very 

logical to compare between different materials just by considering the isothermal entropy 

change (ΔSM) value, as it is an extrinsic property and the adiabatic temperature change 

(Tad) is an intrinsic property of the system which depends on heat capacity of the 

materials. Most of the rare earth based materials perform best well below the room 

temperature. While, transition metal based compounds have an edge over these rare earth 

based compounds for use as room temperature refrigerants.
9,12

 

The other challenge is associated with a narrow operating temperature range in which the 

change in magnetic entropy is large. This is due to the fact that the magnetic transitions, 

associated with the giant MCE are often very sharp and do not allow broader operating 

temperature window.  
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Magnetic nanoparticles have added advantages of transition temperature tunability by 

varying the particle size and a larger surface area for better heat exchange. In addition, 

they can be assembled in the desired form e.g. thin film. Studies in superparamagnetic 

(SPM) ferrite nanoparticles show the maximum MCE near the blocking temperature (TB) 

whereas in core-shell nanoparticles, large MCE has been assigned to the uncompensated 

surface spins.
13,14

 

There lies a very close relationship between MCE and order-disorder transitions seen in 

magnetic materials. When we magnetize a paramagnetic solid sample near absolute zero 

or a ferromagnetic material near its spontaneous magnetic ordering temperature, the Curie 

temperature, TC, in isothermal condition, it greatly reduces the disorder of a spin system, 

thus substantially lowering the magnetic part of the total entropy. It results in an increase 

of the lattice vibrations and the adiabatic temperature rise,  Tad, which is an intensive 

(inherent to the material) thermodynamic quantity, also used to measure and express the 

MCE. Thus, the materials having ordering temperature near RT and a large (
  

  
)
 

value, 

associated with the transition, can be effectively used for applications related to the 

magnetocaloric refrigeration. 

 

As seen in earlier chapters, Fe3Se4 is a ferrimagnetic compound with a monoclinic 

structure which orders below Curie temperature ( 317 K). As Fe3Se4 has ordering 

temperature above its room temperature it has a potential as a room temperature 

refrigerant. Also, as no rare earth metal is involved in this material, so, this material can 

be a potential candidate in cheap, environment friendly rare earth free materials for room 

temperature magneto-refrigeration. 

In this chapter, I have studied the magnetocaloric properties of Fe3Se4 nanorods by a 

combination of magnetization and heat capacity measurements.  
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3.2. Experimental details: 

3.2.1. Measurement methods of magnetocaloric effect in Fe3Se4 nanoparticles: 

Magnetocaloric effect can be measured in terms of either adiabatic temperature change 

 Tad or isothermal change in magnetic entropy  SM. The measurement can be either direct  

or indirect. In direct measurements, the initial and final temperature of the sample is 

measured directly on the magnetized and demagnetized sample for a particular value of 

external field. Direct measurements are very critical to perform and prone to error. The 

accuracy of measurement is compromised when the magnetic transitions are time 

dependent or when the change in magnetic field is away from instantaneous.  

In the year 1999, Pecharsky et. al. explained in an article about the indirect ways to 

measure magnetocaloric effects in a sample through magnetization measurements or/and 

heat capacity measurements
15

. Indirect techniques allow the calculation of both Tad(T)H 

and SM(T)H from the experimentally measured heat capacity as a function of 

temperature in magnetic fields HI and HF, and  the calculation of SM(T)H from the 

magnetization experimentally measured at a number of different temperatures as a 

function of H from HI to HF. The MCE can be characterized by the magnetic entropy 

change due to the application of a magnetic field H. In this study, we have taken the 

indirect measurement methods to characterize the magnetocaloric properties of Fe3Se4. 

Magnetic measurements: Static magnetic property measurements of Fe3Se4 

nanoparticles were performed using a Physical Property Measurement System (PPMS) 

from Quantum Design Inc. The details about this measurement are discussed in previous 

chapter under section 2.2.2. 
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3.2.2. Heat capacity measurements: The temperature and magnetic field dependence of 

the heat capacity at constant pressure Cp was measured using the heat capacity option in 

PPMS by Quantum Design. Each measurement comprised of a heating and cooling cycle 

followed by fitting the heat response from the sample according to two-tau model.  

The powder sample was pressed to form a pellet and then a very small amount of grease 

was used to make proper thermal contact between the pellet and the sample platform. 

Measurement of Cp was done in two sets depending on the type of grease suitable in that 

temperature ranges (Apiezon N Grease for 1.9 K- 300 K and Apiezon H Grease for 260 K 

to 380 K). 

 

Figure 3.2: The placement of sample on the platform and connections inside the sample 

chamber for heat capacity measurement. 
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Figure 3.3: Sample puck for heat capacity measurements in PPMS
16

 provided by 

Quantum Design inc. 

 

3.3: Results and discussions: 

3.3.1: Magnetism study: 

Top panel of figure 3.4 shows the MZFC and MFC vs. T curves of Fe3Se4 NRs at an external 

applied field of 100 Oe. The zoom view shows the bifurcation of both the curves below ~ 

340 K, followed by a prominent peak in MZFC vs. T curve centered around ~ 317 K which 

is in close proximity to the Curie temperature (Tc) of Fe3Se4 NRs  showing paramagnetic 

to ferrimagnetic transition.
17,18

As temperature decreases, the MFC value increases rapidly 

as more and more moments align themselves in the presence of external field. The bottom 

panel of figure 3.4 reveals the hard magnetic nature of these samples as discussed in 

earlier reports
17,19,20

.As we cool the sample from 300 K to 10 K, the coercivity HC 

increases massively from 2.7 kOe (300 K) to 30 kOe (10) and loop appears almost 
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squarish. Such high value of HC is unusual for a compound not containing any rare earth 

or noble metal.  

 

Figure 3.4: The top panel displays zero field cooled and field cooled magnetization vs. T 

curves (MZFC-T, MFC-T) of as-synthesized Fe3Se4 nanoparticles at an external field ~100 

Oe. The prominent peak at ~317 K in the inset can be ascribed to Curie transition. The 

bottom panel shows a comparison of magnetization versus field (M-H) hysteresis curves 

at 300 K and 10 K showing huge coercivity of ~29 kOe at 10 K. 

We have chosen indirect measurements (isothermal magnetization measurements and heat 

capacity measurements) which is the most common method used to determine the MCE in 
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most of the cases. The change in the magnetic entropy across any order-disorder transition 

can be obtained from the family of M-H curves (in first quadrant) at temperatures 

spanning the transition region according to the Maxwell’s thermodynamic relation
15

 

 

 

After integrating over the external magnetic field we get total entropy change as  

 

  ……………. (1) 

As, magnetization isotherms are measured as discrete temperature points, the equation (1) 

can be practically approximated as equation (2) where integral is substituted by numerical 

summation.   

    ∑
       

       
    ……………. (2) 

We have measured the magnetization isotherms in the first quadrant for Fe3Se4 

nanoparticles over a field range of 0-9 T taken at intervals of 2 K from 301 to 341 K, 

which spans the region near the Curie transition, and, at an interval of 20 K in 220 to 300 

K. After each measurement, the sample was heated over its Curie temperature to make the 

remanence from the previous measurement zero. Figure 3.5 shows the isothermal M-H 

curves measured in the above-mentioned temperature range. It can be seen from the figure 

that the magnetization does not saturate even at 9 T which is in consistent with earlier 

reports
17,18

.This behaviour may come from the uncompensated surface spins at the surface 

of the particle.  Figure 3.6 demonstrates M
2
 vs. H/M isotherm curves near TC, known as 

Arrott’s plot. From the figure, it is clear that all H/M vs. M
2
 curves show quasi-straight 

lines and the slopes are positive in high field range, which is the signature of a second-
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order or continuous phase transition.
21,22

 Figure3.7shows the M-T curves at different 

magnetic field values extracted from the isothermal M-H curves presented in figure 2.  

 

Figure 3.5. Magnetization isotherms in first quadrant of M-H loop recorded at two 

different sets of temperature range: from 341 K to 300 K (at an interval of 2 K) and from 

300 to 220 K (at and interval of 20 K). Each measurement was taken after heating the 

sample over its Curie temperature. 
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Figure 3.6: M
2
 versus H/M plot (Arrott’s plot) in the region near Curie temperature for 

Fe3Se4 nanoparticles showing positive slopes at higher field value characteristic of second 

order transition from paramagnetic to ferrimagnetic phase. 

 

 

Figure 3.7: Magnetization versus temperature curves (extracted from the magnetization 

vs. magnetic field isotherms shown in Figure 2) for external field values from 10 kOe - 60 

k Oe. Below the Curie temperature (~ 317 K), magnetization values increase rapidly with 

decreasing temperature. 

 

The magnetic entropy change (SM) was calculated according to equation (1) from the 

field and temperature dependent magnetization data. In figure 3.8 we can see the variation 

in SM with T when the external field was varied from 0 to 1, 2, 3, 4, 5, and 6 T 

respectively. As it is evident from the figure,SMis negative for Fe3Se4 NRs, i.e. the 
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proximity to the TC of the sample followed by the decrease in ΔSM beyond TC. The   
    

of - 46 × 10
-2

 J/kg-K was obtained at 317 K when the field was changed from 0 to 6 T.   
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Figure 3.8. (a) Magnetic isothermal entropy change (   ) as a function of temperature is 

plotted when external field is switched from 0 to 10, 20, 30, 40, 50, and 60k Oe 

respectively.A peak in    is observed around the Curie temperature for all the field 

values.(b) 3-dimensional graph showing the temperature and field dependence of 

magnetic isothermal entropy change. 
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The   
    values are more than two times higher than the maximum values reported for 

CoFe2O4 nanoparticles synthesized by solution chemistry
14,23

. Although the materials with 

second order phase transitions (SOT) usually tend to have a smaller   
   value than 

materials with first order magnetic transition, but they have an advantage of showing a 

relatively broader range of operating temperatures (seen by large FWHM of the SM vs. T 

curve) and therefore these materials show better ‘relative cooling power’ (RCP) values, 

defined as below.
24,25

 

                                                                       
                           …..(2) 

The      values were calculated by Gaussian fitting the peak observed in SM versus 

T curves. The external magnetic field dependence of RCP and   
   is shown in figure 

3.9. A linear dependence for both RCP and   
   with H was found. The RCP value of 

12.45 J/kg was obtained for field change from 0 to 6 T. Although the SMvalues are 

small, still a reasonable RCP value is obtained owing to the broad operating temperature 

range of this material. 
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Figure 3.9.The top panel shows the external field (H) dependence isothermal entropy 

change and bottom panel show the field dependence of RCP. The linear dependence on H 

for both RCP and    
    is found. 

 

While designing the materials for magnetic cooling applications at room temperature, it is 

relevant to distinguish between the first order transitions and second order transitions to 

optimize the magnetic entropy change  SMand refrigerant capacity (RC).The maximum 
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value of magnetic entropy change is obtained in compounds with first order magneto-

structural transitions. But, the RC depends both on the height and width of  SM curves. 

Optimization of RC makes SOT materials more suitable for practical applications.  

Next, we investigated the presence of a universal behavior for the entropy change in 

materials with SOT which can be established by scaling the axes appropriately.
25,26

 Then, 

all the curves collapse into a single curve independent of the external magnetic field.  The 

universal curve was constructed by normalizing the SM to its peak value SM
peak 

and 

rescaling the temperature axis by defining a new parameter θ. 

   θ = {
 

(    )

(      )
 𝑇  𝑇 

(    )

(      )
 𝑇  𝑇 

}          …………………..(3) 

 

Figure 3.10. The universal curve behavior of Fe3Se4 nanoparticles by scaling the 

temperature and isothermal entropy change value appropriately. Near Tc (θ=0) all the 

curves merge into a single curve, far away from the Tc the dispersion in the curves can be 

observed.   
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Where, TR1 and TR2 are two reference temperature points that we have selected as 

temperatures corresponding to
 

 
   

    . The universal curve constructed according to 

these scaling is shown in figure 3.10. All the curves collapse into single curve in 

temperature regions near to Curie temperature (θ= 0) validating that our treatment of data 

according to SOT in Fe3Se4. As we go far away from Tc breakdown can be observed in the 

curve which is acceptable as scaling laws need not hold far away from Tc.   

Although the formation of universal curve is a theoretical exercise, but these universal 

curves can also be used to characterize the magnetocaloric properties. Once the shape of 

the universal curve is known, the magnetic entropy value can be predicted for the larger 

values of magnetic fields which were not measured. Universal curve can also be used to 

make extrapolations of data in the temperature axis to ranges where the sample was 

notmeasured
27

. 

3.3.2: Heat capacity measurements: 

Figures 3.11 and 3.12 show the temperature dependence of heat capacity for the 

as-synthesized Fe3Se4 NRs under zero field condition. A prominent - shaped anomalous 

peak is observed around 307 K (figure 3.11). Zero fieldCp value for the as-synthesized 

Fe3Se4 NRs at 300 K is 30.61 J/mol/K. For bulk polycrystalline samples of Fe3Se4 a -

transition is observed at 307 K in the CPvs T curve and value of Cp was found to be 31.61 

J/mol/K at 300 K which is in good agreement with the results reported here
28,29

. The heat 

capacity in magnetic materials can be written as Cp = T + T
3
+ δ   ⁄ where the T term 

gives the electronic contribution, T
3
gives the contribution from the lattice and, δ   ⁄  

gives the spin wave contribution. At low temperature, (2 K< T< 32 K) the experimental 

Cp data is fitted according to the above equation and a good fit was observed (figure 10 
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a).
30

 For similar ferrimagnetic systems the plot of CpT
-3/2

 versus T
3/2

 at low temperature 

range in zero field gives a straight line which is well in agreement with the experimental 

data obtained for Fe3Se4 NRs in this report (figure 3.13 b).
31

 In presence of external 

magnetic field, the Cp values, as seen in the field dependent Cp vs. T curves remain almost 

unchanged. However, the anomalous -peak around Tc becomes flattened at higher fields 

and shifts marginally towards higher temperature, signifying that this peak is coupled to 

the magnetic transition (figure 3.14).
31,32

 

Figure 3.11: The plots of (a) Cp versus T and (b) Cp/T versus T from 1.8 K to 300 K in 

zero field condition are shown. 
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Figure 3.12: The plots of (a) Cp versus T and (b) Cp/T versus T from 260 K to 388 K in 

zero field condition are shown. The encircled region in both the plots shows the -

anomaly around Curie transition. 
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Figure 3.13: (a) Experimental Cp data is fitted according to the equation Cp = T + T
3
+ 

δ   ⁄  at low temperature region in zero field condition. (b) plot of CpT
-3/2

 versus T
3/2

 at 

low temperature range in zero field gives a straight line showing the presence of magnetic 

T
3/2 

term in heat capacity data.  
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Figure 3.14:  The plot of (a) Cp versus T and (b) Cp/T versus T from 260 K to 388 K 

shows the effect of external magnetic field on the heat capacity. The strong magnetic field 

suppresses and flattens the peak and also shifts marginally to higher temperature side 

characteristic for a magnetic transition.  

 

The Cp values are used to calculate the adiabatic temperature change (Tad) associated 

with the paramagnetic to ferrimagnetic transition in Fe3Se4 NRs according to the equation 

given below: 
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Then, under the assumption that  magnetic field dependence of T/Cp (T, H’)is much 

weaker than(
  

  
),which is a quite decent approximation in the transition region, then the 

adiabatic temperature change can be written as
15,33

 

 𝑇  ≈       (
𝑇

𝐶 (𝑇 𝐻 )
) ………………… . (5) 

 

 

 

Figure 3.15:  The plot of adiabatic temperature change with temperature calculated 

indirectly from magnetization and heat capacity measurements for two different field 

value 2 T and 5 T. Tad shows its maximum near room temperature which is near to its 

transition temperature is indicative of the potential of this material as room temperature 

magneto-refrigerant.  

In figure 3.15, Tad is plotted with respect to temperature for two external field 

values and maximum value of Tad ~ 0.27 K is observed for H of 5 T at ~ 317 K. As, we 

see that Tad shows its maximum near room temperature (figure 3.15) which is near to its 

225 250 275 300 325

0.0

0.1

0.2

0.3
 5 T

 2 T

  

 


T

ad

T(K)



Chapter 3: Study of thermal properties and magnetic entropy of Fe3Se4 nanoparticles 

 

 
120 

Mousumi Sen 

transition temperature is indicative of the potential of this material in magnetocaloric 

refrigeration at room temperature.
34

 

 

3.4: Conclusion: 

The Fe3Se4 NRs, synthesized by one-pot high-temperature solution-phase method, 

are studied through magnetization and heat capacity measurements. Pronounced anomaly 

in the heat capacity that accompanies the magnetic phase transition at the Curie 

temperature TC317 K was found. The heat capacity anomaly is flattened and shifted to 

higher temperatures by the application of a magnetic field and correlate well with the 

behavior of the anomalies in the magnetization. The adiabatic temperature change Tad 

was determined indirectly from heat capacity and magnetization measurements and a 

maximum of 0.27 K change in temperature is observed for a field change of 5 T at 317 K. 

These particles are found to have a broad range working temperature of 30 K around 

room temperature which is highly beneficial from an applied perspective. In many earlier 

studies, it has been shown that with a very small amount of doping in Fe site the Curie 

temperature does not significantly change but the magnetization parameters can vary 

widely 
17

. Research is under process in this direction to increase the   
   values without 

compromising on the working temperature range.  
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Abstract 

In this chapter, experimental evidences of the coexistence of magnetic and 

ferroelectric ordering and magnetoelectric coupling at room temperature in 

Fe3Se4 nanorods is discussed. The monoclinic iron selenide is known for its 

magnetic ordering but there is no report on its ferroelectric properties. We 

observed that Fe3Se4 nanorods show type-II multiferroicity, i.e. the ferroelectric 

and magnetic Curie temperature coincide and shows a coupling  manifested by 

an anomaly in the dielectric constant and Raman shift at Tc. We do not 

completely understand the origin of the ferroelectric ordering at this point 

however the simultaneous presence of magnetic and ferroelectric ordering at 

room temperature in Fe3Se4 along with hard magnetic properties will open new 

research areas for memory and devices.   
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4.1: Introduction: 

4.1.1: Overview of multiferroics: 

To achieve rich functionality in materials, one of the promising approaches is to combine 

different physical properties in one material. The materials combining more than one 

“ferroic” properties were called “multiferroics”
1,2

. The promising technical applications of 

these materials span large areas such as – energy-transformation, signal-generation and 

processing, information storage and many more. Multiferroicity provides substantial 

complexity that challenges our understanding of electrons in crystal, because of the huge 

diversity of materials with different structures and compositions where these properties 

are manifested. The physics of multiferroics is fascinating, involving crossovers of many 

sub-disciplines such as, symmetries, domains, hetero-structures, topology etc.
3
.  

Therefore, multiferroic materials have been in the limelight among researchers world-

wide in last decade
4,5

.  

Based on the mechanisms, these materials can be classified in two broad classes explained 

below.  

Type-I multiferroics are those materials where magnetism and ferroelectricity arises from 

independent mechanisms. Both, the time reversal and spatial reversal symmetries are 

broken in these systems. Generally, in type-I multiferroics, FE ordering temperature is 

much higher than magnetic ordering temperature.  

Type-II multiferroics are those materials in which ferroelectricity occurs only in the 

magnetically ordered state. The ordering temperature for magnetism and ferroelectricity 

coincides for these types of compounds
6
. 



Chapter 4: Is Fe3Se4 a room temperature multiferroic? 

 
128 

Mousumi Sen 

Multiferroic compounds are full of surprises. Lately, there were reports of unconventional 

multiferroics where mechanisms for the origin of ferroelectricity were discussed in 

centro-symmetric materials based on charge-ordering and bond-ordering
5
. 

4.1.2: Proper and improper multiferroics: 

In proper multiferroics, traditional ferroelectricity is observed. Most of these ferroelectrics 

are transition metal oxides (generally their structure is derivative of perovskite), where 

transition metal ions have empty d-orbitals
5
. The collective shift of positive and negative 

ions inside the crystal leads to bulk polarization in the materials.  

Improper multiferroics, on the other hand, are a result of more complex lattice distortion 

where the origin of ferroelectricity is not the empty d-orbitals of transition metals. 

Improper multiferroics have drawn remarkable attention in past years due to the presence 

of strong coupling between magnetic and electrical ordering
7
. The mechanism of origin of 

ferroelectricity in improper multiferroics can be (a) charge ordering (b) spin ordering and 

(c) orbital ordering. LuFe2O4 is often discussed as a prototype where multiferroicity arises 

because of charge ordering. LuFe2O4 is a mixed valence material where an equal amount 

of Fe
2+

 and Fe
3+

 ions occupies the same lattice sites
8
. The charge frustration in the 

triangular lattice results in polar arrangements of electrons Fe
3+ 

which in-turn gives rise to 

ferroelectricity in this compound. The famous Fe3O4, which shows the well-known 

Verwey transition (insulator-metal transition)
9
 also exhibits ferroelectricity in the 

insulating state
7,10,11

. Fe3O4 has thus become the oldest known multiferroic to human kind. 

Below 38 K, ferroelectric switching was observed in magnetite thin films
12

. 
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Figure 4.1: A brief summary of ferroelectricity [(a) Curie temperature and (b) 

polarization] of partial typical type-II multiferroics.
3
 

 

 



Chapter 4: Is Fe3Se4 a room temperature multiferroic? 

 
130 

Mousumi Sen 

4.1.3: Room temperature multiferroics: 

Since the renaissance of multiferroics in previous decade
13

 the search for single-phase 

multiferroics with room temperature magneto-electric coupling has not yielded much 

result. There are, in fact very few materials discovered so far that show the coexistence of 

ferromagnetic (FM) ordering along with ferroelectric (FE) one, though some compounds 

like BiFeO3 became hugely popular due to their antiferromagnetic (AFM) property along 

with FE properties
14–16

. Some of the non-stoichiometric compounds have achieved some 

of the desired properties through doping 
17–19

, although they are hard to reproduce and not 

suitable for large scale production.  Some of the technical challenges associated with most 

of the compounds are – very low magnetic transition temperature, small polarization 

values and week coupling between them etc. Some of the room temperature and near 

room temperature multiferroic compounds are listed below in the table. 
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Compound Ferro-

electric 

ordering 

Magnetic 

ordering 

T 

Magnetic ordering Ref 

BiFeO3 (Bulk) 1103 K 643 K Antiferromagnetic 
20

 

LuFeO3 Films 1050 K 440 K Antiferromagnetic 
15

 

KNb0.95Co0.05O3 699 K - Weak 

ferromagnetism 

17
 

Fe-doped BaTiO3 365 K 670 K Ferromagnetic 
21

 

BaFe2Se3 (Theory) 255 K 256 K Antiferromagnetic 
22

 

Pb(Fe0.5Ta0.5)0.4(Zr0.53Ti0.47)0.6O3 300 K 

hypothetical 

475 K Weak 

Ferro/ferrimagnetic 

19
 

Fe3Se4 317 K 317 K Ferrimagnetic This 

work 

 

Transition metal based chalcogenides possesses huge potential as magneto-electric 

materials. CdCr2S4 and CdCr2Se4 with Curie temperature 85 K and 125 K respectively 

were reported to show multiferroic behavior, 
23

 although the origin of this behavior was 

not clearly understood. Recently, high temperature multiferroicity was predicted in 

BaFe2Se3 phase, which was quite unexpected
22

. Later, it was shown experimentally with 

the help of photoemission spectroscopy that two kinds of electrons (localized and 

itinerant) coexist in BaFe2Se3 phase
24

.  

As discussed in earlier chapters, binary  metal chalcogenide Fe3Se4 has gained attention 

quite recently because of its high uniaxial magnetic anisotropy constant without the 

presence of any rare earth metal or noble metal atom leading to very high coercivity at 
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room temperature (4 kOe)
25–27

. Fe3Se4 is ferrimagnetic at room temperature with Curie 

temperature  317 K and have monoclinic structure with a space group I2/m (12) 
26

. But, 

till now, dielectric study of this material has not been reported either in bulk or nano 

forms.  

In this chapter we investigate a novel and unexpected perspective of Fe3Se4 which 

establishes Fe3Se4 as a room temperature multiferroic material. Fe3Se4 shows 

magnetoelectric coupling at room temperature along with very strong ferrimagnetic 

properties which is very unique for a simple binary compound in undoped form.  These 

behaviors are very surprising for  Fe3Se4, as, at room temperature the single crystals of 

this compound is known to show metallic properties due to the overlapping of cation-

cation forming bands
28

.  

4.1.4: Ferroelectric metals:  

Metallic behavior and ferroelectricity are not mutually compatible as the conduction 

electrons screen the static internal electric field. In the year 1965, Anderson and Blount 

predicted a ferroelectric type metal showing a continuous structural transition in metallic 

state
29

. After almost half a century, LiOsO3 was reported as the first example of a 

ferroelectric metal which undergoes a ferroelectric type transition at 140 K
30

 . 

Comprehensive theoretical studies discussed the origin of ferroelectric behavior in 

structurally similar compound LiNbO3
31

. Moreover, a new compound MgReO3 was 

predicted to show ferroelectric metal type behavior. For a material to be termed as 

ferroelectric metal, the structural transition has to be continuous and the material at low 

temperature structure has to be ferroelectric.  
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4.2: Experimental details and techniques: 

Temperature dependent dielectric spectroscopy was performed using Novocontrol Beta 

NB Impedance Analyzer capable of measuring impedance response of sample from few 

μHz to MHz. the analyzer was connected with home built sample holder to couple with a 

helium closed cycle refrigerator (Janis Inc.) for temperature control of the sample space. 

The powdered sample was compressed in a hydraulic press in the form of circular pellet 

of diameter 13 mm and a custom designed sample holder was used to form parallel plate 

capacitor geometry. The principle of dielectric spectroscopy is illustrated schematically in 

figure 4.2.  

  

 

Figure 4.2: Principle of a dielectric/impedance measurement with a parallel plate 

geometry. 
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holder

Generator
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Ferroelectric hysteresis loop measurements were done with the help of a ferroelectric 

tester module of TF Analyzer 2000 Measurement System. Powder sample was pressed in 

hydraulic press on pellets of diameter 10 mm.  No electric field was applied during 

pressing. 

Raman spectra were collected using the same instrument whose details are mentioned in 

section 2.2.2 in chapter 2. Temperature dependent studies were done using a temperature 

controlling unit integrated with Raman spectrometer equipped with liquid nitrogen. For 

magneto-Raman measurements, a permanent bar magnet (rare-earth magnet) was kept 

near the sample to apply magnetic field. The intensity of magnetic field was measured 

with Gauss-meter. The Hall probe of the Gauss-meter was held as close as possible to the 

sample to get a fairly accurate idea of the magnetic field the sample is experiencing. 
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4.3: Results and discussion: 

4.3.1: Observation of electrical polarization in Fe3Se4 nanorods: 

The as-synthesized sample pressed in the form of pellet shows the evidence of the 

presence of spontaneous and reversible polarization in Fe3Se4 nanorods No electrical 

poling of the sample was done before the measurement. Figure 4.3. shows the P-E loop 

taken with frequency 50 Hz and at temperature 89 K, 140 K, 190 K and 240 K 

respectively. The hysteresis loops are symmetrical around the origin and do not show 

clear saturation. The shape of the P-E loops indicates towards the presence of relaxor-type 

ferroelectricity in these samples. The value of polarization is very small but comparable to 

other nanoparticles systems for e.g  Fe3O4 and some other magnetic nanoparticles
23,32–34

. 

The shape of the loop resembles the hysteresis loop observed for Fe3O4 nanoparticles and 

its composites with PVDF
34

. The loop appears inflated due to significant contribution 

from the leakage current and other non-switchable polarization.  

To evaluate the true switchable polarization Positive Up Negative Down (PUND) 

measurements were employed (figure 4.3.f). In PUND test, a train of 5 pulses is sent 

which is very efficient in extracting information regarding intrinsic ferroelectricity from 

the non-hysteric and leakage part.  The switchable polarization is calculated as dP (as 

shown in figure 1f). Although, the magnitude of this true switchable polarization very 

small (0.08 μC/cm
2
) at 240 K, but its presence confirms the intrinsic ferroelectricity in 

Fe3Se4.  
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Figure 4.3: Ferroelectric polarization loop of Fe3Se4 nanoparticles at frequency 50 Hz at 

temperatures 89, 140, 190, 240 and 323 K (a-e). The Positive-Up-Negative-Down results 

for knowing the true reversible polarization are shown (f) at temperature 240 K.   
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4.3.2: Impedance spectroscopy:  

The dielectric response from the sample was measured in a frequency range 1 Hz to 10
6 

Hz spanning temperature range150 K to 350 K at 1 V rms. The frequency dependence of 

various parameters is plotted as a function of frequency in Figure 4.4. As perceived from 

the figure, both the real and out of phase part of permittivity (ε’ and ε” respectively) 

values decreases with increasing frequency. At low frequency, the permittivity values 

consists of contributions from all the dipolar, interfacial, atomic, ionic and electronic 

polarization, which can be explained by Maxwell-Wagner theory. The heavier dipoles are 

able to follow the external field at low frequency, so that values of ε are higher. As the 

frequency starts to increase the dipoles lag behind the field and ε value decreases. In many 

compounds large values of permittivity are seen owing to the presence of ionic impurities 

in the sample. This is revealed by high values of tan δ in these cases. Here, tan δ values of 

the order 10
-1

 are achieved (see figure 4.4 c).  
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Figure 4.4: Frequency dependence of (a) real part of permittivity (b) out of phase part of 

permittivity (c) loss factor (d) absolute permittivity measured with ac 1 V rms value at a 

temperature range from 200 K to 350 K.  
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shown in figure 4.5 at frequencies 107, 1587 and 11952 Hz.  A small kink was observed 

around temperature 317 K in real part of  verses temperature curve for all frequencies. 

For clear view the temperature dependence of dielectric constant and loss tangent is 

plotted in figure 4.6. The kink around the transition temperature is encircled. Above 317 
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Although the feature seen in very weak in nature, but the proximity of the kink observed 

with the magnetic Curie transition (Tc) in this compound indicates towards the presence of 

magneto-electric coupling in the compound.  

 

 

 

 

 

 

 

 

 

Figure 4.5: Temperature dependence of real part of permittivity at frequencies 11952 Hz, 

1587 Hz, 107 Hz extracted from figure 4.4 (a). The shaded region shows the anomaly in 

ε’ near the transition temperature. 

 

 

 

 

 

5.7

6.0

6.3

6.6

200 250 300 350
7.2

7.6

8.0

5.0

5.2

5.4

 

 

T(K)

1587 Hz

 

 

 

'

107 Hz

 

 

11952 Hz



Chapter 4: Is Fe3Se4 a room temperature multiferroic? 

 
140 

Mousumi Sen 

 

 

 

 

 

 

 

 

Figure 4.6: Temperature dependence of real part of permittivity at frequency 1587 Hz 

and the loss tangent.  
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317 K), both the contributions from grain and grain boundary is prominent but when the 

temperature is raised much above Tc (plots at 336 K and 350 K), only the contributions 

due to grain boundary is prominent.  The resistance from the grain and grain boundaries 

are calculated from the Cole-Cole plots and plotted against temperature in figure 4.8. The 

parameter  (spreading factor) characterizes the distribution of relaxation time signifying 

the departure from the ideal electrical response.  can be determined from the expression 

for the maximum value of the imaginary part of the permittivity given below. 

    
    

           [       ⁄ ]

 
 

Here,    and   are the low and high frequency limit of   respectively. The spreading 

factor was calculated from the above equation for both the semicircle arcs and the values 

for grain and grain boundary were found to be 0.54 and 0.57, respectively at 317 K. These 

non-zero values of  shows the poly-dispersive nature of dielectric relaxation as observed 

in literatures 
35,36

. 
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Figure 4.7: Cole-Cole plot of as synthesized Fe3Se4 nanoparticles (’’ versus ’) 

measured by impedance spectroscopy at temperatures 185, 220, 295, 300, 317, 310, 326, 

336 and 350 K respectively.  
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Figure 4.8: Temperature dependent of resistance contribution from grain and grain 

boundary extracted from Cole-Cole plot is plotted. Inset shows the circuit arrangements 

and parameters RG and RGB in a Cole-Cole plot. 
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structure
37,38

.As the temperature is increased, the peaks, 224, 291 cm
-1

, show significant 

change in the peak position and peak width (FWHM). 

To analyze the spectra, least square fit with Lorentzian line shape was used to fit the 

peaks. When the peak position and FWHM is plotted against temperature, a clear 

incongruity is seen around the magnetic/ferroeletric transition temperature ( 317 K) (see 

figure 4.10 bottom panel). From the figure 4.9, it is appreciated that both the Raman 

modes softens as temperature is increased from 295 K.  As the temperature further 

reaches the magnetic/ferroelectric ordering temperature the Raman mode starts hardening 

and peak shifts towards higher wavenumber and then immediately after Tc decreases 

sharply towards lower wavenumber. This anomaly in Raman modes observed near 

magnetic Tc provided a significant input indicating the presence of spin-phonon coupling 

in the system. This kind of anomaly near the magnetic transition temperature has been  

observed previously in case of some rare earth chromites
39

, pure selenium element
40

 and 

the concurrent anomaly around Tc is ascribed to the spin phonon coupling. 

The effect of external magnetic field on these Raman modes was studied. At room 

temperature, (which is close to the magnetic transition temperature) even a very small 

external magnetic field (0.01 T) distorts the spectra significantly and intensity of Raman 

modes decreases sharply (Figure 4.10). The Raman signal was regained to its original 

form as soon as the external magnetic is removed. Raman spectra without field, without 

field and after removing the field are shown in figure 4.10. The external magnetic field 

also affects the sharpness of the peak, may be because the orderness in the sample 

increases with application of magnetic field. The line width of the 220 cm
-1

 peak 

decreases from 4.6 to 3.8 cm
-1

 with the application of external magnetic field.  
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For Fe3Se4 single crystals it was observed that beyond magnetic ordering temperature the 

interatomic spacing rearranges such that the cation-cation overlapping disappears partially 

or completely
28

. 
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Figure 4.9: Temperature dependence of Raman scattered signal from Fe3Se4 

nanoparticles recorded from temperature 295 K to 333 K (top panel).The peak position 

and FWHM of two Raman modes were deduced from these plots and plotted against 

temperatures (Bottom panel). (a) and (b) shows the variation for 224 cm
-1

mode and (c) 

and (d) shows the variation for 291 cm
-1

mode. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Effect of external magnetic field on the Raman mode intensity is shown. (A) 

shows the Raman scattering signal without exposure to external magnetic field (B) shows 

the Raman scattering signal after the removal of external magnetic field (C) Raman 

scattering signal with exposure to external magnetic field 100 Oe.  
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4.3.4: Observation of spin-phonon-charge coupling: 

 

Figure 4.11: Observation of spin-phonon-charge coupling can be seen as the anomaly 

seen at magnetization, dielectric permittivity, heat capacity and heat flow (from TGA 

measurement) at concurrent temperature indicated by the shaded region.  
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The heat flow curves were measured from thermo gravimetric analysis (TGA) under 

nitrogen atmosphere from temperature 0 to 800 C. A small exothermic peak was 

observed around 320 K, which is associated with change from paramagnetic to 

ferrimagnetic state. Evidence for the presence of spin-charge-phonon coupling in this 

system can been seen from figure 4.11 where the magnetization (M), real part of dielectric 

permittivity (’), specific heat capacity at constant pressure (Cp) and the heat flow curves 

taken from thermo gravimetric  analysis (TGA) measurements are plotted as a function of 

temperature. The anomaly in these parameters is highlighted in the shaded region.     

 

4.4: Conclusion: 

In this chapter, observation of ferroelectric order in Fe3Se4 nanoparticles at room 

temperature is discussed. These particles also show signatures of spin-charge coupling as 

an anomaly was observed in dielectric permittivity around magnetic transition 

temperature 317 K. Also, strong dependence of intensity of Raman spectra on external 

magnetic field indicates towards the presence of spin-phonon-charge coupling in the 

system. Ferroelectric polarization measurements revealed hysteresis loops in a broad 

frequency range. The microscopic origin of the coupling between spin-charge-phonon is 

not clearly understood. Vigorous theoretical calculations are required to probe this 

mechanism in this compound. Our important observation about the coexistence of both 

magnetic and charge ordering at room temperature proposes Fe3Se4 as a possible room 

temperature multiferroic compound. 
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Section 5.1: Conclusion: 

 

In this thesis, efforts are dedicated to understand the physical properties and explore 

new properties which were not studied before in monoclinic iron selenide. As evident 

from the results of previous chapters, Fe3Se4 holds tremendous potential for both 

fundamental studies and technical applications.  

It is observed that the magnetic properties can be tuned and optimised by modifying the 

parent compound Fe3Se4. For the manganese doped iron selenide nanostructures, the 

magnetization value increased from 4.84 to7.54 emu/g, without any change in the Curie 

temperature; which is important for its hard magnetic applications. More than 130% 

increase in the energy product value is obtained. The energy product of Fe3Se4 can be also 

increased by pairing it with another material with high magnetization (Fe3O4). With 

precise control over the interface and proper tuning of the size of hard and soft phases, 

clean single phase behaviour in the magnetization is obtained in spite of having two 

different crystallographic phases present in the sample. Bottom-up assemblage using pre-

synthesized nanoparticles gives us precise control over the dimension of the hard and the 

soft phase. The magnetic properties were studied with the amount of soft phase present in 

the composite and the magnetic parameters were found to be enhanced monotonically 

with increased volume of soft phase in the nanocomposite. The Fe3Se4:Fe3O4 

nanocomposite behaves as exchange spring magnet and with inclusion of 10% soft phase 

energy product was increased by 115%. These efforts provide possible solution for 

dropping or eliminating the expensive rare earth elements that are often crucial in the 

development of permanent magnetic materials. 

As the ferrimagnetic to paramagnetic transition of Fe3Se4 occurs around room 

temperature, the material is studied for its magnetocaloric properties. Magnetization and 
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heat capacity measurements were done to estimate the magnetic entropy and adiabatic 

temperature change. Pronounced anomaly was observed in the heat capacity that 

accompanies the magnetic phase transition at the Curie temperature. The heat capacity 

anomaly is flattened and shifted to higher temperatures by the application of a magnetic 

field and correlate well with the behaviour of the anomalies in the magnetization. 

Maximum 0.27 K change in temperature is observed for a field change of 5 T at 317 K.  

The most important and fundamental result of this work is the observation of ferroelectric 

order in Fe3Se4 nanoparticles at room temperature. These particles also show signatures of 

spin-charge coupling as an anomaly was observed in dielectric permittivity around 

magnetic transition temperature 323 K. Also, strong dependence of intensity of Raman 

spectra on external magnetic field indicates towards the presence of spin-phonon-charge 

coupling in the system. Ferroelectric polarization measurements revealed hysteresis loops 

in a broad frequency range. The microscopic origin of the coupling between spin-charge-

phonon is not clearly understood. Our important observation about the coexistence of both 

magnetic and charge ordering at room temperature proposes Fe3Se4 as a possible room 

temperature multiferroic compound. 
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Section 5.2: Scope of future work 

The monoclinic phase of iron selenide (Fe3Se4) has been studied for last seven decades 

now; still, this material is full of surprises. Although the oxygen counterpart of the 

material, magnetite (Fe3O4), has always been in the limelight among the researchers for its 

widespread applications, Fe3Se4 is relatively very less explored and understood. As seen 

from the earlier chapters, Fe3Se4 has huge potential both in the fields of fundamental 

understandings of some physical processes and applications in modern technologies.  

As discussed, the semi hard magnetic property is the key attraction of this material. The 

low magnetization of Fe3Se4 has to be increased to bring the sample to the permanent 

magnet market. Also, the energy product of the sample is highly dependent on processing 

of the material. The application of high magnetic fields during the pressing of powder 

samples to pellets helps in orienting the sample along the fields eventually increasing the 

energy product to much higher values. The study of effect of external magnetic field and 

shape anisotropy on the hard magnetic properties is subject to future research in this field. 

The most important and surprising observations regarding the ferroelectric properties of 

Fe3Se4 nanoparticles were made in this thesis. But, the microscopic origin of spontaneous 

and polarization in Fe3Se4 is not clearly understood. To understand the intrinsic nature of 

ferroelectricity and effect of particle size on the ferroelectric properties, studies on single 

crystal and bulk polycrystalline samples are required. For understanding the mechanism 

of ferroelectricity, the magneto-electric coupling detail theoretical study is necessary. 

The presence of both ferrimagnetic and ferroelectric ordering at room temperature makes 

Fe3Se4 a potential room temperature multiferroic. However, the polarization value is very 

small at room temperature. There is huge scope of improvement in the ferroelectric 

properties to make the material suitable for practical applications. Also, it will be very 
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interesting to study this material in thin film form. It has been seen in some cases that the 

polarization values increases many fold when the material is casted in the form of thin 

films (for e.g. bismuth ferrite, BiFeO3).   

It will be challenging to address the dual nature of Fe3Se4 as it behaves as metal and 

ferroelectric both at the same time. This behaviour is extremely rare and has been found 

experimentally to exist in only one material till now (LiOsO3) and predicted in few other 

materials. The metallic and ferroelectric behaviour are traditionally mutually exclusive 

and therefore, it will be exciting to study the origin and nature of such dual behaviour.  

There are ample scopes of study for the applications of Fe3Se4 nanoparticles as theranostic 

agents in photo-thermal therapy, where these nanoparticles may absorb laser irradiations 

and burn the cancer cells.  
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