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Preface 

Magnetic nanoparticles are currently experiencing significant demand across a wide range of 

applications, extending from cutting-edge technologies to breakthroughs in healthcare. 

Magnetic particles ranging in size from 50 to 500 nm exhibiting high saturation magnetization 

(Ms   70 – 170 emu/g), significant effective anisotropy constant (Keff  104 – 106 erg/cc), high 

density (  4.8 – 6 g/cc) and low coercive field (Hc  251 – 2011 Oe) serve as pivotal 

components in perpendicular magnetic recording media employed in high-density magnetic 

recording systems. Moreover, magnetic nanoparticles with high Ms of ~ 60 emu/g with a low 

Hc of ~ 175 Oe have found application in magnetic field sensing. Heusler alloy nanoparticles 

primarily composed of Cobalt (Co) and Iron (Fe) have emerged as compelling options that 

satisfy various criteria, including substantial Ms, elevated Curie temperature (TC), high , 

increased Keff, and minimal Hc, etc. Consequently, Heusler alloy nanoparticles are getting 

recognition in diverse applications, including the detection of SARS-Covid-2 virus, catalysts, 

biosensing, and hyperthermia treatment of cancer. Moreover, the versatility of Heusler alloys 

is apparent as they can be tailored to exhibit ferromagnetic, nonmagnetic, antiferromagnetic, 

or ferrimagnetic properties based on the choice of constituent elements with their elemental 

compositions. The revelation of half-metallicity in Heusler alloys has unlocked the possibility 

of the development of spintronic devices. The conjunction of half-metallicity together with 

quantum confinement can be anticipated in Heusler alloy nanoparticles, heralding several novel 

and new possibilities.  

However, these nanoparticles can only be utilized at their full potential if one can obtain 

them in their fully ordered (L21 or X type), impurity free, and phase pure form as the appearance 

of various atomic disorders (B2 or A2 type) are quite prevalent, which may degrade their 

qualities. Unfortunately, there exist a lot of gaps in the existing literature on these Heusler alloy 

nanoparticles. Most of the previous reports on these nanoparticles reveal the coexistence of 
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impurity phases and/or the lack of ordered crystal structure in them, which immensely impact 

their structural and magnetic properties. Further, the customary utilization of diamagnetic silica 

templates in their synthesis process has imposed another challenge in obtaining them in 

impurity free form. Additionally, many of the earlier studies suffered from the inability to 

obtain the desired nominal composition in the final product, which have led to deviations in 

the expected properties. Moreover, the existing crystallite size or composition dependent 

research on Heusler alloy nanoparticles are limited and unsystematic. Thus, a facile 

methodology for the synthesis of Heusler alloy nanoparticles with stable and highly ordered 

phase pure crystal structure providing good control on crystallite size and chemical 

composition is missing in the literature. Such a refined methodology could result in enhanced 

structural and magnetic properties, thereby opening up a plethora of nanomagnetic device 

applications.  This thesis work attempts to address these challenges.  

First, a simple template-less chemical route was developed to synthesize ternary 

Heusler alloy nanoparticles. viz., Co2FeGa, Fe2CoGa, and Fe2CoAl.  After establishing a 

procedure to obtain phase pure and highly ordered near-stoichiometric Heusler alloy 

compounds in nanoparticle form, the variation of magnetic properties of these nanoparticles as 

a function of crystallite size was explored. Having mastered the procedure to obtain the nominal 

stoichiometry in the Heusler alloy compounds, Fe2-xCo1+xGa (0  x  1) nanoparticles were 

synthesized, and their composition dependent properties were determined. Finally, the 

synthesis of a quaternary Heusler alloy nanoparticle was demonstrated for the first time by 

preparing Fe2CoGa0.5Al0.5 nanoparticles. This showcased the prowess of the developed 

methodology to synthesize other intermediate off-stoichiometric quaternary Heusler alloy 

compositions. The experimental research carried out has been supported by theoretical studies. 

These include the prediction of magnetic properties, electronic density of states, and half 
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metallic properties of these Heusler alloys and interpretation and validation of the experimental 

results with standard theoretical models. 

The results not only showcase the spirit of the methodology to obtain such a highly 

ordered, impurity free, single phase, single domain, soft ferromagnetic Heusler alloy 

nanoparticles with enhanced structural and magnetic properties but also bring out insights and 

new information about these nanoparticle alloys not known so far. These studies also help us 

in understanding the behavior of these systems so that they can be effectively utilized in 

practical applications because of their enhanced magnetization, Curie temperature, and 

magnetic anisotropy coupled with low coercivity. 
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Chapter 1  

Introduction 

In order to fulfill new technological demands, there is the necessity for the development of 

new materials. The utility of magnetic nanoparticles in various sectors opens up the door of 

opportunities for materials scientists. Small magnetic particles with sizes ranging from 50 to 

500 nm, having high mass density ( = 4.8 to 6  103 kg/m3),  high saturation magnetization 

(Ms = 70 to 170 Am2/kg), high effective anisotropy constant (Keff ~104 – 106 erg/cc), and low 

coercivity (Hc ~ 20 to 160 kA/m), are sought after for their application in perpendicular 

magnetic recording media in the high density magnetic recording systems [1]. Similarly, ferrite 

nanoparticles having high Ms (60 emu/g) with low Hc (175 Oe) have found utilizations in 

magnetic field sensing [2]. Fe and Co based Heusler alloy nanoparticles meet the majority of 

these criteria owing to their sufficiently high , Ms, Keff, Curie temperature (TC) and low Hc. 

As a result, Heusler alloy nanoparticles are progressively being utilized in a variety of fields 

ranging from emerging technologies to medical sectors. Several recent publications suggest 

numerous promising applications for Co and Fe based Heusler alloy nanoparticles [3–6]. For 

example, Dahiya et al. [4] utilized Co2FeAl nanoparticles in the detection of SARS Cov-2 

virus. Karim et al. [3] employed Co2FeSn nanoparticles in magnetothermal applications such 

as in hyperthermia treatment of cancer. Kappe et al. [6] demonstrated the suitability of 

Co2MnSi nanoparticles in biosensing applications. Kojima et al. [5] applied Co2FeGe 

nanoparticles in catalysis. These reports showcase that these Heusler alloy nanoparticles with 

their superior properties, have the potential to replace many traditional magnetic nanoparticles 

in diverse sectors. Also, these researches demonstrate the necessity for further exploration of 

the field of Heusler alloy nanoparticles to unfold many hidden opportunities.  
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1.1 Heusler alloys 

Heusler alloys are prototype ternary intermetallic compounds having the chemical formula 

X2YZ [7]. Here, X and Y are typically transition metals, whereas Z is a Group III – V element, 

as depicted in Figure 1.01. These Heusler alloys are named after the German chemist Friedrich 

Heusler [8], who first investigated the Cu2MnAl compound in the year 1903. He discovered 

that this material is soft ferromagnetic in nature despite containing no ferromagnetic element. 

At that time, the crystal structure of this compound was not known. Later, in 1934, the crystal 

structure of Heusler alloys was determined by Otto Heusler [9], the son of Friedrich Heusler, 

and Bradley et al. [10]. This triggered the investigations on many such compounds having 

similar structures.  

 

Figure 1.01. Periodic table showing various choice of elements as X, Y, and Z in Heusler alloys 

[11]. 
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1.1.1 Structure 

The novel properties and phenomena of Heusler alloys, which lead to various applications, are 

attributed to their unique crystal structure. The unit cell of a full Heusler alloy comprises of 

four interpenetrating face cantered cubic (fcc) sublattices positioned at (0, 0, 0), (¼, ¼, ¼), (½, 

½, ½), and (¾, ¾, ¾) [12]. The distribution of X, Y, and Z elements at these positions 

determines the ordered/disordered crystal structures for these compounds.  

 

Figure 1.02. Unit cells of L21 type, X type and C1b type Heusler alloys.  

Depending upon the choice of the X and Y elements, the fully ordered Heusler alloys 

can be classified in two categories. If the atomic number of the X atom is higher than that of 

the Y atom, then it is known as L21 type full Heusler alloy. On the other hand, if the atomic 

number of the Y atom is higher than that of the X atom, then it is called X type inverse Heusler 

alloy [12]. In L21 type full Heusler alloy (prototype being Cu2MnAl) with the space group 
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Fm3̅m (space group number 225), the X atom occupies the equivalent positions (¼, ¼, ¼), and 

(¾, ¾, ¾), the Y atom occupies (½, ½, ½), and the Z atom stays at (0, 0, 0), as displayed in 

Figure 1.02 [12]. On the other hand, in X type inverse Heusler alloy (prototype being CuHg2Ti), 

with the space group F4̅3m (space group number 216), both the X atoms occupy the non-

equivalent positions (½, ½, ½), and (¾, ¾, ¾), the Y atom occupies (¼, ¼, ¼), and the Z atom 

stays at (0, 0, 0) [12]. In other words, in X type structure, half of the X atoms exchange their 

position with the Y atoms as illustrated in Figure 1.02. Both these structures can be identified 

by the presence of superlattice reflections (111) and (200) in their X-ray or electron diffraction 

patterns.  

Subsequently, it was realized that if one of the four sublattices remains unoccupied, the 

unit cell reduces to C1b type structure with the space group F4̅3m (space group number 216) 

[12].   Such structures are called half Heusler alloy with the chemical formula XYZ.  

The crystal structure has a significant influence on the properties of these alloys. Hence, 

it is imperative to synthesize them with the stable, fully ordered L21 or X type structure 

characterized by superlattice reflections (111) and (200) in their diffraction patterns. However, 

the crystal structure of these Heusler alloys often exhibits various atomic disorders due to the 

intermixing of constituent elements at ambient temperatures. This tends to deteriorate the 

special properties inherited due to their unique crystal structure. There are several types of 

disordered structures possible in Heusler alloys, as depicted in Figure 1.03. The B2 type 

partially disordered structure arises from the intermixing of Y and Z atoms in the L21 type 

structure [12]. This structure can be visualized on the basis of CsCl prototype, resulting in the 

reduced symmetric space group Pm3̅m (space group number 221) [12]. This structure can be 

identified by the exclusive presence of the (200) superlattice reflection along with the absence 

of the (111) superlattice reflection. The DO3 type structure is another type of disordered 
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structure, which arises from the intermixing of X with Y atom or X with Z atoms in L21 type 

structure [12]. Its prototype structure is of BiF3 [12] with a space group Fm3̅m (space group 

number 225). Further, an A2 type fully disordered structure results from the total intermixing 

of all three X, Y, and Z elements, having a further reduced symmetric space group Im3̅m (space 

group number 229) [12]. It follows the prototype structure of the tungsten (W), resulting in a 

body cantered cubic (bcc) lattice [12]. This structure can be identified by the absence of both 

the (111) and (200) superlattice reflections in the X-ray or electron diffraction patterns. Other 

than the aforementioned cubic structures, some of the Heusler alloys (Co-Ni-Z, Ni-Mn-Z, etc.) 

transform into tetragonal structures (I4/mmm (space group number - 139), I4̅2m (space group 

number - 121), P4/mmm (space group number - 123), etc.) at low temperatures during first 

order, diffusion-less phase transition called martensitic transformation (will be discussed later) 

[12]. 

 

Figure 1.03. B2, A2 and DO3 type disordered Heusler alloy structures. 
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Since the crystal structure plays a crucial role in deciding the properties of these alloys, 

a thorough examination of the crystal structure is required to comprehend the structure-

property correlation in these Heusler alloys. Several disorders can be assessed by examining 

the XRD patterns of these alloys. The typical XRD pattern of Heusler alloys comprises first 

three reflections, viz., (111), (200), and (220) as the characteristic reflections, which can be 

utilized to analyse the degree of ordering or presence of disorders in these alloys. 

The degree of B2 and L21 (or X) ordering for the Heusler alloy structures can be 

identified using the theoretically estimated and experimentally observed intensity ratios of  the 

(200) and (111) superlattice reflections with highly intense (220) reflection, using the relations 

[13], 

(
𝐼200

𝐼220
)

𝑒𝑥𝑝
= 𝑆𝐵2

2 (
𝐼200

𝐼220
)

𝑡ℎ
 ------ 1.01 

(
𝐼111

𝐼220
)

𝑒𝑥𝑝
= [𝑆𝐿21

(𝑜𝑟 𝑆𝑋) (
3−𝑆𝐵2

2
)]

2

(
𝐼111

𝐼220
)

𝑡ℎ
 ------ 1.02 

Here, 𝑆𝐵2 and 𝑆𝐿21
 (or 𝑆𝑋) indicate the degree of B2 and L21 (or X) order in the alloy, 

respectively. For a fully ordered L21 system,  𝑆𝐵2 and 𝑆𝐿21
 should have the ideal value of unity. 

But in practice, 𝑆𝐵2 and 𝑆𝐿21
 values can be lower than the ideal value. The amount of deviation 

in 𝑆𝐿21
(𝑜𝑟 𝑆𝑋) from the ideal value indicates the deviation from the L21 (or X) structure. 

Similarly, the amount of deviation from the 𝑆𝐵2 indicates the deviation from the B2 type 

structure towards A2 type fully disordered structure. Here, it is important to mention that 

several disorders, viz. DO3 type cannot be detected through XRD measurements.  

1.1.2 Properties and phenomena 

Heusler compounds exhibit a wide range of physical properties and phenomena, including 

thermoelectricity (e.g. Fe2TiAl [14]), superconductivity (e.g. Ni2ZrAl [15]), topological 
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insulator properties (e.g. GdPtBi [16]), heavy fermion behaviour (e.g. Fe3-xVxGa [17]), 

martensite transformations and shape memory effect (e.g. Ni-Mn-Ga [18]), metamagnetic 

transitions (e.g. NiCoMnIn [19]), high spin polarization (e.g. Co2MnSi [20]), high magnetic 

moment (e.g. Co2FeSi [21]), high anisotropy (e.g. Rh2CoSb [22]), high Curie temperature (e.g. 

Fe2CoGa [23]), etc. The origin and description of some of the properties are detailed below: 

Heusler alloys exhibit diverse magnetic phenomena due to the wide range of elements 

constituting the X, Y, and Z components. The empirical Slater-Pauling (S-P) rule [24] for half 

metallic Heusler alloys provides the flexibility to select a wide range of magnetic behaviors, 

spanning from ferrimagnetic/antiferromagnetic to non-magnetic to ferromagnetic. This can be 

achieved by choosing the appropriate elemental composition to attain the desired property and 

magnetic moment of the compound. Thus, in this manner, the S-P rule provides a strong 

relationship between the electronic property, i.e. total number of valance electrons (Zt) with the 

magnetic property i.e. total spin magnetic moment (Mt). By definition, Zt represents the sum of 

spin up (N↑) and spin down (N↓) valance electrons, i.e. 

Zt = N↑ + N↓  ------ 1.03 

whereas Mt arises due to the excess number of uncompensated valance electrons, which can be 

represented as, 

Mt = N↑ - N↓  ------ 1.04 

Combining both the above equations, 

Mt = Zt - 2 N↓ ------ 1.05 

In the case of half metallic full Heusler compounds, Mt can be estimated using the formula,  

Mt = Zt – 24  ------ 1.06 
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The half Heusler (XYZ) compounds exhibit a similar relationship (due to reduced number of 

uncompensated electrons), 

Mt = Zt – 18  ------ 1.07 

and the inverse Heusler alloys follow three distinct rules, viz.,  

       Mt = Zt – 18 

 Mt = Zt – 24  ------ 1.08 

      Mt = Zt – 28 

These rules are called as the generalized Slater-Pauling (S-P) rules for the half metallic 

Heusler alloys. Thus, in the case of full Heusler alloys, compounds having Zt lower than 24 are 

usually ferrimagnetic, compounds with Zt = 24 have zero moment and so non-magnetic, and 

compounds having Zt greater than 24 are usually ferromagnetic in nature. Fe and Co based 

Heusler alloys usually possess Zt > 24, resulting in ferromagnetic behavior. Being 

ferromagnetic, they demonstrate magnetic hysteresis (M-H) loops when subjected to a 

reversible magnetic field at particular temperatures, as illustrated in Figure 1.04.  

 

Figure 1.04. Typical M-H loop for a ferromagnetic material. 
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This M-H loop provides valuable insights about the ferromagnetic nature of the 

compounds. The most essential components extracted from M-H loops are saturation 

magnetization (Ms), coercive field (Hc), and magnetic remanence (Mr). Determination of these 

parameters is critical to recognize the suitability of a magnetic material for different 

applications. Numerous applications require materials with high Ms with low Hc. In addition to 

the aforementioned parameters, the 1st quadrant of the M-H loop (initial or virgin curve) can 

be utilized in calculating the effective anisotropy constant (Keff) of the compound. The law of 

approach to saturation (LAS) relates the magnetization (M) to the applied magnetic field (H) 

with the relationship [25], 

𝑀(𝐻) = 𝑀s (1 −
𝑚

√𝐻
−

𝑛

𝐻
−

𝑜

𝐻2
− ⋯ ) + 𝜒ℎ𝑓 + 𝑝√𝐻  ------ 1.09 

where the constants m and n indicate contributions from different types of defects, o is 

associated with magneto-crystalline anisotropy, p is related to thermally excited spin waves, 

and 𝜒ℎ𝑓 is the high field susceptibility. At high values of magnetic fields, only the term o/H2 

dominates, resulting in the simplified version of equation 1.09 [25], viz.,  

𝑀(𝐻) = 𝑀s (1 −
𝑜

𝐻2)  ------ 1.10 

The above equation can now be used to model the saturation region of the initial (virgin) 

M-H curve and in the estimation of the value of the coefficient o and Ms. These values can be 

substituted in the following equation [25], 

𝐾𝑒𝑓𝑓 =  𝜇0 𝑀s ( 
105 𝑜

8
 )

1
2⁄

  ------ 1.11 

to estimate the value of Keff of cubic samples (𝜇0 indicates the permeability of the free space 

in equation 1.11).  
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Figure 1.05. Typical representation of DOS of metallic, insulating, and half metallic 

compounds. Upward and downward pointing arrows represent the spin-up and spin-down 

electrons. 

Half metallicity is a novel property of a material resulting from its unique density of 

states (DOS). The DOS of a half metal exhibits metallic characteristics in one (majority) spin 

channel and insulating/semiconducting characteristics in the other (minority) spin channel at 

the Fermi energy level (EF), as displayed in Figure 1.05. In other words, the majority (spin up) 

spin channel of the material demonstrates continuum states, while the minority (spin down) 

spin channel of the material displays an energy band gap at EF. Hence, the material is 100% 

spin polarized. Therefore, only one type of spin enables the spin transport at EF, which is the 

key factor for developing spin electronic or spintronic devices. Compared to charge based 

electronic devices, spintronic devices suffer less Joule heating and hence are efficient in terms 

of increased data processing speed, reduced electric power consumption, enhanced integration 

densities, reduced size of the devices, non-volatile character, and many more features. Thus, 

the development of new half metallic materials is an essential part in the field of spintronics. 
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In the year 1983, de Groot et al. [26] demonstrated half metallicity in half Heusler 

compound NiMnSb through first principle calculations. Since then, these Heusler alloys have 

emerged as the forefront candidates for spintronic applications. The physical quantity, which 

is used to quantify the half metallicity in these alloys, is the value of spin polarization P at the 

EF, which can be calculated using the formula, 

𝑃 =  
𝐷↑ − 𝐷↓

𝐷↑ + 𝐷↓
   ------ 1.12 

where D↑ and D↓ are the DOS for up and down spin channels, respectively, at the EF. For half 

metallic materials, one of the spin channels (say up) is occupied, whereas the other spin channel 

(down) is empty, which results in 100 % spin polarization P at EF, which maximizes the 

efficiency of the spintronic devices. 

A major characteristic of these half metallic compounds is the inclusion of at least one 

transition metal element, whose d state plays a crucial role in the appearance of half metallicity. 

The interaction of these d states with the states of other elements, such as with d state of other 

transition metal elements or p state of other Group III – V elements, contributes to various 

distinctive properties, including the half metallicity. Thus, the emergence of half metallic 

behaviour and S-P behaviour in Heusler alloys stems from the d-d or d-p hybridizations 

between the constituent elements in their unit cell. Let us take an example of full Heusler 

compound Co2MnGe [27] with the band structure shown in Figure 1.06. Here, the d orbitals of 

the transition metals X (Co in this case) and Y (Mn in this case) undergo splitting into doubly 

and triply degenerate multiplets, namely, d1, d2, d3, d4, and d5, which correspond to the 

orbitals dxy, dyz, dzx, d3z2–r2, and dx2-y2, respectively. Now, due to symmetry, the eg (d4, d5) 

orbitals of one transition metal can only couple with eg orbitals of the other transition metals. 

Similarly, the t2g (d1, d2, d3) orbitals of one transition metal can only couple with t2g orbitals 

of another transition metal. In the case of full Heusler alloys, the two X atoms (Co in this case) 
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situated at octahedral sites first hybridize with each other. Later, the hybridized d states of the 

X atoms (Co atoms in this case) interact with the Y atom (Mn in this case) or the Z atom (Ge 

in this case). Therefore, as represented in the first part of Figure 1.06, after the hybridization 

of two Co atoms, their d4 and d5 orbitals combine to create doubly degenerate bonding states 

eg and doubly degenerate antibonding states eu. Similarly, the orbitals d1, d2, and d3 of the two 

Co atoms also undergo hybridization, resulting in triply degenerate bonding states t2g and triply 

degenerate antibonding states t1u. The second part of Figure 1.06 shows the second step of 

hybridization, where the hybridized d states of two Co atoms now hybridize with d states of 

Mn atom. Here, the hybridized doubly degenerate eg states of the Co atoms will combine with 

d4, and d5 orbitals of Mn atom to result in doubly degenerate bonding states eg at lower energy 

and doubly degenerate antibonding states eg at higher energy. Similarly, the hybridized triply 

degenerate t2g states of Co atoms will combine with d1, d2, and d3 orbitals of Mn atom to give 

rise to triply degenerate bonding states t2g at lower energy and triply degenerate antibonding 

states t2g at higher energy. Here, it should also be noted that doubly degenerate eu and triply 

degenerate t1u states of hybridized Co atoms cannot couple with any of the d orbitals of Mn 

atom as there is no u states available for Mn atom. Now, as indicated in Figure 1.06, the t1u 

states are occupied and situated below the EF, whereas the eu states are positioned immediately 

above the EF. Consequently, a total of eight minority d bands are occupied, leaving seven d 

bands vacant. Additionally, the Z (or non-transition metal) atom will create one s and three p 

bands, which will be situated below these levels in low energy regions. Thus, in total, one s 

band, three p bands, and eight d bands will collectively make 12 occupied spin down states, 

which can accommodate a total of 24 valance electrons. Therefore, the excess number of 

valance electrons beyond this value will only contribute to the total spin magnetic moment due 

to these uncompensated spins. Thus, the generalized rule of Mt = Zt – 24 has emerged for full 
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Heusler alloys, where the numeral indicates the presence of 12 occupied spin down states. 

Figure 1.07 represents the dependence of Mt on Zt for various full Heusler alloys. 

 

Figure 1.06. Hybridization in spin down channel in full Heusler alloy Co2MnGe [27]. 

 

Figure 1.07. Mt-Zt dependency according to S-P rule for full Heusler alloys [27]. 
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Figure 1.08. Hybridization in spin down channel in inverse Heusler alloys X2YZ [28]. 
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In the case of inverse Heusler alloys, the situation is different due to the exchange of 

position of half of the X type atoms with Y type atoms. So, half of the X type atoms (say XA), 

which are situated at the octahedral site of Y atoms first hybridize with the Y atoms [28]. Then, 

the hybridized d states of XA and Y will further hybridize with the other half of the X type 

atoms (say XB), as depicted in Figure 1.08. Now, the difference in the splitting of these states 

after hybridization leads to different numbers of occupied spin down states, leading to three 

different rules, viz., Mt = Zt – 18, Mt = Zt – 24, and Mt = Zt – 28 rules. Figure 1.09 represents 

the three dependencies of Mt on Zt for various inverse Heusler alloys. 

 

Figure 1.09. Mt-Zt dependency according to S-P rule for inverse Heusler alloys [28]. 

Several compounds in this Heusler alloy family show temperature dependent phase 

transition from highly symmetric austenite (cubic) to low symmetric martensite 

(tetragonal/hexagonal/etc.) phase on lowering the temperature. This first order, diffusion-less, 

reversible phase transition is called martensitic transition, which enables the shape memory 

effect (SME) in these compounds. SME is nothing but the property of transformation of the 

shape of the material, which is in the martensite phase, on the application of external stimuli 

and regain of its original shape after heat treatment up to the temperature required to acquire 
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the austenite phase, as depicted in Figure 1.10. Such materials, which show this SME are called 

as shape memory alloys (SMA). The process gets faster when magnetic fields acts as the 

stimulus for some of the ferromagnetic materials. These materials are called as ferromagnetic 

shape memory alloys (FSMA). Usually, Heusler alloys containing Ni and/or Mn fall in this 

category, viz. Ni-Mn-Z (Z = Ga, Al, Sn, In), Co-Ni-Z (Z = Ga, Al), Ni-Fe-Z (Z = Ga, Al) etc. 

 

Figure 1.10. Schematic showing martensitic transformation enabling shape memory effect by 

temperature and pressure variations [29]. 

1.1.3 Developments in X2YZ Heusler alloys 

As discussed earlier, Heusler alloys find numerous applications. The choice of their constituent 

elements decides the type of targeted applications. An extensive category of Heusler alloys 

containing Ni and/or Mn, named as FSMA, viz., Ni-Mn-Z (Z = Ga, Al, Sn, In), Co-Ni-Z (Z = 

Ga, Al), Ni-Fe-Z (Z = Ga, Al), etc. show incredible applicabilities as actuators in biomedical 

fields, thermostats, sensors, etc. A relatively new category of Heusler alloys known as fully 

compensated ferrimagnetic compounds also known as spin gapless semiconductors, possessing 
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zero magnetic moment, viz., Cr2CoGa [30], Cr2FeGe [30], Cr2MnAs [30], Cr2CoAl [31], 

Cr2FeSi [31], Mn2CrSi [32], Mn2CrGe [32], V2CoSb [33], etc. show exciting applications in 

spintronics [34]. 

Apart from these categories, Co and Fe based Heusler alloys retain an exclusive space 

since long ago. These Co and Fe based Heusler alloys have proved to be one of the most 

studied, most appreciated, and most demanding categories in Heusler alloys due to their 

exceptional properties, including high Ms, high TC, and high P. The initial investigations on Fe 

and Co based Heusler alloys were executed by Jaggi et al. [23] in the year 1978, on induction 

melted Co2FeGa and Fe2CoGa compounds. The authors explored the local environment and 

site preferences of elements in these compounds. In the year 1980, Grover et al. [35] 

synthesized Co2FeAl and Fe2CoAl compounds using the similar methodology and analysed 

their local environment and site preferences. Later, Buschow et al., in the years 1981 [36] and 

1983 [37], synthesized a series of Fe2YZ and Co2YZ alloys by arc melting and investigated the 

magneto-optical and other properties of numerous newly developed Fe and Co based Heusler 

compounds. In the same year, Whittle et al. [38] synthesized Co2FexGa2-x (0.01  x  1.00) 

compounds by melting and investigated magnetic ordering in them. In 1985, Yoshimura et al. 

[39] synthesized Co2YZ compounds using arc melting and analysed magnetic characteristics 

of several new compounds. From 1990 onwards, abundant studies have been published on these 

compounds, revealing their remarkable properties and potential for numerous applications. 

1.2 Low dimensional materials 

The regular materials having the expansion in all three dimensions are referred as bulk or 3 

dimensional (3-d) materials. Reducing one of the three dimensions up to the nano scale gives 

rise to 2 dimensional (2-d) materials which are termed as thin films. Similarly, lowering the 

sizes of the materials up to nano regime in two dimensions results in 1 dimensional (1-d) 

materials, also named as nano wires or nano rods. The size confinement in all three dimensions 
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to the nano scale leads to 0 dimensional (0-d) materials which are also known as nanoparticles. 

Lowering the dimensions results in quantum confinement, which is responsible for the change 

in various physical properties of the materials. Thus, lowering the dimensions enables the 

possibility to control and manipulate the properties of the materials.  

1.2.1 Magnetic nanoparticles 

Various physical properties exhibit a size dependence in the nano regime. The variation in these 

parameters with their size is essential to understand the behaviour of the nanoparticles in order 

to utilize them in practical applications.  

According to the core shell model of nanoparticles, the surface of the nanoparticles is 

expected to be enclosed with a magnetically dead layer. The appearance of this dead layer is 

attributed to the loss of crystal symmetry at the surface of the nanoparticles due to the surface 

effects involving dangling bonds, atom vacancies, surface disorders, etc. [40]. This loss of 

symmetry at the surface results in the breaking of the exchange bond/interaction between the 

magnetic atoms present at the surface. The presence of this dead layer on top of the surface 

leads to a decrement in Ms. Thus, with a decrease in the size of the nanoparticles, due to the 

increased surface to volume (S/V) ratio, a thicker dead layer appears at the surface, resulting in 

decreased Ms [40]. If a magnetic dead layer of thickness t emerges on the surface of a 

nanoparticle of size d, it decreases the Ms of the nanoparticle 𝑀s(𝑑) from the bulk 

magnetization value 𝑀s(𝑏) by an amount represented by the formula [40],  

𝑀s(𝑑) = 𝑀s(𝑏) (1 − 
6𝑡

𝑑
)  ------ 1.13 

Now, if the observed Ms of the nanoparticles and the expected Ms of its bulk counterpart 

are known, then it is straightforward to calculate t using equation 1.13. Thus, in this manner, 
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the core-shell model is helpful in understanding the magnetic behaviour of the magnetic 

nanoparticles.  

The coercivity (Hc) of the nanoparticle exhibits a remarkable size dependent effect. As 

the particle size decreases, Hc usually increases, reaches a peak, and again falls down to zero, 

as depicted in Figure 1.11. This behaviour can be understood by splitting the size range into 

three distinct regions. The particle size range, where the Hc increases with decreasing size, 

represents the multidomain regime. The experimentally observed variation in Hc with size in 

this regime approximately follows the relation [41], 

𝐻𝑐 = 𝑎 +  
𝑏

𝑑
  ------ 1.14 

where a and b are constants. The above equation is an empirical formula without any theoretical 

basis. On further decreasing the particle size, Hc starts to drop after reaching the peak value 

and reaches to zero. Below the size where the highest Hc appears, the nanoparticles belong to 

single domain regime. The critical value of the size, where the maximum Hc appears, is termed 

as single domain to multi domain critical size Dcr. The decrease in Hc value in single domain 

regime follows the relation [41], 

𝐻𝑐 = 𝑔 − 
ℎ

𝑑3/2
  ------ 1.15 

where g and h are constants. This decrease in Hc with size in the single domain regime can be 

understood using the Stoner-Wohlfarth model. This model relates the anisotropy energy Eaniso 

of single domain nanoparticles with magneto crystalline anisotropy constant K and volume of 

the nanoparticle V by the relation [40], 

Eaniso = KVsin2θ ------ 1.16 
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where θ is the angle between the easy axis and the direction of magnetization. As the size of 

the nanoparticle decreases, Eaniso also decreases due to its proportional dependence on V. 

Further, K too decreases with a decrease in size due to size effects. Since Hc signifies the 

strength of the magnetic field needed to overcome this anisotropy energy required for the spin-

flip, decrease in Eaniso with the decrease in size of the nanoparticles will in turn result in 

decreasing Hc in the single domain regime [40]. 

At a particular value of particle size, the Hc becomes zero. This size is referred as 

superparamagnetic critical size Dsp, below which the particles are called as superparamagnetic 

nanoparticles. In this region, the influence of the thermal effect is powerful enough to 

spontaneously demagnetize the highly saturated nanoparticle assemblies [41]. 

 

Figure 1.11. Schematic diagram showing Hc variation with crystallite size Dv.  
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The Néel-Brown thermally activated model [42] describes the activation of the 

relaxation of the single domain nanoparticles, which obeys the Arrhenius law. According to 

this law, the temperature T dependent relaxation time 𝜏 of magnetization can be defined as, 

𝜏 =  𝜏0 exp (
∆𝐸

𝑘𝐵𝑇
)  ------ 1.17 

where 𝜏0, ∆𝐸, and 𝑘𝐵 are characteristic attempt time, average energy barrier and Boltzmann 

constant, respectively. The value of ∆𝐸 can now be defined as, 

∆𝐸 =  𝐾𝑒𝑓𝑓𝑉  ------ 1.18 

where V denotes the average volume of the nanoparticles. Therefore, if ∆𝐸 depicts a linear 

dependence with V, then the nanoparticles are known to possess mainly bulk anisotropy with 

negligible contribution from surface anisotropy. In this case, all the contributions to the 

effective anisotropy emanate from its volume, and hence, 𝐾𝑒𝑓𝑓 ≈ 𝐾𝑣. On the other hand, if the 

∆𝐸 versus V does not show a linear dependence, the additional contribution from the surface 

of the nanoparticles adds up to equation 1.18. To specify this contribution, Mørup et al. 

introduced an additional term related to the surface anisotropy 𝐾𝑠 along with the volume 

anisotropy 𝐾𝑣 as [42], 

𝐾𝑒𝑓𝑓 𝑉 =  ∆𝐸 =  𝐾𝑣𝑉 + 𝐾𝑠 𝑆  ------ 1.19 

where S is the average surface area of the nanoparticles. Equation 1.19 can also be modified as 

[42], 

𝐾𝑒𝑓𝑓 =  
∆𝐸

𝑉
=  𝐾𝑣 + 𝐾𝑠  

𝑆

𝑉
  ------ 1.20 

𝐾𝑒𝑓𝑓 =  
∆𝐸

𝑉
=  𝐾𝑣 + 6 

𝐾𝑠

𝑑
  ------ 1.21 

where d is the average diameter of the nanoparticles. Now, a linear fit to ∆𝐸/𝑉 versus 1/d can 

provide the values of 𝐾𝑠 and 𝐾𝑣 as the slope and the intercept of the fitted line, respectively.The 
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value of the 𝐾𝑣 can be utilized in estimating the quality factor Q  [43], which classifies the 

material into high or low anisotropic materials using the relation [42],  

𝑄 =  
𝐾𝑣

0.5 × 4𝜋 × 𝑀𝑠
2   ------ 1.22 

Materials having Q < 0.1 correspond to low anisotropic materials, while the materials 

possessing Q > 0.1 are defined as high anisotropic materials. High anisotropic materials can be 

utilized in many applications such as high density magnetic recording, etc. There could be 

various reasons for the high values of Keff in magnetic nanoparticles, such as (i) escalated 

interparticle interactions ascribed to agglomerations in magnetic nanoparticles [44], (ii) high 

S/V ratio, which results into breaking of surface symmetry, which in turn breaks the exchange 

bonds on the particle surface [40,45,46], and (iii) dipolar interactions between the single 

domain magnetic nanoparticles [40].  

In order to categorize the high anisotropic magnetic nanoparticles into single domain 

or multi domain regimes, Dcr is calculated using the formula [42,47], 

𝐷𝑐𝑟 =  
72 √𝐴 𝐾𝑣

4𝜋 𝑀𝑠
2   ------ 1.23 

where A refers to the exchange stiffness constant for the magnetic material, indicating the 

strength of the exchange interaction between adjacent spins. The determination of A can be 

done by the following equation [48], 

𝐴(𝑇) =
𝑀𝑠(𝑇)𝐷(𝑇)

2𝑔𝜇𝐵
 ------ 1.24 

where 𝑔, µB, and D(T) are values of Lande’s 𝑔 factor, Bohr magnetron, and spin wave stiffness 

constant, respectively. Further, the value of D(T) can be calculated using the slope B estimated 

using Bloch’s T3/2 law for temperature dependent Ms in low temperature regime [49], using the 

equations [50,51],  
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𝐵 = 2.612 
𝑔 𝜇𝐵

𝑀𝑠(0)
(

𝑘𝐵

4𝜋𝐷
)

3/2
 ------ 1.25 

𝑀𝑠(𝑇)

𝑀𝑠(0)
= 1 − 𝑇3/2  ------ 1.26 

In this manner, the Dcr calculation can help us to assess whether the magnetic 

nanoparticles are in single domain or multi domain regime. 

The loss of symmetry at the surface, which is responsible for the breaking of magnetic 

bonds, also results in the decrement in the TC on decreasing the particle size [52]. Chhabra et 

al. [53] proposed an energy and bond based theoretical model to explain the size dependent TC 

variation in 2-d, 1-d, and 0-d magnetic materials. The authors found a decreasing trend in TC 

values on decreasing the size of the spherical nanoparticles following the relation [53], 

𝑇𝑐 (𝑑)

𝑇𝑐 (𝑏)
= (1 − 

3ℎ

𝑑
)

𝑘
  ------ 1.27 

where 𝑇𝑐(𝑏) and 𝑇𝑐(𝑑) are 𝑇𝑐 values for the bulk and nanoparticle of size d, respectively, h is 

the atomic diameter, and k is a dimensionless parameter, which can take different values. For 

example, k = 0 represents a bulk system depicting no size effect, negative values of k are 

associated with nanoparticles embedded in other host materials, and positive k values denote 

routine low dimensional magnetic materials. The k value varies from material to material. 

Usually, k values between 1 to 3 yielded good results for the mentioned materials in the work 

by Chhabra et al. [53]. In order to validate their experimental finding, the authors also 

compared the theoretical results with the experimental findings. Figure 1.12 represents the TC 

variation with particle size for Fe3O4 specimen of various shapes and sizes. The mentioned 

behaviour was verified for various magnetic materials by the authors, which made them suggest 

that this behaviour can be generalized to other materials too. 
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Figure 1.12. Variation of TC with particle size for Fe3O4 specimen of various shapes and sizes. 

(● ) correspond to experimental data [53]. 

1.3 Advancements in low dimensional Heusler alloys 

The incredible properties of the Heusler alloy family make it inevitable to synthesize them in 

nano dimensional forms. Though abundant studies have been performed on the synthesis of 

these compounds in thin film (2-d) forms, the most confined form of materials i.e., nanoparticle 

(0-d) form of these Heusler alloys was developed less than two decades ago. Ni2MnGa 

nanoparticles were the first Heusler alloy to be produced in nanoparticle form in the year 2007 

via mechanical alloying method which built a pathway to an immense opportunity in this 

discipline [54]. In the same year, Dai et al. [55] also synthesized Co2NiGa nanoparticles using 

the same methodology, which showed enhanced properties compared to the bulk sample. In 

the year 2008, pioneering ab initio calculations [56,57] established exceptional magnetic 

properties of Co-Mn-Ga and Ni-Mn-Ga Heusler alloys in nanocrystal form compared to their 

bulk component. In the subsequent year 2009, Basit et al. [58] employed silica template 

 TH-3400_176121011



Chapter 1: Introduction 

 
25 

 

assisted chemical route to synthesize Co2FeGa nanoparticles. Afterwards, some other Heusler 

alloy nanoparticles such as Fe2CoGa [59], Co2FeAl [60], Co2FeSn [61], Fe2CrGa [62], 

Fe2CoAl [63], Co-Ni-Ga [64], Fe-Co-Sn [65], Ni2FeGa [45], and Co2FeGe [66] have been 

synthesized using various methods. Being less than two decade old field, a large part of these 

studies were concentrated on the successful synthesis of a single composition nanoparticles 

with particular particle/crystallite size [58,59,67] or synthesis parameter dependent property 

variation studies [61,68,77,78,69–76]. Still, several attempts have been made to execute 

particle/crystallite size dependent [79–83] or composition dependent [65,84–87] studies on a 

few Heusler alloy nanoparticles. 

1.4 Motivation behind this thesis work 

The available literature highlights several gaps in the literature that need to be explored to 

utilize these materials with their full potential in various applications. Some of the limitations 

are, 

(i) Most researchers could not obtain single phase fully ordered L21 or X type structure in 

their synthesized nanoparticles but rather obtained either impurity phases or B2/A2 type 

disordered structure in their work [59,63,81,82,84]. 

(ii) The conventional utilization of templates in the chemical method further posed a 

limitation in the applicabilities of these nanoparticles by degrading their properties 

[58,59,79–82,84]. 

(iii) The available crystallite size or composition dependent studies are limited and not 

performed in a systematic manner [79–81,84]. 

(iv) The composition plays a crucial role in deciding the properties of these compounds. In 

many of the reports, a deviation in the obtained composition compared to the 

stoichiometric composition has been observed [79–81,84]. 
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(v) There is a scarcity of literature on the synthesis of any quaternary Heusler alloy 

nanoparticles. 

Thus, this thesis will aim to address the following gaps in the existing literature in Heusler 

alloy nanoparticles: 

• Fabrication of impurity free, highly ordered, single phase Co and Fe based Heusler alloy 

nanoparticles using a template-less chemical process. 

• Comprehensive examination of the structural and magnetic characteristics of these Co and 

Fe based Heusler alloy nanoparticles as a function of their crystallite size. 

• Regulation of the structural and magnetic characteristics of these Heusler alloy 

nanoparticles by altering the alloy compositions. 

• Investigations of the half metallic behavior of mentioned Heusler alloys through ab initio 

calculations. 

• Development of quaternary Heusler alloy nanoparticles and evaluation of their potential 

for applications. 

We have adopted a template-less chemical methodology [83] to successfully fabricate 

stoichiometric Co2FeGa, Fe2CoGa, and Fe2CoAl nanoparticles of different crystallite sizes and 

analyzed their properties. We have also explored the properties of Fe2-xCo1+xGa (0 ≤ x ≤ 1) 

nanoparticles as a function of composition. Further, this thesis also showcases the first report 

on the successful synthesis of quaternary Heusler alloy nanoparticles Fe2CoGa0.5Al0.5. 
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Chapter 2  

Experimental and Theoretical Details 

The synthesis process is crucial for obtaining high quality materials. Every synthesis technique 

has some advantages and some drawbacks. Therefore, the selection of a synthesis technique 

that provides the highest quality material with minimal compromises in their properties has to 

be chosen. This chapter will briefly outline the problems associated with various techniques 

for synthesizing Heusler alloy nanoparticles along with complete details of the procedure 

adopted in this thesis work to produce the required nanoparticles. This chapter also includes 

the methodology to synthesize bulk Heusler alloys. Details of all the characterization 

techniques utilized to analyze the properties of these Heusler alloys are also provided in the 

current chapter. Theoretical calculations used to predict, support, and validate the experimental 

data have also been described in this chapter. 

2.1 Sample preparation 

2.1.1 Synthesis of Heusler alloy nanoparticles  

There are multiple ways to synthesize Heusler alloy nanoparticles, such as mechanical alloying 

[63], co-precipitation, and chemical routes [58,59,79–82,84]. The unavoidable inclusion of 

mechanical strain and the need for a sophisticated ball milling setup with very hard grinding 

vials and balls limits the utility of the mechanical alloying process. On the other side, the 

chemical route is an economical and easy way to produce these nanoparticles. The only 

drawback in the traditional template assisted chemical route is the utilization of silica (fumed 

silica, SBA-15 silica, etc.) templates in order to suspend these nanoparticles in their pores 

[58,59,79–82,84]. The silica template provides a narrow size distribution to the nanoparticles 

 TH-3400_176121011



Chapter 2: Experimental and Theoretical Details 

 
28 

 

[59,79,80,82,84] and prevents their agglomeration by physically separating them [88,89]. It 

also helps in varying the crystallite/particle size of these nanoparticles by altering the amount 

of silica templates with respect to the metal precursors [79–82]. However, the finally obtained 

nanoparticles contain diamagnetic silica template residues as impurity, which degrade the 

structural and magnetic properties of the magnetic nanoparticles [88–90]. Removal of this silica 

contamination from the resulting nanoparticles using hydrofluoric acid (HF) treatment presents 

its own challenges. These limitations forced researchers to search for template free synthesis 

techniques. However, in template-less approaches, the only way to control or alter the 

crystallite/particle size is by controlling heat treatment conditions of the nucleating 

nanoparticles. In this regard, a few attempts have been made to modify the crystallite/particle 

sizes of chemically synthesized Co2FeAl nanoparticles without using templates by varying heat 

treatment time or temperature [76,78,83]. In this thesis work, a modified template-less 

chemical approach has been developed to synthesize various Heusler alloy nanoparticles with 

distinct crystallite sizes. 

2.1.1.1 A template-less chemical route to synthesize Heusler alloy nanoparticles 

Let us take the synthesis of Fe2CoGa nanoparticles as an example in describing the 

methodology adopted in this thesis work. Initially, the constituent metal precursors of 

Fe2CoGa, namely, Fe(NO3)3.9H2O (Molecular Weight (MW) = 404.00, purity 98 %, Loba 

Chemie Pvt. Ltd. India), CoCl2.6H2O (MW = 237.93, purity 98 %, Loba Chemie Pvt. Ltd. 

India), Ga(NO3)3.xH2O (x = 8 [59,80,84], MW = 399.86, purity 99.9 %, Alfa Aesar, Thermo 

Fisher Scientific) are taken in appropriate amounts as described below: 

𝑃1𝐹𝑒 =  
2× 𝑀𝑊𝑃1

𝑀𝑊𝑐𝑜𝑚𝑝
=

2 × 404.00

240.35
= 3.3618 ------ 2.01 

𝑃1𝐶𝑜 =  
𝑀𝑊𝑃2

𝑀𝑊𝑐𝑜𝑚𝑝
 =

237.93

240.35
= 0.9899  ------ 2.02 
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𝑃1𝐺𝑎 =  
𝑀𝑊𝑃3

𝑀𝑊𝑐𝑜𝑚𝑝
 =

399.86

240.35
= 1.6637  ------ 2.03 

where 𝑃1𝐹𝑒, 𝑃1𝐶𝑜, and 𝑃1𝐺𝑎 are the initially estimated precursor amounts (in g) and 𝑀𝑊𝑃1, 

𝑀𝑊𝑃2, 𝑀𝑊𝑃3 are the molecular weights of the metal precursors, Fe(NO3)3.9H2O, CoCl2.6H2O, 

and Ga(NO3)3.8H2O, respectively, and 𝑀𝑊𝑐𝑜𝑚𝑝 is the molecular weight  of  Fe2CoGa  

compound. 

 

Figure 2.01. Flow chart representing the process for the formation of Fe2CoGa Heusler alloy 

nanoparticles by template-less method.  

The total precursor amount was normalized to 3 g. The corresponding amounts of 

Fe(NO3)3.9H2O, CoCl2.6H2O, and Ga(NO3)3.8H2O are 1.6766 g, 0.4937 g, and 0.8297 g, 

respectively. These weighed quantities of the metal precursors are then dispersed in 60 ml of 

methanol (purity 99.8 %, Merck Life Science Pvt. Ltd.) to make up a well-dispersed solute to 

solvent ratio of ~0.05 g/ml. The precursor mixture is sonicated in an ultrasonic bath for about 

thirty minutes. The adequately mixed solution is then stirred continuously at a temperature of 

80 ℃ till the solvent is completely evaporated. The dried mixture is kept in an alumina boat 
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and heat treated in a tubular furnace at various temperatures and times as required, under a 

continuous flow (@ 100 mL/min) of high purity H2 gas. The heat treated samples are gently 

ground into a fine powder form and stored in a vacuum desiccator for further experimental 

analyses. Composition analysis of the synthesized nanoparticles indicated a variation in actual 

composition from the desired stoichiometric composition due to the variation in amount of 

water of hydration present in the precursors. Therefore, the aforementioned process was 

repeated by adjusting the precursor amounts in an iterative manner until the desired 

stoichiometry is achieved in the final product. The final precursor amounts after a few iterations 

were 1.2548 g of Fe(NO3)3.9H2O, 0.3827 g of CoCl2.6H2O, and 1.2088 g of Ga(NO3)3.8H2O 

in a total amount of 2.8463 g, which yielded a near stoichiometric Fe2CoGa nanoparticles. The 

flow chart depicting the synthesis process adopted for obtaining stoichiometric Fe2CoGa 

nanoparticles is shown in Figure 2.01. All nanoparticle compositions described in this thesis 

work have been prepared by the above template free process.  

2.1.1.2 Heat treatment of as-synthesized nanoparticles 

Heat treatment is an important step in this procedure since an appropriate atmosphere has to be 

provided for the decomposition of chlorides/nitrates and nucleation and controlled growth of 

the intermetallic compound with desired crystallite/particle size, composition, and properties. 

In commercial tubular furnaces, the thermocouple is attached at the outer side of the tube and 

it cannot detect the actual sample temperature under the flow of a gas. So, a calibration of the 

tubular furnace was performed by placing a K-type thermocouple close to the alumina boat 

inside the tube of the furnace under a constant flow of nitrogen gas. During the heating process, 

the temperature readings from the furnace temperature controller (displaying the outer 

thermocouple reading) and inner thermocouple were noted in steps of 5 ℃. A ready reckoner 

table displaying the temperature of the sample boat and the one displayed in temperature 

controller is then prepared and used to set the required temperature for the heat treatment of 
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the nanoparticles. The tubular furnace along with the gas manifold used in the processing of 

the nanoparticles is shown in Figure 2.02. 

 

Figure 2.02. Tubular furnace along with the gas manifold used for processing the nanoparticles. 

2.1.2 Synthesis of bulk Heusler alloys using arc melting method 

In order to compare the properties of the nanoparticles with the bulk counterpart, bulk Fe2CoGa 

was synthesized by arc melting method. The arc melting unit comprises of a melting chamber, 

a high vacuum pump, a power supply, and an argon gas manifold is shown in Figure 2.03. 

 

Figure 2.03. Arc melting unit utilized to synthesize bulk Heusler alloys. 
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Appropriately weighed quantities of the constituent metal pieces of the targeted alloy 

composition are kept in the copper hearth of the melting chamber. The pre-cleaned melting 

chamber is repeatedly purged with argon gas and evacuated to <10-3 Pa several times prior to 

melting the metal pieces in the presence of Ti as getter. The metal pieces are then melted 

together by the high temperature created by the well-directed electric arc generated between a 

sharp tungsten electrode (anode) and metal pieces placed on the copper hearth (cathode). A 

high current (180 - 230 A) power supply such as the one used in welding process is used to 

generate the electric arc between the tungsten electrode and the copper hearth. The electric arc 

generates a very high local temperature (~3000 ℃), which melts the elements to form the alloy 

ingot. The alloy ingot is flipped and re-melted several times to enhance its compositional 

homogeneity. The homogenized alloy ingot is then sealed in a fused silica ampoule under a 

low pressure of 10-3 Pa. The flame sealed ampoule is then subjected to an appropriate heat 

treatment in a raising hearth furnace and finally quenched in ice water.  

  

Figure 2.04. Ampoule vacuum sealing setup (left) and the raising hearth furnace (right) used 

for processing as-melted bulk Heusler alloy ingot.  
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The arc melting, vacuum sealing, and heat treatment set-ups are represented in Figures 

2.03 and 2.04. In the synthesis of Fe2CoGa alloy ingot, appropriately weighted amounts of high 

purity (99.99 % pure, Alfa Aesar) elements Fe (1.4136 g), Co (0.7459 g) and Ga (0.9177 g) 

were used. The homogenized alloy ingot in vacuum sealed fused silica ampoule was heat 

treated for 24 h at 1000 ℃ and then quenched in ice water. The processed ingot was gently 

ground and stored in a vacuum desiccator for further studies. 

2.2 Characterization techniques 

Characterization of materials involves many probes such as X-rays, photons, electrons, atoms, 

ions, etc. The quantification of a property of a material after the interaction of these probes 

provides valuable insights about the nature of the material. Thus, depending upon the probe 

and the property analysed, a vast range of techniques are available as a tool to investigate and 

understand these materials. The characterization tools and methodologies utilized in the current 

investigations are described below: 

2.2.1 Powder X-ray Diffractometer 

Identification of the atomic structure is the first step in characterizing any material. X-ray 

diffraction (XRD) technique allows us to identify various crystalline phases present in any 

material and the atomic arrangement in them. It also enables one to infer structural information 

about the material, such as the lattice constants (a, b, c), average crystallite size (Dv), strain (ε), 

etc. The Bragg’s law is the fundamental principle behind XRD [91]. It is commonly known 

that a crystal has a periodic arrangement of atoms. When incoming X-rays interact with an 

array of parallel atomic planes in the crystal at certain angles, diffraction of X-rays takes place, 

and the constructive interference of the scattered X-rays gives rise to the appearance of atomic 

planes, as depicted in Figure 2.05. The condition for constructive interference can be written 

as, 
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path difference = n λ  ------ 2.04 

where n is an integer, and λ is the wavelength of the X-rays. From Figure 2.05, the path 

difference between the X-ray waves 1 and 2 is, 

CB + BD = n λ  ------ 2.05 

If d is the interplanar distance and θ is the diffraction angle (a.k.a. Bragg’s angle) at which the 

diffraction takes place. 

d sinθ + d sinθ = n λ  ------ 2.06 

or                   2 d sinθ = n λ      ------     2.07 

The above equation is commonly known as the Bragg’s law [91].  

 

Figure 2.05. Schematic diagram of Bragg’s law. 

In the typical X-Ray diffractometer, a source of X-rays (Coolidge tube) and the X-ray 

detector move with identical angular displacement at each step. This configuration is referred 

to as θ-2θ geometry. This arrangement ensures the collection of diffracted beams from a 
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particular set of parallel planes into the detector. A powder X-ray diffractometer (Rigaku 

TTRAX III) set in θ-2θ geometry and operating at 5 kW power with Cu-Kα (wavelength λ = 

1.5406 Å) radiation was utilized in the present investigations. The instrument is equipped with 

a Ni-Cu-Kβ filter, pyrolytic graphite, and a scintillation counter as the filter, monochromator, 

and detector, respectively. A photograph of the instrument is depicted in Figure 2.06. 

  

Figure 2.06. Schematic diagram of the goniometer in θ-2θ geometry (left) and photograph 

(right) of the rotating anode based Rigaku TTRAX III X-ray diffractometer. 

The lattice constants (a, b, c) of a crystal unit cell are related to the interplanar distance 

dhkl for any plane defined by the Miller’s indices (h k l) by the relation [91], 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2

𝑎2 +  
𝑘2

𝑏2 +
𝑙2

𝑐2  ------ 2.08 
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Since the Heusler alloys have cubic structure, their unit cell is defined by the lattice constant a 

(= b = c). So the above relation reduces to [91], 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2+ 𝑘2+ 𝑙2

𝑎2   ------ 2.09 

The intensity of the X-rays reflected from each plane depends on the structure factor F [91], 

𝐹 =  ∑ 𝑓𝑛 𝑒2𝜋𝑖 (ℎ𝑥𝑖+ 𝑘𝑦𝑖+ 𝑙𝑧𝑖)𝑁𝑒𝑓𝑓

𝑖= 1
  ------ 2.10 

where fn is the atomic scattering factor of nth atom, and Neff is the number of atoms in the unit 

cell having fractional co-ordinates (xi, yi, zi). i.e., [91], 

𝑁𝑒𝑓𝑓 =  
1

8
𝑁𝑐 + 

1

2
𝑁𝑓 + 1 𝑁𝑖    ------ 2.11 

where 𝑁𝑐, 𝑁𝑓 and 𝑁𝑖 are the number of atoms at corner, face, and interstitial positions, 

respectively. For a face centred cubic (fcc) unit cell, 𝑁𝑐 = 8, 𝑁𝑓 = 6 and 𝑁𝑖 = 0. So,  𝑁𝑒𝑓𝑓 = 4. 

These four atoms of the same kind are located at positions 0 0 0, ½ ½ 0, ½ 0 ½, 0 ½ ½. 

Therefore, equation 2.10 can be written as [91], 

𝐹 =  𝑓 [1 + 𝑒𝜋𝑖(ℎ+𝑘) +  𝑒𝜋𝑖(𝑘+𝑙) + 𝑒𝜋𝑖(𝑙+ℎ)]  ------ 2.12 

The above equation gives a non-zero value only when the Miller indices (h k l) are 

unmixed, i.e. either all even or all odd. This results in the presence of (111), (200), (220), (311), 

(222), (400), (331), (420), (333), (511), … planes in the XRD pattern of Heusler alloys. The 

identification of these planes can be done by combining equations 2.07 and 2.09 for n = 1 as, 

𝑠𝑖𝑛2𝜃

ℎ2+ 𝑘2+𝑙2 
=  

𝜆2

4 𝑎2  ------ 2.13 
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The right hand side (RHS) of the above relation is a constant for a particular structure 

with a particular source of X-rays. This implies that different planes with specific (h k l) values 

will satisfy particular angles (or s) for which the left hand side (LHS) will be equal to the 

RHS. In this manner, all the peaks (or reflections) which appear in the XRD pattern of a Heusler 

alloy can be indexed, enabling the estimate of the lattice constant. 

Theoretically simulated XRD pattern for a crystal with a unit cell with a specific 

arrangement of atoms can be compared with experimentally obtained XRD pattern. Such a 

comparison can help in assigning an appropriate unit cell to the experimental sample.  Several 

software packages, such as CaRIne and Vesta, enable the simulation of theoretical XRD 

patterns for ideal bulk crystals from their unit cells. Several information about the crystal 

including the space group, lattice constants, atomic positions and occupancies, wavelength of 

X-ray, etc., have to be fed into these programs for them to simulate the ideal XRD pattern for 

the specific crystal. Apart from these, there are other software packages (e.g. FullProf Suite 

[92]) for performing the Rietveld refinement of the experimental XRD patterns. These software 

packages require inputs such as expected phase(s), space group(s), atomic positions and 

occupancies in the unit cell, and X-ray wavelength to model the unit cell. The software creates 

a simulated XRD pattern on the basis of the model unit cell. Then, the software matches the 

simulated pattern with the experimentally observed pattern by least squares fitting process. If 

the matching is not good, as pointed out by the refinement quality parameters, the program 

manipulates the unit cell parameters and again compares the modified simulation with the 

experimental XRD pattern. This iterative process is continued until the best possible match is 

obtained with the experimental XRD pattern. If the match is good, as inferred from the 

refinement quality factors, then the unit cell with which the XRD pattern was simulated is the 

best possible unit cell model for the experimental sample. Once the unit cell of the sample is 

found, it is a trivial exercise to extract the until cell information such as refined lattice constant, 
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atomic positions, bond length, and bond angles of various atoms, etc. The refinement quality 

can be inferred using several parameters. These include the profile residual factor (Rp), 

weighted profile residual factor (Rwp), expected profile residual factor (Rexp), reduced goodness 

of fit parameter (χ2), which are defined as [93], 

𝑅𝑝 =  ∑
|𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑐𝑎𝑙|

∑ 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖

𝑛
𝑖=1  × 100     ------ 2.14 

𝑅𝑤𝑝 = (∑
𝑤𝑖(𝑌𝑖

𝑜𝑏𝑠− 𝑌𝑖
𝑐𝑎𝑙)2

∑ 𝑤𝑖 (𝑌𝑖
𝑜𝑏𝑠)2𝑛

𝑖

𝑛
𝑖 )

1

2

 × 100     ------ 2.15 

𝑅𝑒𝑥𝑝 =  (
𝑛−𝑝

∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠)2𝑛

𝑖

)

1

2
 × 100   ------ 2.16 

𝜒2 =  (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)

2

   ------ 2.17 

where n, 𝑌𝑖
𝑜𝑏𝑠, 𝑌𝑖

𝑐𝑎𝑙, 𝑤𝑖,  𝑝, and 𝑛 − 𝑝 are the number of data points, observed data points, 

calculated data points, statistical weights for each data point, number of refined parameters, 

degree of freedom, respectively. The R-factors (Rp, Rwp, and Rexp) and χ2 obtained after the final 

refinement are used to verify the refinement quality. R-factors close to 10 and χ2 below 5 are 

usually considered as acceptable values for a good refinement. 1 is the ideal value of χ2 where 

the simulated and the experimental patterns match perfectly. Figures 2.07 and 2.08 show input 

parameters corresponding to approximate information of the unit cell bearing information 

about the atomic positions, occupancies, lattice parameters, bond angles, etc., for Co2FeGa 

(named as CFG-3). Figure 2.09 shows the refined XRD pattern along with various parameters 

such as R-factors and χ2 values. Figure 2.10 shows the refinement result with final lattice 

parameter values for Co2FeGa (CFG-3) nanoparticles obtained from the SUM file. Figure 2.11 

shows final R-factors and χ2 values after refinement of XRD pattern of Co2FeGa (CFG-3) 

nanoparticles, which are well within the acceptable range, as mentioned previously. 
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Figure 2.07. Wyckoff positions, along with atomic occupancies in the unit cell provided for 

refinement of XRD pattern of Co2FeGa (CFG-3) nanoparticles. 

 

Figure 2.08. Unit cell information (profile parameters) provide for refinement of XRD pattern 

of Co2FeGa (CFG-3) nanoparticles. 
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Figure 2.09. Output file and the Rietveld refined XRD pattern of Co2FeGa nanoparticles. 

Figure 2.10. Refinement result (SUM file) for Co2FeGa (CFG-3) nanoparticles. 
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Figure 2.11. Final R-factors and χ2 values after refinement for Co2FeGa (CFG-3) nanoparticles. 

In addition to enabling the identification of the appropriate crystal phase and refining 

the lattice constants, other useful information, such as the bond length and bond angle between 

component atoms can also be extracted from Rietveld fitting. In this thesis work, the refinement 

goals were limited to the identification of the crystal phase and obtaining the refined lattice 

parameters. Figure 2.12 displays the refined XRD pattern of Co2FeGa nanoparticles (CFG-3) 

with a satisfactorily low χ2 value. In the plot, open circles (red) indicate the experimental data 

Iobs, whereas solid line (black) represents the simulated XRD data Ical. The minimal deviations 

(nearly straight line with minimum noise) in the difference data i.e., Iobs – Ical (in blue), along 

with the low χ2 value indicate the good quality of refinement.  

 

Figure 2.12. Rietveld refined XRD pattern for Co2FeGa (CFG-3) nanoparticles. 
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The peaks in the XRD patterns should ideally be Dirac delta functions. But, practically, 

we observe broadening in the XRD peaks of nanocrystalline materials due to several factors 

like nanocrystallite size, internal strain, and instrumental contributions. The peak width (full 

width at half maximum, FWHM) increases upon lowering the size of the crystallites to 

nanometer scale due to reduced number of crystalline planes. Schërrer’s equation [94] provides 

a means to estimate the average crystallite size (Dv) of sub-micrometer crystallites using this 

FWHM. The modification in the Schërrer’s equation (a.k.a. Williamson-Hall or W-H plot) can 

provide an estimate of the contributions from nanometer size and internal stress to this peak 

broadening. In chemically synthesized nanoparticles, the major contributions to the broadening 

of XRD peaks come from the reduced crystallite size and instrumental broadening. Apart from 

being very small, one requires XRD patterns with a large (five or more) number peaks to obtain 

a reasonably good estimate of the strain from the W-H plots. Therefore, the Schërrer’s equation 

has been used throughout this thesis work for the estimation of Dv from the peak profile of the 

synthesized nanoparticles using the relation [91], 

𝐷𝑣 =
𝑘𝜆

𝛽 𝑐𝑜𝑠θ
   ------ 2.18 

where k is a constant with a value of 0.9 for nearly spherical nanoparticles with cubic symmetry, 

λ is the wavelength of X-rays (= 1.5406 Å), and 𝛽 is the FWHM of the Bragg peak expressed 

in radians. The most intense peak in the XRD pattern is chosen for this analysis. Figure 2.13(a) 

shows a typical example of the process in which the (220) peak in the XRD pattern of Co2FeGa 

(CFG-3) Heusler alloy nanoparticles (at  44.48°) is fitted using the pseudo-Voigt function. 

The FWHM extracted from the fitting is βobs = 0.29512° = 0.005153 rad. βobs includes 

contribution from the instrumental broadening (βins) arising from non-monochromaticity of X-

ray beams, finite X-ray beam size, limitations in collimator to yield a perfectly parallel beam 

of X-rays, resolution (pixel size) of the detector, etc. It is important to subtract βins from βobs to 
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obtain the actual FWHM (βact) due to size effect. To get an estimate of βins, the XRD pattern 

standard Si crystal substrate was recorded using the same conditions (input power, scan rate, 

scan step, etc.) as utilized for recording the XRD pattern of the sample. The FWHM (βSi = 

0.10808° = 0.001887 rad.) of the Si (220) peak appearing at  47.3° (see Figure 2.13(b)), which 

is at the nearest position to the most intense Heusler alloy peak position ( 44.5°) was taken as 

βins. Then, the actual FWHM of the (220) peak of CFG-3 nanoparticles is, 

βact = βobs - βins = 0.003266 rad. ------ 2.19 

Using this βact in equation 2.18, a coarse estimate of Dv (= 39 nm) was made. The error in the 

Dv estimate has been evaluated from the derivative of 𝐷𝑣, i.e., 

𝑑𝐷𝑣 = 𝐷𝑣  [
𝑑𝛽

𝛽
+ tan θ 𝑑θ] ------ 2.20 

to be 𝐷𝑣 = 39  1 nm for the aforementioned CFG-3 nanoparticles.  

  

Figure 2.13. (a) Highly intense (220) peak for Co2FeGa (CFG-3) nanoparticles and (b) (220) 

peak of standard Si fitted using pseudo-Voigt distribution function. 
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2.2.2 Electron microscopes 

In order to validate the formation of nanoparticles and to investigate other morphological 

properties of the nanoparticles, electron microscopes have been employed. Electron 

microscopes exploit the wave nature of electrons to capture images of sub-micron structures. 

The de Broglie wave equation relates the wavelength (λ) and velocity (v) of electron [95] as, 

𝜆 =  
ℎ

𝑚𝑣
 ------ 2.21 

where h is Planck’s constant and m is the rest mass of the electron. Under an applied potential 

V (in volt), an electron acquires a kinetic energy of ½ mv2 [95]. So, 

𝑣 =  √
2𝑒𝑉

𝑚
 ------ 2.22 

where e is the charge of the electron. From equations 2.21 and 2.22, one can obtain [95], 

𝜆 =  
ℎ

√2𝑚𝑒𝑉
 ------ 2.23 

Substituting h = 6.625  10-34 J/s, m = 9.11  10-31 kg and e = 1.6  10-19 C in equation 2.23, 

one can obtain the following relation for λ of electrons (in nm) in terms of V (in volt) [95], 

𝜆 =  
1.226

√𝑉
 ------ 2.24 

The working potential (usually V~1-20 kV for scanning mode and ~200 kV for 

transmission mode) results in λ values of ~0.039 - 0.0087 nm for scanning mode and ~0.0027 

nm for transmission mode. Since the electrons have considerably lower wavelengths than 

visible light (λ = 400 – 700 nm), electron waves provide better resolution of the image of sub-

micron structures as compared to optical microscopes. Electron beams are used in both 

reflection and transmission geometries and in elastic and inelastic scattering geometries to 

explore various features of nanostructures. 
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2.2.2.1 Scanning Electron Microscopy (SEM) 

When an incident electron beam interacts with the specimen, some of the electrons may get 

scattered, some may get absorbed, and some may get transmitted after interacting with the 

material, as depicted in Figure 2.14. The typical scanning electron microscopy (SEM) is 

designed to utilize the scattered electrons after interaction with the specimen.  

 

Figure 2.14. Schematic diagram showing the interaction of electrons with the specimen, 

resulting in various possible scattering processes. 

 

Figure 2.15 Secondary (left) and back scattered (right) electrons scattered after interaction with 

a specimen.  
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When the incoming electrons interact with a loosely bound outer electron of the 

specimen, low energy secondary electrons are generated, as depicted in Figure 2.15(left). These 

secondary electrons are generally produced close to the surface of the specimen and utilized to 

construct the topographic image of the specimen. On the other hand, the elastic scattering of 

the incoming electrons with the specimen is called as back scattered (or reflected) electron, as 

depicted in Figure 2.15 (right). These are high energy electrons that can travel through more 

depth as compared to the secondary electron and can provide contrast depending upon the 

atomic number of the scattering atom. In addition to outcoming electrons, the interaction of 

energetic incoming electrons with the specimen also results into photon emission, which can 

be utilized for composition analysis, which will be described later. 

 

Figure 2.16. Schematic diagram of a typical SEM setup. 

An SEM consists of an electron source (electron gun), condenser lenses, objective 

lenses, scan coils, and detectors. The schematic of a typical SEM is shown in Figure 2.16. The 

electron gun is usually a thermionic or field emitter. The thermionic emitter is the traditional 

source of electrons, which works on the principle of thermionic emission. Field emitter is 
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another advanced source of electron beam, which provides better resolution to the micrographs 

due to its reduced beam diameter. In our case, we have utilized a field emitter as a source of 

electron beam thus, the instrument is named as Field Emission Scanning Electron Microscope 

(FESEM). Electron microscopes have electromagnetic lenses whose focal length can be varied 

by altering the current in the coil of a solenoid [95]. The electron microscope is equipped with 

two types of lenses. The condenser lens with a large focal length is used to focus the beam on 

the sample [95]. The objective lens with a small focal length is utilized for magnification and 

projection of the image on the image plane [95]. The scan coils have the function of moving 

the electron beam across the specimen as needed. In order to detect the scattered electrons and 

photons, various detectors are used. A field emission scanning electron microscope (FESEM, 

Zeiss Gemni 300) was used in this work. The image of the instrument is shown in Figure 2.17. 

 

Figure 2.17.  Photograph of Zeiss Gemni 300 FESEM. 

ImageJ software was used in analysing the particle size distribution. For this, the length 

scale was determined upon importing the image. Then, the diameters of the individual non-

agglomerated particles were used using the tool option provided in the software. After 

measuring diameters of more than about 400 particles, the histogram was plotted. A Gaussian 

function was fitted to the histogram data to extract the mean particle size (d) and the standard 
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deviation (σ). Figure 2.18(a) is a typical FESEM micrograph of Co2FeGa nanoparticles (CFG-

3), revealing the particle morphology. Figure 2.18(b) shows the particle size histogram plotted 

using the data in Figure 2.18(a) and the Gaussian fit to the data. 

 

Figure 2.18. (a) FESEM image and (b) particle histogram of Co2FeGa nanoparticles (CFG-3). 

2.2.2.2 Energy Dispersive X-ray Spectroscopy (EDX) 

After the structural identification, the subsequent essential step is to determine the elemental 

composition of the alloy nanoparticles. In the SEM, after the interaction of the incoming 

electrons with the specimen, various processes can occur as depicted in Figure 2.14.  

 

Figure 2.19. Schematic of characteristic X-ray generation process by the incident electrons 

(left) and the typical EDS spectrum (right). 
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These interactions include core electron excitations, which ultimately result in the 

emission of X-rays, as depicted in Figure 2.19 (left). Since these are characteristic X-rays, their 

energies are unique to each element. So, these can be used to identify the elements present in 

the specimen and their relative concentrations. In a SEM with an energy dispersive 

spectrometer (EDS) or Energy dispersive X-ray spectroscope (EDX) attachment, an X-ray 

detector collects these X-rays as a function of their energies. Figure 2.20 is a photograph of the 

EDS (Zeiss igma) operated under an acceleration voltage of 20 kV used for compositional 

analysis of the samples. 

 

Figure 2.20. Image of Zeiss igma EDX utilized in this work. 

The EDS spectrum, which is simply a plot of the amount of X-rays received at each 

energy level, as shown in Figure 2.19 (right). Each peak in this spectrum is a unique 

characteristic of an element. Figure 2.21 shows a raw EDS spectrum of Co2FeGa (CFG-1) 

nanoparticles. Analysis of the spectrum reveals the at.% of each element present in the 

specimen. The  5% oxygen shown in this metallic alloy is the adsorbed oxygen on the surface 

of the sample. The carbon is from the carbon tape used to connect it to the electrode, and the 

gold is from the conducting gold coating provided at the top of nanoparticles to avoid charging 

issues. Once the O, C, and Au are eliminated from the raw data, the actual constituents of the 
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specimen, along with their relative concentrations can be obtained, as shown in Figure 2.22. 

From the figure, it is clear that Co, Fe, and Ga are the only constituents, and their at.% are 

Co:Fe:Ga::49.7:26.0:24.3. The elemental compositions have been evaluated in this work by 

taking the average of 10-15 individual spectral scans for each sample. 

 

Figure 2.21. Raw EDS micrograph of Co2FeGa nanoparticles (CFG-1). 

 

Figure 2.22. Actual EDS micrographs of Co2FeGa nanoparticles (CFG-1) after elimination of 

adsorbed oxygen and elements used for bottom (C) and top (Au) contacts. 
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2.2.2.3 Transmission Electron Microscopy (TEM) 

As mentioned earlier, the incoming electrons can interact with the specimen in various ways, 

as depicted in Figure 2.14. A portion of the incoming energetic electron beam may pass through 

(transmit) a thin specimen after interacting with it. In transmission electron microscope (TEM), 

these transmitted electrons are imaged to understand the atomic structure. In a TEM, electrons 

emitted from the electron gun are accelerated and projected toward the thin specimen using 

electromagnetic condenser lenses. While transmitting through the specimen, the electrons (a) 

go through unobstructed, (b) are elastically scattered with no energy loss due to the interaction 

of the electrons with the potential field of the atom/ion cores, leading to the construction of 

electron diffraction patterns, and (c) are inelastically scattered by the electron matrix, defects, 

dislocations, grain boundaries, etc. resulting in variation in their intensities. A set of 

intermediate as well as projector lenses are utilised to further magnify the transmitted beams, 

which are then displayed on a fluorescent screen. The transmitted electrons are detected to 

extract various information about the specimen. The TEM is operated in imaging mode or 

diffraction mode. Figure 2.23 gives schematic diagrams of both imaging and diffraction modes 

of a TEM. Just as to SEM, in this work, a field emission transmission electron microscope 

(FETEM, JEOL-2100F) shown in Figure 2.24 has been used. 

 

Figure 2.23. Schematic diagram of TEM in diffraction (left) and imaging (right) modes. 
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Figure 2.24. Photograph of JEOL-2100F TEM utilized in this work. 

Bright field images are generated by deliberately removing all the diffracted beams and 

permitting only the central beam to traverse the material. This is achieved with apertures of 

suitable dimensions in the rear focal plane of the objective lens. On the other side, dark field 

images can be generated using an aperture that obstructs the central beam and all diffracted 

beams except a selected diffracted beam. The third way of imaging involves the recombination 

of the main transmitted and one or more diffracted beams after taking care to preserve both 

their phases and amplitudes. This approach is used to obtain high-resolution transmission 

electron micrographs (HRTEM) images to identify lattice planes as well as arrays of atoms. 

Thus, HRTEM images can be utilized to evaluate the crystallographic structures and lattice 

parameters of the specimen. In contrast, selected area electron diffraction (SAED) is obtained 

by completely eliminating the central beam with the help of a beam blocker and aggregating 

all the diffracted beams to generate the diffraction pattern. For single crystals, the SAED 

patterns consist of distinct spots, whereas for polycrystalline specimens, concentric rings of 
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distinct spots are obtained. In Bragg’s law (equation 2.07), for very small θ, sinθ  θ and if n = 

1, then, 

2θ𝑑ℎ𝑘𝑙 = 𝜆  ------ 2.25 

Figure 2.25 shows the geometry of a SAED pattern. Here, L is the distance between the 

sample and the screen (camera length), and r is the radius of the circle connecting the 

diffraction spots from a plane (distance between transmitted and diffracted beam from a plane). 

 

Figure 2.25. Schematic diagram of the geometry of an SAED pattern. 

From the above figure, for small θ, 

2θ = 𝑟/𝐿  ------ 2.26 

Combining equations 2.25 and 2.26, 

𝑟𝑑ℎ𝑘𝑙 = 𝐿𝜆   ------ 2.27 

𝑑ℎ𝑘𝑙 =
𝐿𝜆

𝑟
  ------ 2.28 
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If the TEM is operated at 200 kV, λ  0.0027 nm (using equation 2.24), which is a 

constant value. Now, L and r depend upon each other, which shows that the camera length L 

can modify the radius of the ring pattern for a particular plane. Adjusting the camera length 

allows us to control the magnification of the diffraction pattern to optimize the visibility of a 

specific diffraction spot or ring. Rewriting equation 2.28, we get, 

𝑑ℎ𝑘𝑙 =
1

(
𝑟

𝐿𝜆
)
  ------ 2.29 

Now, the length scale given in the SAED image is a measure of  
𝑟

𝐿𝜆
 in nm-1. Therefore, 

we need not calculate the individual values of r, L, and λ. By merely measuring the radius of 

the ring in nm-1 scale, one can determine 𝑑ℎ𝑘𝑙. Figure 2.26(a) displays the indexed SAED 

pattern of Fe2CoAl nanoparticle. L  25 cm in this case. For performing FETEM measurements, 

a small amount of the nanoparticles is dispersed in a suitable solvent 

(ethanol/methanol/acetone), and a few drops of mixture were placed on a carbon-coated copper 

TEM grid. After permitting for the solvent to dry, the TEM grid with the dry particles was 

mounted in the TEM for analysis. ImageJ was used to analyse the TEM images. The radius of 

the 1st and 2nd rings in the SAED pattern shown in Figure 2.26(a) were found to be 3.2 nm-1 

and 3.45 nm-1, respectively, which yielded d111  3.1 Å and d200  2.9 Å using relation 2.29. 

To analyse the HRTEM images (see Figure 2.26(b and c)), the first step is to select the area of 

the HRTEM image using the crop or duplicate tool. After this, the fast Fourier transform (FFT) 

of the selected HRTEM image is taken. In the FFT image, different sets of bright spots indicate 

the different planes. A particular spot was selected to process the inverse fast Fourier 

transformed (iFFT) images (see insets of Figure 2.26(b and c)), which show fringes 

corresponding to the selected plane. Then, using the line tool, the interplanar spacing 

𝑑ℎ𝑘𝑙 between the planes is calculated. 
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Figure 2.26. (a) SAED pattern and (b and c) HRTEM and iFFT images of Fe2CoAl particles. 

2.2.3 Vibrating Sample Magnetometer (VSM) 

The magnetic properties of the samples are measured using a vibrating sample magnetometer 

(VSM) which is based on the Faraday’s law for electromagnetic induction, schematically 

depicted in Figure 2.27. It states that the induced electromagnetic induction (ɛ) is proportional 

to the rate of change of magnetic flux through the coil. 

ɛ  − 
𝑑𝜑

𝑑𝑡
  ------ 2.30 

 

Figure 2.27. Schematic diagram representing electromagnetic induction (Faraday’s law). 
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Figure 2.28. Schematic diagram of a VSM. 

A schematic representation of a contemporary VSM is illustrated in Figure 2.28. The 

VSM comprises of the following components viz., (i) sample vibrator unit, (ii) sample holding 

rod, (iii) electromagnet and power supply, (iv) Hall probe, (v) pick up coil pairs, (vi) lock-in 

amplifier, (vii) control panel and (viii) computer interface. The specimen undergoing analysis 

is positioned in a homogeneous magnetic field and vibrated at a fixed frequency using the 

sample vibration exciter unit. The variation of the flux within the pickup coils, caused by the 

vibration of a magnetic specimen, generates an induced electromotive force owing to 

electromagnetic induction. A lock-in amplifier measures this induced voltage using the 

reference voltage as a piezoelectric vibration frequency signal. The amplitude of the induced 

voltage signal is directly proportional to the magnetic moment of the specimen and amplitude 

and frequency of the vibration. Using lock-in amplifier and feedback methods, only the 
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component of the signal emanating from the magnetic moment is extracted, transformed into 

the unit of magnetization (e.g. emu), and displayed on a digital panel metre.  

 

Figure 2.29. Photograph of the electromagnet based Lakeshore 7410 VSM. 

 

Figure 2.30. Photograph of the 9T PPMS (Quantum Design, DynaCool) with a VSM insert. 

The calibration of the system is usually done using a standard nickel sphere specimen 

with known magnetic moment (M = 6.92 emu at H = 5000 Oe) prior to measurements on the 

samples. A program sequence is defined by the user as per the requirement in the software 

packaged with the instrument. The sequence is customized with optimum steps of magnetic 

 TH-3400_176121011



Chapter 2: Experimental and Theoretical Details 

 
58 

 

fields (H) or temperatures (T) to gather the optimum number of data points to minimize the 

errors in the derived magnetic parameters (Ms, Mr, Hc, TC, etc.). Many improvements have been 

made in the VSM instrumentation to enhance its sensitivity, utilizing the same basic concept. 

An electromagnet based VSM (Lakeshore, 7410) and a 9 Tesla physical property measurement 

system (PPMS, Quantum Design, DynaCool) based VSM were utilized in the current work for 

high (300 – 1273 K) and low temperature (5 – 300 K) magnetic measurements, respectively. 

A high temperature oven assembly and a closed cycle refrigerator based low temperature 

assembly were utilized for the alteration in the temperatures in VSM and PPMS, respectively. 

The VSM and PPMS utilized are displayed in Figures 2.29 and 2.30, respectively. Sample 

holders made of polychloro-trifluoro-ethylene (Kel-F) and polypropylene capsules inserted in 

a brass holder case were utilized in VSM and PPMS, respectively. For high temperature 

measurements, a sustainable quartz rod was utilized to hold the sample. A high temperature 

ceramic putty was employed to stick the sample to the high temperature quartz rod. Argon gas 

was continuously purged in the oven to prevent the sample from oxidising at high temperatures. 

  

Figure 2.31. (a) Virgin curve fitted to LAS and (b) M-H loop recorded Co2FeGa nanoparticles 

(CFG-1) at 5 K. 

 The initial (1st quadrant) virgin curve and M-H loops recorded for Co2FeGa 

nanoparticles (CFG-1) at 5 K are depicted in Figures 2.31(a and b), respectively. The virgin 
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curve was fitted to LAS using equation 1.10. Ms (= 108.47 emu/g) was obtained from the fitting. 

The Ms is then converted into the unit emu/cc (= 923 emu/cc) by multiplying the Ms (= 108.47 

emu/g) with the mass density (8.51 gm/cc). Equation 1.11 is then utilized to obtain the value 

of Keff (= 4.87  106 erg/cc). The value of Ms is then converted to the unit of µB/f.u. following 

the procedure explained below for the composition X2YZ, 

1 emu = 10-3 J/T  ------ 2.31 

1 µB = 9.27402  10-24 J/T  ------ 2.32 

Combining the above two equations, 

1 𝑒𝑚𝑢 =  
10−3

9.27402 × 10−24
 𝜇𝐵   ------ 2.33 

Therefore, Ms in µB/f.u. for X2YZ can be estimated as, 

𝑀𝑠 (𝜇𝐵 𝑓. 𝑢.⁄ ) =  𝑀𝑠 (𝑒𝑚𝑢 𝑔⁄ ) ×
(2×𝑢𝑋+1×𝑢𝑌+1× 𝑢𝑍)

𝑁𝐴
×

10−3

9.27402 × 10−24
 ------ 2.34 

where uX, uY, and uZ are atomic masses of X, Y, and Z atoms, respectively, and NA is 

Avagadro’s number (NA = 6.022  1023 atoms/mole). For Co2FeGa nanoparticles (CFG-1), 

equation 2.34 yields Ms = 4.73 µB/f.u. 

2.2.4 Electron Spin Resonance (ESR) spectrometer 

Electron spin resonance (ESR), also known as electron paramagnetic resonance (EPR), is a 

technique for studying systems with more than one unpaired electron. The approach utilizes 

the angular momentum of the electrons to provide the information. Electrons, in general, 

undergo two distinct types of motion, viz., orbital and spin motions. In general, an electron's 

magnetic moment is predominantly attributed to its spin motion, with the orbital motion 

making no significant contribution to the overall magnetic moment. When placed in an external 

magnetic field (H), the specimen will interact with the magnetic field. Now, the interaction 
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energy is influenced by the magnetic field strength and the spin quantum number. This will 

result in the splitting of the energy levels. The relationship between applied magnetic field H 

and the frequency ν of this ESR transition between the split energy levels can be expressed as,  

h ν = g µB H  ------ 2.35 

The above equation is called the resonance condition, which is the basic principle 

behind the ESR spectrometer. There are two different ways to fulfill this resonance condition. 

The first technique involves varying the magnetic field while maintaining a constant frequency, 

and the second method involves varying the frequency while maintaining a constant magnetic 

field. In most circumstances, it is simpler to create a variable magnetic field by altering the 

current in a coil. Therefore, the variable magnetic field approach is popular. 

The instrumentation of the ESR spectrometer requires (a) an electromagnet to generate 

a stable, homogeneous, and strong magnetic field, (b) a sample container to retain the sample, 

(c) a variable current source (modulator) to adjust the magnetic field, (d) a frequency source 

also known as oscillator (Klystron oscillator) of the desired frequency range (microwave), (e) 

a transmittance coil to couple the microwave power from the oscillator to the sample cell, (f) a 

receiving coil to receive the microwave signal from the specimen and couple to the detector, 

(g) a semiconductor crystal detector to detect the signal, (h) a preamplifier to amplify the signal, 

(i) a recording device with the signal processing unit, i.e., a computer with an appropriate 

software. The microwave power from the Klystron oscillator is coupled with a rectangular 

microwave cavity, whose second arm is attached to a sample holder. The sample holder is 

placed in between the pole pieces of the electromagnet. The third arm of the cavity is attached 

to a dummy load, while the fourth arm is coupled with the crystal detector. The schematic 

diagram of the ESR spectrometer is given in Figure 2.32. When the magnetic field applied to 

the specimen is gradually increased, resonance occurs at a particular frequency, and a 
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deflection (signal) appears in the fourth arm. The signal that arrives at the 4th arm is detected 

by the semiconducting crystal detector and amplified using a preamplifier. The amplified signal 

is then fed to the recorder which shows results either in the absorption mode or in the derivative 

mode. The derivative mode of the signal gives the accurate value of the field at which resonance 

occurs. An ESR spectrometer (JEOL-JES-FA200) shown in Figure 2.33, was used to determine 

the value of Lande’s g factor of the nanoparticles required for critical size calculations.  

 

Figure 2.32. Schematic diagram of an ESR spectrometer. 

 

Figure 2.33. Photograph of JEOL-JES-FA200 ESR spectrometer. 
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2.3 Details of theoretical calculations 

Theoretical studies have been performed to ensure that the experimental findings are consistent 

with the theory. Density functional theory (DFT) [96,97] has proved to be a valuable tool for 

understanding various properties in these systems. DFT calculations can predict properties, 

including the lattice structures, band structures, density of states, half metallicity, magnetic 

moments, and many more properties related to the systems. DFT has its foundation in the 

Hohenberg-Kohn theorem, which states that the properties of a system depend upon its ground 

state electron density. DFT calculations yield accurate solutions using the Born-Oppenheimer 

approximation [98], Kohn-Sham formalism [97], and exchange correlation potential 

approximation. The exchange-correlation potential refers to the effects of the Coulomb 

potential. The most basic approximation is the Local Density Approximation (LDA), which 

replaces an inhomogeneous system's exchange-correlation energy density with that of a 

homogeneous electron gas assessed at the local density. The inclusion of gradient corrections 

can improve the performance of LDA, which can be referred to as Generalized Gradient 

Approximation (GGA) [99]. Vienna ab initio simulation package (VASP) [100,101] was 

utilised for performing the ab initio calculations incorporating the DFT along with projected 

augmented wave (PAW) [102,103] pseudopotentials. VASP having spin polarized version 

combined with the Perdew-Burke-Ernzerhof (PBE) parametrization of the GGA was utilized 

for the exchange correlation potential.  

 The standard DOS calculation involves three steps, viz., relaxation (1st step), self-

consistent field (SCF) (2nd step), and density of states (DOS) calculations (3rd step). VASP 

requires four input files, viz., INCAR, POSCAR, POTCAR, and KPONTS. After the 

completion of each step (relaxation/SCF/DOS), several output files are generated, such as, 

CHGCAR, DOSCAR, OSZICAR, OUTCAR, WAVECAR, etc. The detailed process, 

including the input/output files format and details of input parameters, are available in the 
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VASP manual provided on the webpage of VASP wiki [104]. A brief description of these files 

and parameters utilized in the current work are presented below. 

2.3.1 Input files in VASP 

2.3.1.1 INCAR 

The INCAR file delineates the input parameters that dictate the execution and methodology of 

a given operation. Additionally, it also contains the pivotal parameters required for the 

computations, including the smearing parameters, plane wave cut-off energy, convergence 

criteria for ionic and electronic iterations etc. One can tune these parameters to obtain the 

optimized output. VASP also provides default values for these input parameters, which are 

effective for most of the routine calculations. Specific computations, including the density of 

states, band structure, spin-orbit coupling, etc., require adjustments in certain parameters. A 

brief description of the INCAR file parameters is given below: 

ISTART 

This parameter defines whether to read WAVECAR file (of the previous step) or not. The 

WAVECAR file contains information about the initial cut-off energy, initial basis vectors 

defining the supercell, initial wavefunctions, etc. There are different possible values for 

ISTART, such as 0 | 1 | 2 | 3. Generally, in the relaxation and SCF steps, “ISTART = 0” is used 

to start the calculation from scratch.  In DOS calculations, “ISTART = 1” is used to restart the 

calculation with constant cut-off energy and to read the output CHARGCAR file from SCF 

step. 

ISMEAR 

This parameter determines how the partial occupancies are set for each orbital, and this process 

is referred to as smearing. There are various possible values, viz., 0 | -1 | -2 | -3 | -4 | -5. In the 

relaxation and SCF calculations, Gaussian smearing (ISMEAR = 0) is used, which is changed 
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to tetrahedron method with Blӧchl corrections (ISMEAR = -5) for DOS calculation requiring 

higher accuracy in total energy calculations. 

SIGMA 

This parameter specifies the width of the smearing in eV. A maximum width of (SIGMA = 

0.05) has been used in the calculations. 

EDIFF 

This parameter is employed to define the termination criterion for electronic iterations in eV. 

Iterative computations were performed till the energy convergence criterion 10-5 eV (EDIFF 

= 1E-5) was achieved to ensure the required precision in energy calculations. 

NSW 

This parameter sets the maximum number of ionic steps. “NSW = 500” has been used in the 

relaxation step as it has been found to be appropriate. 

ENCUT 

This parameter specifies the energy cut-off for the plane-wave basis set in eV. A minimum 

value of “ENCUT = 450” has been used for the calculations. 

ISPIN 

This parameter specifies the requirement of spin polarization. Two possible values, viz., “ISPIN 

= 1” and “ISPIN = 2” are available. The former shows that non spin polarized calculations are 

performed, whereas the latter shows that spin polarized calculations are performed. Therefore, 

“ISPIN = 2” has been used throughout the calculations.  

ISIF 

This parameter is used in the relaxation step to specify ionic degrees of freedom (position, cell 

shape, cell volume) and the requirements to calculate the stress tensor. ISIF can take values 
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like 0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8. “ISIF = 2” is used when only atomic positions are to be varied 

without optimizing the cell shape and volume. On the other hand, “ISIF = 3” is used when all 

the degrees of freedom, including position, cell shape, and cell volume, should be varied. 

PREC 

This parameter defines the precision level of input values such as Low | Medium | High | 

Normal | Single | SingleN | Accurate. “PREC = Accurate” has been utilized throughout the 

calculations to yield the best precision.  

LORBIT 

This parameter defines the projection method related to quantum number l & m. Among various 

possible values, viz., 0 | 1 | 2 | 5 | 10 | 11 | 12 | 13 | 14, “LORBIT = 10” provides only element-

resolved DOS without specifying contributions from s/p/d/… orbitals. On the other hand, 

“LORBIT = 11” provides orbital resolved DOS for each element. 

LWAVE 

This parameter specifies whether the wavefunction is to be given in the output WAVECAR 

file. “LWAVE = .FALSE.” in the relaxation step, and “LWAVE = .TRUE.” in the SCF step 

has been utilized in the calculations. 

LCHARG 

This parameter defines whether to write the output CHGCAR file or not. “LCHARG = 

.FALSE.” is used at the time of relaxation. Further, “LCHARG = .TRUE.” is employed in SCF 

calculations to write the output CHGCAR file, which is then utilized in the DOS calculations. 

ICHARG 

This parameter provides information about initial charge density. Among the available values, 

“ICHARG = 2” is used in the relaxation and SCF calculations. “ICHARG = 11” is used at the 

time of DOS calculations to utilize the CHGCAR file obtained from the SCF calculations. 
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IBRION 

This parameter defines how the ions are updated and moved. Among different possible values, 

such as 1 | 0 | 1 | 2 | 3 | 5 | 6 | 7 | 8 | 40 | 44, “IBRION = 2” is employed to use conjugate gradient 

algorithm for the relaxation calculations. 

POTIM 

This parameter defines the step width in ionic relaxation. Among the various possibilities, such 

as none | 0.5 | 0.015, “POTIM = 0.5” is used for “IBRION = 2” in relaxation calculations. 

MAGMOM 

Through this parameter, the initial magnetic moment of each element is provided in the form 

of number of atoms times the approximate magnetic moment of that element. For example, 

“MAGMOM = 8*4.0 4*2.0 4*1.0” for 8 Fe, 4 Co, and 4 Ga atoms. 

LDAU 

This enables the use of Hubbard parameter (U), which accounts for onsite coulomb repulsion 

among 3d electrons. U was applied using “LDAU = .TRUE.” in the DOS for Co2FeGa.  

LDAUJ 

This sets the effective on-site exchange interaction (J) in eV for each element. J was set to 0.0 

eV while performing calculations for Co2FeGa as “LDAUJ = 0 0 0” for Co, Fe, and Ga. 

LDAUL 

This parameter specifies the quantum number l for each element. For Co2FeGa, “LDAUL = 2 

2 0” was utilized for Co, Fe, and Ga elements. 

LDAUU 

This sets the value of U (in eV) for each element. The introduction of large U often results in 

unexpectedly large electron correlations, leading to exaggerated magnetic moment values 
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[105]. Therefore, U values are generally limited to 2.0 eV, as followed in several reports on Co 

and Fe based Heusler alloys (e.g.,  UFe = 1.80 eV and UCo = 1.92 eV for Co2YZ (Y = Fe, Ti, V, 

Cr, Mn; Z = Ga, Al, Si, Ge, Sn), Fe2Y’Z’ (Y’ = Ti, V, Mn; Z’ = Z = Ga, Al, Si, Ge, Sn), etc. 

[106], UCo = 1.92 eV for Co2VZn [107], UFe = 2.1 eV and UCo = 2.2 eV for Co2FeAl [108–

110]). U values were utilized in the range of 0.0 eV to 2.0 eV in steps of 0.5 eV in the present 

work. For example, “LDAUU = 2.0 2.0 0.0” has been used for Co, Fe and Ga elements, 

respectively. 

LDAUTYPE 

This parameter specifies the DFT+U variant to be used. Among various possible values, viz., 

1 | 2 | 3 | 4, “LDAUTYPE = 2” is used for simplified approach introduced by Dudarev et al. 

[111] while performing calculations for Co2FeGa. 

LDAUPRINT 

This parameter decides whether to write the onsite occupancy matrix to the OUTCAR file or 

not. Among possible values, viz., 0 | 1, “LDAUPRINT = 1” was utilized to write the 

abovementioned information to OUTCAR file while performing calculations for Co2FeGa. 

The above parameters can be varied from system to system at different stages according 

to requirements. The INCAR file used in SCF calculations of Fe2CoGa is given in Figure 2.34. 

 

Figure 2.34. A typical INCAR file utilized for SCF calculations on Fe2CoGa compound. 
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2.3.1.2 POSCAR 

This input file contains information about the position of each atom in the lattice, along with 

the approximate starting values of lattice parameters. A unit cell of a minimum 16 atoms (4 

inter-penetrating fcc lattices containing 4 atoms each) has been utilized for the calculations. 

The typical structure of POSCAR file for Fe2CoGa containing 16 atoms (8 Fe, 4 Co, 4 Ga) is 

given in Figure 2.35. Here, the 1st line is the comment line, where one can write the name of 

the system or any other comment. The 2nd line represents the scaling factor for the lattice. The 

next three (3rd to 5th) lines contain unit cell information related to lattice constant in the form 

of a matrix followed by element name (6th line) and the corresponding number of atoms (7th 

line). The 8th line represents the co-ordinate system (cartesian or fractional/direct) utilized to 

define the positions of the atoms. The last 16 lines represent the position of each atom. It is 

important to mention here that the positions should be given in a series in accordance with the 

elements specified in the 6th and 7th lines. 

 

Figure 2.35. A typical POSCAR file utilized for the relaxation of Fe2CoGa compound. 
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2.3.1.3 POTCAR 

It comprises of the pseudopotentials used in the calculations for each element of the compound. 

This file contains details of the elements, including mass, valency, electronic configuration, 

etc.  

2.3.1.4 KPONTS 

This input file contains information about the Bloch vectors (k-points) utilized in the 

calculations. A Γ-centered Monkhorst pack up to 10  10  10 k-point mesh was used in the 

Brillouin zone integration required for the electronic part. However, DOS calculations were 

performed using a denser k-mesh up to 24  24  24 where better accuracy is required for 

determining states close to the EF. A typical KPOINT file is given in Figure 2.36. 

 

Figure 2.36. A typical KPOINTS file utilized in relaxation and SCF calculations of Fe2CoGa. 

2.3.2 Steps involved in DOS calculations performed through VASP 

The process of computation through VASP includes three steps of calculations given below: 

2.3.2.1 Relaxation 

In the relaxation step, all the aforementioned four input files, along with the vasp-script file 

have to be placed in a folder and run. The process of relaxation is then to be repeated by varying 

the lattice parameter values and calculating the total energy of the compound. A plot is drawn 

between lattice volume and corresponding total energy in order to converge on the lattice 

constant value for which the total energy of the compound is minimum. If the compound can 

have two or more possible structures, this process can help in identifying the stable structure 

amongst these by determining the one with the lowest energy configuration. The energy versus 
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volume curve for Fe2CoGa compound plotted using L21 and X type unit cells are shown in 

Figure 2.37. The appearance of lower energies for X type unit cell compared to L21 type unit 

cell confirms that the X type structure is the stable structure for this compound.  

 

Figure 2.37. Energy versus volume plots for Fe2CoGa obtained using L21 and X type unit cells. 

2.3.2.2 SCF calculations 

In this step, the output file CONTCAR of the relaxation step should be placed in another folder 

by renaming it as POSCAR file. Other input files (INCAR, POTCAR, KPOINTS) should be 

modified accordingly (see description for INCAR parameters) and placed in the same folder to 

be run again along with the vasp-script file.  

2.3.2.3 DOS calculations 

In this step, the CONTCAR file obtained from the SCF calculations is used as POSCAR file. 

Additionally, CHGCAR file obtained from the SCF calculations is also taken as an input file 

for the DOS calculations. Other modifications are made in other input files (INCAR, POTCAR, 

KPOINTS) wherever needed (see the description for INCAR parameters), and they are run 

with the vasp-script file. The required output can be now extracted for further analysis after the 

completion of the run. Figure 2.38 represents the total density of states (TDOS) and element-

resolved partial density of states (PDOS) plots obtained for Fe2CoGa compound with stable X 

type unit cell.  
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Figure 2.38. DOS near EF of Fe2CoGa obtained using X type unit cell. 
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Chapter 3  

Crystallite size dependent properties of 

Co2FeGa nanoparticles 

As highlighted in the introduction chapter, Co based Heusler alloys are identified as promising 

materials having applications in diverse fields. Among Co based Heusler alloys, Co2FeGa is a 

well investigated alloy even before the discovery of half metallicity in Heusler alloys by de 

Groot et al. [26]. However, the initial experimental studies [23,37,112] on Co2FeGa alloys 

provided limited information about its crystal structure, atomic site preference, and magnetic 

and magneto-optical properties. Ishida et al. [113] were the first to explore its functionality as 

a half metallic ferromagnet. Following this pioneering work, abundant theoretical 

[106,114,123–132,115,133–138,116–122] and experimental [50,114,144–146,115–117,139–

143] work has been published on bulk Co2FeGa alloys describing its half metallic or other 

novel properties such as high Ms, high TC, high P, soft ferromagnetic behavior, etc., which 

established it as a futuristic material. Considering the advantages of Co2FeGa Heusler alloy, 

some attempts have been made to synthesize this alloy in two-dimensional (thin film) [147–

150] and one-dimensional (nanowire) [81,151] forms so that the advantages of the low 

dimensional, quantum confined alloy could be exploited. However, the preparation of these 

Heuser alloy nanoparticles with fully ordered phase-pure L21 type structure and stoichiometric 

composition by a simple and cost-effective template-less method has remained a challenge. 

The first successful attempt to prepare Co2FeGa in nanoparticle form was made by Basit et al. 

[58] in 2009 by silica template-assisted chemical route. Though the authors succeeded in 
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preparing Co2FeGa nanoparticles, the synthesized nanoparticles contained silica template 

impurity. This study motivated researchers to further investigate the crystallite/particle size 

dependent properties of Co2FeGa nanoparticles. Wang et al. [79,80,84] utilized the same 

methodology to synthesize Ga deficient non-stoichiometric Co2FeGa nanoparticles with 

different particle sizes by varying the amount of silica template. However, the authors found 

Fe and Co impurity phases along with silica template impurities in all their samples. Gellesch 

et al. [152,153]  utilized carbon nanotubes (CNT) as a template in the place of silica template 

to prepare Co2FeGa nanoparticles. Though this method avoided silica template, presence of 

CNT influenced the magnetic properties of the final product. Xu et al. [81] utilized SBA-15 

silica as a template in a chemical assisted method which again left silica residues along with 

the nanoparticles. Later, Nehla et al. [82] followed the silica template-assisted approach 

proposed by Basit et al. [58] and varied the size of the nanoparticles by varying amount of 

silica template. Additionally, Nehla et al. [82] attempted to prepare these nanoparticles without 

using any template by co-precipitation method, but the absence of (111) and (200) reflections 

in the XRD pattern indicated the lack of stable L21 type ordering in their nanoparticles. Thus, 

it is evident that the template-assisted methods enabled synthesis of Co2FeGa nanoparticles 

with controlled crystallite/particle size by varying amount of silica, [79,80,82] these methods 

could not yield impurity-free and highly ordered Co2FeGa nanoparticles. In this chapter, 

crystallite size dependent structural and magnetic properties of single domain Co2FeGa 

nanoparticles with L21 type ordered crystal structure synthesized using a template-less 

chemical route is presented. Theoretical calculations have also been performed to obtain the 

DOS near the EF to assess the potential of Co2FeGa for various applications.  

3.1 Sample preparation 

A modified template-less chemical route described in chapter 2 has been employed to prepare 

three sets of Co2FeGa nanoparticles designated as CFG-1, CFG-2 and CFG-3. Optimized 
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amounts of chemicals, viz., Fe(NO3)3.9H2O (0.5785 g), CoCl2.6H2O (0.6256 g) and 

Ga(NO3)3.8H2O (1.6790 g) were used as the precursors. The synthesis procedure followed is 

represented in Figure 2.01. Table 3.01 lists the three sets of Co2FeGa nanoparticles (designated 

as CFG-1, CFG-2 and CFG-3) obtained by three different heat treatment conditions. 

Ab initio computations employed a supercell of Co2FeGa with a total of 16 atoms (8 

Co, 4 Fe, and 4 Ga). The unit cell comprising of atoms occupying the Wyckoff position of a 

L21 type (space group no. 225 (Fm3̅m)) full Heusler alloy structure as Co1 (¼, ¼, ¼) 4c, Co2 

(¾, ¾, ¾) 4d, Fe (½, ½, ½) 4b and Ga (0, 0, 0) 4a, respectively [114,119] was utilized in 

Rietveld refinement as well as ab initio calculations. The lattice parameter obtained from 

Rietveld refined XRD data was used in the calculations. The detailed methodology followed 

in the ab initio calculations are mentioned in chapter 2. 

3.2 Structural analysis  

Figure 3.01 shows room temperature XRD patterns along with their Rietveld refined patterns 

of three sets of Co2FeGa nanoparticles. The presence of reflections from the planes (111), 

(200), (220), (311), (222), (400), (331), (420) and (422) confirms the formation of the stable 

L21 phase Heusler alloy with high crystalline order and phase purity. The normalized intensities 

of the experimental XRD reflections for the three sets of nanoparticles match with the 

normalized intensity of the simulated XRD pattern as listed in Table 3.02. The simulated 

pattern was generated using the Vesta software using the CIF file created using the Rietveld 

refined crystallographic data. It is to be noted that the three elements (i.e., Co, Fe and Ga) in 

the alloy belong to a single horizontal row of the periodic table due to which they possess 

almost similar X-ray scattering factors, resulting in very weak super-lattice reflections (111) 

and (200) [154]. The intensities of these super-lattice reflections are ≤1% of the most intense 

(220) reflection as mentioned in Table 3.02, which makes it difficult to identify them in the 

powder XRD patterns.  
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Figure 3.01. (a) Experimental and simulated XRD patterns of CFG-1, CFG-2 and CFG-3. (b, 

c, d) Enlarged view of select regions and (e, f, g) Rietveld refined XRD patterns of all samples.   

As seen from the literature, many researchers could not locate these super-lattice 

reflections in their XRD data on bulk Co2FeGa [144,145] and Co2FeGa thin films [147,149]. 

This becomes a more arduous task in the case of nanoparticles with peak broadening due to 

reduced Dv. Basit et al. [58] could not observe super-lattice reflections (111) and (200) in 

Co2FeGa nanoparticles in powder XRD patterns and had to resort to selective excitation energy 

induced anomalous XRD measurements to identify them. Wang et al. [80] utilized the same 

technique to obtain super-lattice reflections and but however found Fe and Co impurities in all 
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the synthesized non-stoichiometric Co2FeGa nanoparticles. Wang et al. [79] employed X-ray 

absorption fine structure spectroscopy to examine the structure of non-stoichiometric Co2FeGa 

nanoparticles in the absence of super-lattice reflections in the powder XRD patterns. Gellesch 

et al. [152,153] did not publish the XRD pattern of their Co2FeGa nanoparticles for us to make 

a comparison. Xu et al. [81] could not distinguish (111) and (200) reflections in any of their 

non-stoichiometric Co2FeGa nanoparticles. Nehla et al. [82] had to rely on Raman 

measurements to corelate with L21 ordering in the co-precipitated Co2FeGa nanoparticles in 

the absence of (111) and (200) reflections in the XRD patterns. However, in the present case, 

not only weak (111) and (200) super-lattice reflections are visible in the powder XRD patterns, 

but the whole plethora of weak reflections such as (311), (222) and (420) (see Table 3.02) could 

be delineated in the experimental powder XRD pattern without any special arrangement or 

instrumentation. The enlarged view of the relevant regions of the XRD patterns in Figure 

3.01(a) are shown in Figure 3.01(b, c and d) manifesting the presence of the characteristic 

reflections with weak intensities.  

Table 3.01. Structural and morphological data and elemental composition of Co2FeGa 

nanoparticles prepared under different heat treatment conditions. 

Sample 

ID 

Heat treatment 

conditions 

a (Å) χ2 Structural 

order (%) 

Measured 

composition 

Co:Fe:Ga 

(at.%) 

Dv 

(nm) 

d 

(nm) 

Temp. 

(℃) 

Time 

(h) 
𝑆𝐵2 𝑆𝐿21

 

CFG-1 800 5 5.748 1.19 96 84 49.2:25.9:24.9 57 ± 1 66 ± 1 

CFG-2 900 1 5.751 1.43 96 79 49.1:25.9:25.0 47 ± 1 64 ± 1 

CFG-3 850 1 5.760 1.27 96 90 49.0:25.2:25.8 39 ± 1 62 ± 1 

The low values of χ2 exemplify the Rietveld refinement based on L21 unit cell as 

depicted in Figure 3.01(e, f and g) validates the presence of high L21 ordering in the synthesized 

Heusler alloy nanoparticles. The degree of B2 and L21 ordering defined as 𝑆𝐵2 and 𝑆𝐿21
 [13], 

respectively, have been estimated in the three synthesized nanoparticles using the equations 

1.01 and 1.02 and listed in Table 3.01. High values of  𝑆𝐵2 (= 0.96) and 𝑆𝐿21
 (= 0.84, 0.79 and 
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0.90) indicate the presence of very small amount ( 0.04) of B2 disorder along with small 

deviations ( 0.16, 0.21 and 0.10) from L21 ordering. These confirm the formation of Co2FeGa 

nanoparticles with high degree of L21 ordering.  

Table 3.02. Interplanar spacing dhkl and normalized intensities of experimental and simulated 

XRD patterns for L21 type full Heusler alloy structure of CFG-1, CFG-2 and CFG-3 samples. 

Reflection 

planes (hkl) 

dhkl (Å) Normalized intensity of reflections 

simulated CFG-1 CFG-2 CFG-3 

(111) 3.32 1.10 0.8 0.7 0.9 

(200) 2.87 0.87 0.8 0.8 0.8 

(220) 2.03 100.00 100.0 100.0 100.0 

(311) 1.73 0.70 0.6 0.5 0.5 

(222) 1.66 0.33 0.6 0.7 0.5 

(400) 1.44 14.54 11.1 8.5 10.8 

(331) 1.32 0.33 0.4 - - 

(420) 1.29 0.52 0.7 0.7 0.6 

(422) 1.17 27.40 19.2 16.7 17.2 

(333) 1.11 0.07 - - - 

(511) 1.11 0.21 - - - 

FETEM studies provided further confirmation of the fully ordered L21 type stable 

Heusler alloy structure in CFG-1, CFG-2 and CFG-3 nanoparticles. Figure 3.02(a) shows a 

typical SAED pattern indicating the presence of reflections from the planes (111), (200), (220), 

(400), (420) and (422) from CFG-1. Figure 3.02(b, c) shows the lattice fringes corresponding 

to the super-lattice planes (111) and (200) captured by HRTEM and their iFFT images. 

Presence of both the super-lattice reflections in SAED pattern and the HRTEM images validate 

the L21 ordered structure in the nanoparticles. 

Reported experimental and predicted theoretical values of the lattice constant a of 

Co2FeGa nanoparticles lie in range from 5.70 Å to 5.7615 Å 

[23,37,117,119,124,125,128,134,138,139,142,143,58,145,147–149,80–82,106,114–116]. a 

values extracted from Rietveld analysis and listed in Table 3.01 are all well within this range. 

The Schërrer’s equation (equation 2.18) was used to calculate the Dv of the nanoparticles as 
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listed in Table 3.01. It can be seen that Dv of the nanoparticles is dependent on the heat 

treatment condition. In samples CFG-2 and CFG-3, where the heat treatment time was the same 

(i.e., 1 h), Dv increased upon increasing the heat treatment temperature. On the other hand, the 

heat treatment temperature used for samples CFG-2 and CFG-3 was higher than that of sample 

CFG-1. However, the higher heat treatment time (5 times higher) used for sample CFG-1 is 

responsible for the higher Dv of sample CFG-1 as compared to CFG-2 and CFG-3.  

 

Figure 3.02. (a) SAED pattern and (b and c) HRTEM images of (111) and (200) planes of CFG-

1. (d) HRTEM image of CFG-1 nanoparticle. Insets in (b & c) represent the iFFT images of 

the respective lattice fringes.  

3.3 Elemental composition and morphology 

The EDS data listed in Table 3.01 confirms that the overall composition of the nanoparticles is 

close to the desired stoichiometric value of 50 at. % Co, 25 at. % Fe and 25 at. % Ga. It may 

be noted that the overall composition of the three sets of nanoparticles is nearly the same which 
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indicates that it is possible to vary Dv of the nanoparticles without disturbing the chemical 

stoichiometry by this procedure. 

 

Figure 3.03. FESEM images of (a) CFG-1, (b) CFG-2 and (c) CFG-3 nanoparticles. (d-f) 

Particle size distribution of nanoparticles in micrographs shown on the left side. 

The micrographs displaying the morphology of the nanoparticles and their size 

distributions are shown in Figure 3.03(a, b, c) and Figure 3.03(d, e, f) respectively. FESEM 
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images show some agglomeration of particles, which is expected in highly magnetic 

nanoparticles [44]. The histograms show that d ranges from 10 to 120 nm with the average 

value of d listed in Table 3.01. The value of σ was found to decrease with a decrease in d (see 

Figure 3.03). The slightly higher σ in the particle size distribution is expected since no template 

was used during the synthesis. In the previous reports on Co2FeGa nanoparticles, Wang et al. 

obtained σ as low as 5.3 nm [80] and 9.3 nm [84]. However, some template-assisted methods 

have also resulted in higher σ such as 47.3 nm in the case of Co2FeGa nanoparticles [58]. 

3.4 DOS calculations  

Since Co-based Heusler alloys are generally expected to be half metallic, the half metallic 

characteristics of Co2FeGa Heusler alloy was explored, especially since the earlier reports on 

this alloy are not consistent. On one side, some reports [114,115,117,124] declared that 

Co2FeGa is not half metallic, whereas, a few reports claimed that the compound has high P of 

98 % [125], 96.89 % [135] and 90 % [138], which is a signature of half metallicity. Gao et al. 

[130] claimed pressure induced tunability of half metallicity in this alloy. Deka et al. [145] 

declared bulk Co2FeGa to be an half metal by an indirect method, i.e., by showing its Rhodes-

Wohlfarth ratio is less than unity. In order to resolve this disparity among earlier reports, ab 

initio calculations were performed using Rietveld refined lattice constant values. Figure 3.04 

shows the TDOS along with the PDOS for the three constituent elements for Co2FeGa alloy. 

In the DOS plots, the valence band of Co2FeGa has contributions from both the minority and 

majority spins, whereas the conduction band has major contributions only from minority spins. 

In the plot shown in Figure 3.04(a), a pseudo gap can be found near EF. Previous reports on 

Co2FeGa [113,114,128,130,131,138,115–117,119,120,123,125,127] also showed such a 

pseudo gap in the minority DOS near EF. Ӧzdogan et al. [120] pointed out the possibility to 

tune this pseudo gap near EF by introducing the Hubbard parameter (U) which accounts for 

Coulomb interactions in such systems with strong electron correlations, which was not 
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considered in earlier studies. Kandpal et al. [106] introduced U for the first time in the DOS 

calculations of Co2FeGa alloys and found that the introduction of U did not destroy or construct 

half metallicity, but merely expanded, reduced or shifted the existing gap. Kandpal et al. [106], 

following the suggestion of Coey et al. [155], classified some Co based Heusler alloys in which 

the electron spins in one spin direction are localized while those on the other spin direction are 

of itinerant type, as Type III half metals [106,155]. Thus, in Type III half metals, the bandgap 

appears in the minority states but at a shifted energy value from EF [122]. Appearance of a 

bandgap at a slightly shifted position from EF imposes a small DOS in the minority spin band, 

resulting in a decrement in the spin polarization. Therefore, Type III half metals will generally 

exhibit lower spin polarization [106]. Balke et al. [122] categorized Co2FeGa as Type III half 

metal through DOS calculations. Kumar et al. [123] also obtained similar DOS as Kandpal et 

al. [106] and validated type III half metallicity in Co2FeGa. In order to understand this novel 

type of half metallicity in Co2FeGa, we performed ab initio calculations by introducing U 

values ranging from 0 to 2 eV in increments of 0.5 eV. It was observed that on increasing U 

from 0.0 to 0.5 eV, this pseudo gap started to diminish and for U ≥ 1.0 eV, the pseudo gap 

became a physical gap. The presence of EF at the edge of this gap justified its classification as 

a Type III half metal as suggested by Balke et al. [122]. 

Table 3.03. Atomic magnetic moments and properties of the electronic states of Co2FeGa 

Heusler alloys for different Hubbard parameter (U) values. 

U 

(eV) 

Mt (µB) MCo 

(µB) 

MFe 

(µB) 

MGa 

(µB) 
D 

(at EF) 

D 

(at EF) 

P % 

(at EF) 

Gap type 

near EF 

0.0 5.041 1.176 2.792 - 0.103 3.65 -0.78 65 Pseudo gap 

0.5 5.107 1.183 2.860 - 0.120 3.49 -1.22 48 Pseudo gap 

1.0 5.187 1.198 2.927 - 0.136 3.36 -1.77 31 Bandgap 

1.5 5.280 1.219 2.994 - 0.151 3.23 -3.21 0 Bandgap 

2.0 5.307 1.247 2.991 - 0.178 3.02 -10.16 54 Bandgap 
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Figure 3.04. TDOS and PDOS of Co, Fe and Ga calculated using (a) U = 0 eV, (b) U = 0.5 eV, 

(c) U = 1.0 eV, (d) U = 1.5 eV and (e) U = 2.0 eV. (f) Variation of P and Mt with U.  

P of 65 % was obtained for Co2FeGa from these calculations. On introducing U, D 

started to decrease, whereas D started to increase. This resulted in a decrement in P for U 

values up to 1.5 eV, after which P increased. Thus, P is strongly influenced by the Coulombic 

interactions in this compound. Various P values for Co2FeGa ranging from 20 % to 98 % have 
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been reported based on ab initio calculations and point contact Andreev reflection (PCAR) 

studies. Tsunekawa et al. [131] approximated P to be ~20 % using coherent-potential 

approximation by Korringa-Kohn-Rostoker method, Umetsu et al. [116] found 37 % of P using 

atomic sphere approximation by the linear muffin-tin orbital method, Sargolzaei et al. [118] 

obtained 41-43 % P using local spin density approximation in full potential local orbital 

minimum basis band structure method, Kobayashi et al. [141] estimated about 50 % of P by 

linear interpolation from previous reports. Gao et al. [130] evaluated P ranging 24.84 - 56.41 

% using CASTEP code in DFT at different pressure values, Zhang et al. [115] and Varaprasad 

et al. [117] achieved 59 % of P using PCAR measurements. Kumar et al. [123], Ram et al. 

[129], Hussain et al. [138], Oumsalem et al. [135] obtained P values of 51.1 %, 72.44 %, 90 

%, 96.89 %, respectively, using GGA by full potential linearized augmented plane wave 

method having different k point sets and other parameters, Ahmadian et al. [125] found P = 98 

% using GGA in augmented plane wave plus local orbital method. It is also relevant to mention 

that Galdun et al. [156] observed that P estimated using PCAR technique in Co2FeSn 

nanowires was higher than that of  bulk Co2FeSn. This prompted the authors to claim that it is 

possible to obtain high P when the bulk or 3-dimensional alloy is reduced to 1-dimensional 

nanowire form. Hussain et al. [138] also observed a variation in P on the surface of Co2FeGa 

alloy. Therefore, there is a strong possibility for the synthesized 0-dimensional Co2FeGa 

nanoparticles to have higher P than the one estimated for the bulk alloy using ab initio 

calculations.  

3.5 Magnetic properties 

The calculated values of the Mt and element-specific magnetic moment for Co2FeGa with U = 

0 eV is Mt = 5.04 µB/f.u. with corresponding magnetic moment of Co, Fe and Ga being MCo = 

1.176 µB/f.u., MFe = 2.792 µB/f.u. and MGa = -0.104 µB/f.u. These are close to reported values 

of Mt = 5.00 to 5.07 µB/f.u., MCo = 1.142 to 1.210 µB/f.u., MFe = 2.660 to 2.910 µB/f.u. and MGa 
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= -0.0267 to -0.095 µB/f.u. [106,113,126,129,132,134,135,114–116,118–120,123,124]. On 

introducing U, the Coulomb interaction plays a significant role since each Fe and Ga atom is 

surrounded by eight Co atoms in their neighbourhood. It can be noticed that the magnitudes of 

both MCo and Mt increase with an increase in U as listed in Table 3.03. On the other hand, the 

magnitude of MFe increases till U = 1.5 eV and then starts to decrease. The calculated results 

for all the U values and the previous reports show that moment of Co atom is smaller than that 

of Fe atom. Also, the magnetic moment of the Co atom in the two different Wyckoff positions 

is the same due to the identical environments of both the Co atoms, i.e., surrounded by 4 Fe 

and 4 Ga atoms [157]. A weak and anti-parallel magnetic moment is induced in Ga due to the 

presence of strongly magnetic Co and Fe atoms as neighbours [157]. Therefore, any increment 

in the magnitude of MCo and MFe on increasing U results in a weak increment in the magnitude 

of MGa as well. Such magnetic behaviour was observed in the case of Sn in Co2FeSn alloys by 

Pathak et al. [158].  

Figure 3.05(a and b) show M-H loops recorded for the three sets of Co2FeGa 

nanoparticles at temperatures 5 K and 300 K, respectively. For both the temperatures, all the 

nanoparticles show soft magnetic behaviour in line with the previous reports on Co2FeGa single 

crystal [146], thin film [147–150], nanowires [81] and nanoparticles [82]. The obtained values 

of Ms for Co2FeGa nanoparticles are listed in Table 3.04. Previously reported theoretical values 

range from 3.25-5.10 µB/f.u. [106,113,126–130,132–135,114–116,118–120,123,124] and the 

experimental value for bulk Co2FeGa range from 4.72-5.19 µB/f.u. [37,106,145,146,112,114–

116,133,139,140,143]. Reported Ms for low dimensional Co2FeGa ranges from 2.68-4.49 

µB/f.u. [147–149] for thin films, 3.8 µB/f.u. [45] for nanowires and 0.6-6.3 µB/f.u. [58,82,152] 

for nanoparticles. Though it is not easy to compare the present values with the wide range of 

data in the literature, it is apparent that the present Ms values are in the higher range of the 

reported values. The obtained Ms values show good agreement with the expected S-P value of 

 TH-3400_176121011



Chapter 3: Crystallite size dependent properties of Co2FeGa nanoparticles 

 
85 

 

Mt for half metallic Co2FeGa alloy [12]. In the case of Co2FeGa, Zt = 29, which results Mt (= 

Zt – 24) of 5 µB/f.u. The Ms values are influenced by the heat treatment conditions as also 

observed by Duan et al. [78], Yang et al. [76,77], Alikhanzadeh-Arani et al. [73] and Huynh 

et al. [70] for Co2FeAl nanoparticles, who attributed this behaviour to increased crystallinity 

as a result of reduction in defects at elevated temperatures or for longer heating time. A 

decrease in Ms and Hc values with a decrease in Dv can be observed from the data shown in 

Figures 3.05 and 3.06. Alikhanzadeh-Arani et al. [73] and Pezeshki-Nejad et al. [71] showed 

that a decrease in Dv resulted in a decrease in Ms for Co2FeAl nanoparticles, which is consistent 

with our findings. The core-shell model [40] for the nanoparticles can be used to explain the 

decrement in Ms with a decrease in Dv. The thickness t of the magnetically dead shell of on 

their surface, was determined using equation 1.13 by substituting Ms(b) = 5.041 µB/f.u. (as 

estimated by ab initio calculations), Dv of the nanoparticles in the place of d and Ms of 

nanoparticles of size Dv in the place of Ms(d). The calculated values of t were found to increase 

with a decrease in Dv as listed in Table 3.04, which indicates that the origin of reduction in Ms 

at lower Dv is the appearance of a magnetically dead layer on the surface. This shows that the 

variation of Ms with Dv can be explained by the core-shell model. The near zero values of Hc 

and Mr and the variation of Hc with Dv substantiates that the nanoparticles are in the single 

(magnetic) domain regime [41]. The reason for this decrease in Hc with Dv in single domain 

regime has already been explained in chapter 1 using Stoner-Wohlfarth approach [40]. 

Additionally, the near zero Hc and Mr values of the nanoparticles listed in Table 3.04 indicate 

that the single domain nanoparticles are superparamagnetic in nature [41]. Further, it was also 

found that the Ms decreases slightly but systematically at higher temperatures as listed in Table 

3.04. Previous reports on Co2FeGa nanoparticles [80,152] as well as on other Heusler alloy 

nanoparticles [59,67,69,83,85] show a similar variation in Ms with temperature, indicating that 

the produced nanoparticles obey Bloch's equation for temperature dependent Ms [70].  
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Interestingly, at elevated temperatures, the decrease in Ms is very small (i.e., <1%) (see Table 

3.04), making these nanoparticles ideal for room temperature device applications. The high 

value of TC of this Co2FeGa alloy is also a result of this nearly temperature-independent Ms, 

which is indicative of strong ferromagnetic interaction in these nanoparticles [152]. These 

nanoparticles are also suitable for applications such as magnetic field-driven sensors and 

ultrahigh density magnetic recording due to their high Ms and low Hc [152]. 

 

Figure 3.05. M-H loops recorded at temperature (a) 5 K and (b) 300 K for Co2FeGa 

nanoparticles. The insets in figures provide an expanded view of the data near the origin.  

 

 

Figure 3.06. Variation of Ms and Hc with Dv at (a) 5 K and (b) 300 K.  
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Table 3.04. Magnetic properties of the three Co2FeGa Heusler alloy nanoparticles. 

Sample 

ID 

Ms (µB/f.u.) Hc (Oe) 

measured 

at 

Mr (µB/f.u.) 

measured 

at 

Keff  106 

(erg/cc) 

t (nm) TC (K) 

S-P 
value 

Measured 

at 5 K 

Measured 

at 300 K 

5 

 K 

300 

K 

5  

K 

300 

K 

5  

K 

300 

K 

5  

K 

300 

K 

CFG-1 4.99 4.73±0.08 4.71±0.08 5±2 9±2 0.01 0.02 4.87 4.79 0.58 0.62 1137±2 

CFG-2 4.96 3.95±0.07 3.90±0.07 5±2 9±2 0.01 0.02 4.03 3.84 1.70 1.77 1137±2 

CFG-3 4.80 3.36±0.08 3.36±0.08 1±2 6±2 0.00 0.01 3.17 2.93 2.17 2.17 1131±2 

Keff estimated using the LAS method [145] are listed in Table 3.04. The table shows 

that Keff of all the Co2FeGa nanoparticles are comparable with the reported Keff values for 

Co2FeGa in bulk (= 6.54  105 J/m3) [145], thin film (= 5.3  103 J/m3) [147], nanowires (= 

1.02  106 J/m3) [81] and nanoparticles (= 2.99 – 9.0  105 J/m3) [81,82] forms. Such high 

values of Keff of the nanoparticles can be attributed to (a) breaking of surface bonds due to high 

surface area /volume ratio [40,45,46], (b) high interparticle interaction due to agglomeration of 

magnetic nanoparticles [44], (c) dipole-dipole interaction between the single domain 

nanoparticles [40]. Heusler alloys with high Keff values have already been identified for use in 

ultra-high density magnetic recording media [159]. Furthermore, Keff is found to decrease with 

a decrease in Dv. Similar behaviour of Keff has been reported for cobalt nanoparticles [160] and 

single domain nickel ferrite nanoparticles [40]. A decrement in Hc and Keff is expected at higher 

temperatures due to thermal energy disrupting the magnetic alignment and making it easier for 

the domains to change their orientation. Table 3.04 shows that Keff decreases with increase in 

temperature, whereas the same is not evident in the temperature dependence of Hc. Though it 

is clear that Hc values are very low in all the samples, it has to be pointed out that the high field 

(9T) PPMS based VSM is not sensitive enough to measure very low Hc (< 10 Oe). Hence, it is 

difficult to establish any trend confidently in Hc(T) data.   

The linear variation of ∆E with <V> as depicted in Figure 3.07 shows the dominance 

of Kv over the insignificant Ks, which follows Néel-Brown thermally activated model [42], 

explained in chapter 1 and indicates that in our case Keff  Kv [42]. It should be emphasised that 
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this linear behaviour is associated with the typical Hc behaviour of single domain nanoparticles 

[42].  

 

Figure 3.07. Variation of ∆E with crystallite volume for Co2FeGa nanoparticles at 5 K and 300 

K. The solid lines represent linear fits to the respective experimental data. 

The M-T curves recorded under an applied field of 100 Oe for Co2FeGa nanoparticles 

are shown in Figure 3.08(a) with the normalized magnetization value M/M1050 along y-axis. 

Here, M represents the magnetization at temperature T and M1050 is the magnetization at 1050 

K. The M-T curves reveal high values of TC for the synthesized Co2FeGa nanoparticles. The 

literature provides TC values ranging from 1056 to 1100 K [23,116,117,121,136,139,140,145] 

for the bulk, 844 to1117 K [147–149] for thin films and 850 to 1317 K [133,137] as theoretical 

estimates for bulk Co2FeGa alloy. The TC values obtained for the synthesized Co2FeGa 

nanoparticles are higher than those of bulk and thin films of Co2FeGa which can be due to the 

stronger magnetic ordering resulting from enhanced structure ordering and crystallinity in the 

synthesised Co2FeGa nanoparticles. Figure 3.08(b) depicts an increase in TC with Dv which is 

a common behaviour observed in other Heusler alloy nanoparticles too [161]. It should be 

mentioned that Mazo-Zuluaga et al. [52] ascribed the decrease in TC with decrease in size to 

its symmetry loss, whereas Chhabra et al. [53] employed a bond and energy based theoretical 
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model to explain the size dependent magnetic characteristics of the magnetic nanoparticles 

which is already explained in chapter 1.  

 

Figure 3.08. (a) M-T curves recorded at 100 Oe field with the inset representing the temperature 

derivative of magnetization and (b) Dv dependent TC of Co2FeGa nanoparticles.  

The Q factor [42,43] calculated for all the three Co2FeGa nanoparticles using equation 

1.22 is > 0.9. Hence, the synthesized nanoparticles are categorized as high anisotropic 

materials.  

Temperature dependent Ms for the largest size sample CFG-1 was recorded in the lower 

temperature regime as proposed in a previous report [49]. The values of slope B from Figure 

3.09 and values of A and D calculated using equations 1.24-1.26 were found to be 1.54  10-5, 

4.58   10-7 erg/cm, 4.55  10-29 erg/cm2, respectively. The calculated value of D is comparable 

to reported values for Co2FeGa Heusler alloy which range from 1.81–8.39  10-29 erg/cm2 

[50,115,148], which validates our calculations. The value of Dcr [47,162] calculated using 

equation 1.23 was found to be 100 nm for Co2FeGa alloy. The comparison of Dv (see Table 

3.01) with the calculated values of Dcr clearly shows the obtained Dv are lower than the single 

domain to multidomain critical size which confirms the formation of single domain Co2FeGa 

nanoparticles.  
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Figure 3.09. (Ms(T)-Ms(0)) / Ms(0) versus T3/2 plot at 2 T field for CFG-1 nanoparticles. 

3.6 Summary and Highlights 

The experimental investigations on crystallite size dependent properties of Co2FeGa 

nanoparticles supported by theoretical calculations provide the following insights: 

➢ An impurity-free and simple template-free method was used to synthesize single phase 

Co2FeGa Heusler alloy nanoparticles with three different Dv. The control on Dv was 

achieved by merely altering heat treatment conditions during the preparation.  

➢ Structural and compositional analyses established stable and highly order L21 type full 

Heusler alloy structure in Co2FeGa nanoparticles with Dv of 57 nm, 47 nm and 39 nm and 

near stoichiometric composition.  

➢ DOS calculations revealed the role of electron interactions and the occurrence of Type III 

half metallicity in this alloy.  

➢ All these nanoparticles exhibit soft ferromagnetic nature with high Ms, low Hc (<10 Oe) 

and high TC (>1100 K). The variation of Ms, Keff, Hc and TC as a function of Dv has been 

interpreted using standard theoretical models.  

➢ Formation of single domain nanoparticles has been confirmed by estimating Dcr of this 

alloy and from the variation of Hc with Dv. Superparamagnetic nature of these nanoparticles 

has been ascertained from their near zero Hc and Mr values. The nearly constant (and high) 
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Ms from 5 K to TC of these soft ferromagnetic nanoparticles can be exploited for high 

temperature device applications.  

➢ These superparamagnetic Co2FeGa nanoparticles are also well suited for use as magnetic 

field-driven sensors and ultra-high density magnetic recording media due to their high Ms, 

high Keff, high TC and low Hc.  

➢ Apart from demonstrating a simple methodology for the synthesis of superparamagnetic 

Co2FeGa nanoparticles in a variety of sizes, this study also highlights their potential 

applications in nanomagnetic devices due to their exceptional magnetic properties. 
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Chapter 4  

Crystallite size dependent properties of 

Fe2CoGa nanoparticles 

After the assessment of crystallite size dependent properties of a Co rich Heusler alloy 

(Co2FeGa) nanoparticles in chapter 3, it was natural to explore the crystallite size dependent 

properties of an Fe rich compound. Therefore, the focus of this work was on crystallite size 

dependent properties of Fe2CoGa nanoparticles. Among all Heusler compounds, Fe2CoGa 

occupies a special place due to its high Ms [37,119,132,134,163–166] and high TC 

[23,121,164,165]. Surprisingly, Fe2CoGa is a less explored material both in theoretical and 

experimental fronts. The published reports on Fe2CoGa alloys are mostly of 

theoretical/computational [119,132,134,163–166] nature and the few experimental studies on 

the bulk form [23,37,167]  provide a limited amount of information on its crystal structure and 

magnetic nature. There is only one report by Wang et al. [59] on the synthesis of Fe2CoGa 

nanoparticles using silica assisted chemical method. However, their samples contained Fe 

precipitates as well as the silica template impurities. Thus, the preparation of impurity free 

Fe2CoGa nanoparticles with controlled crystallite size remains a challenge to researchers. In 

this chapter, synthesis of single domain and phase pure Fe2CoGa nanoparticles using a 

template-free chemical method and their size dependent structural and magnetic properties are 

presented. In addition, bulk Fe2CoGa alloy has been prepared and characterized. Ab initio 

calculations have also been performed on Fe2CoGa. 
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4.1 Sample preparation 

The methodology already described in Figure 2.01 was used in the preparation of Fe2CoGa 

nanoparticles designated as S5800, S3800, and S5750. 1.2548 g of Fe(NO3)3.9H2O, 0.3827 g of 

CoCl2.6H2O and 1.2088 g of Ga(NO3)3.8H2O were taken as the metal precursors for to prepare 

Fe2CoGa nanoparticles with the required stoichiometry. The as-synthesized powders were then 

heat treated at different conditions as listed in Table 4.01 to obtain as S5800, S3800, and S5750 

nanoparticles with different Dv. Bulk Fe2CoGa alloy was also prepared by the arc melting 

method as described in chapter 2 for comparison. 

4.2 Structural analysis 

The XRD patterns of heat treated bulk Fe2CoGa and Fe2CoGa nanocrystalline powders are 

shown in Figure 4.01. The presence of strong reflections from the Heusler alloy planes (220), 

(400) and (422) can be observed in the figure. The absence of any impurity reflections in the 

XRD pattern confirms the formation of single phase Fe2CoGa Heusler alloy in both 

nanoparticle and bulk forms. To ascertain the type of Heusler alloy structure formed, XRD 

patterns were simulated using CaRIne Crystallography 3.1 software using both ordered full 

Heusler alloy phase L21 and inverse Heusler alloy phase X type unit cells with the same 

elemental composition. Table 4.02 shows the relative intensities of the reflections of the 

experimental and simulated XRD patterns for both L21 and X type structures along with the dhkl 

values calculated for each of the planes. Superlattice reflections (111) and (200) corresponding 

to L21 and X type unit cells are not discernible even in the simulated XRD patterns due to their 

very low intensities as compared to the other reflections. A careful look at Figure 4.01 shows 

that all the three strong XRD reflections in the experimental and simulated patterns exhibit the 

same relative intensity ratios. The very weak superlattice reflections in Fe2CoGa can be 

attributed to the similar scattering factors for the elements belonging to the same horizontal 

row in the periodic table [154]. However, this observation does not help in clearly assigning 
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L21 or X type structure to the synthesized bulk and low dimensional Fe2CoGa alloys due to the 

close similarity of both the simulated structures with the experimental one.  

 

Figure 4.01. Experimental and simulated XRD patterns of synthesized Fe2CoGa alloys. 

Yin et al. [167]  too faced such a challenge but they preferred to assign the X type 

inverse Heusler alloy structure for bulk Fe2CoGa on the basis of the earlier report by Liu et al. 

[168]. Liu et al. established that an X2YZ alloy in which the atomic number of Y is higher than 

the atomic number of X generally exhibits X type inverse Heusler alloy structure. Jaggi et al. 

[23] experimentally observed the inverse Heusler alloy structure in this alloy based on the site 

preferential and local environmental studies of the constituent atoms. Matsushita et al. [134] 

also suggested that Fe2CoGa stabilizes in inverse Heusler alloy structure on the basis of their 

theoretical studies. Wang et al.[59] suggested that it is possible to identify various phases of 

this Heusler alloy nanoparticles by comparing the relative intensities of the (111)/(200) and 

(311)/(222) reflections in the experimental data. But in the case of Fe2CoGa, the absence of 

(111) and (200) reflections due to their extremely low intensities creates uncertainty in 

determining the most appropriate crystal structure of the alloy formed.  
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Table 4.01. Structural data and elemental composition of bulk and nanocrystalline Fe2CoGa. 

Sample 
ID 

Heat treatment 

condition 

χ2 a 

(Å) 

Dv 

(nm) 

Composition 

Fe:Co:Ga 

(at.%) 

d 

(nm) 

Temp. (℃) Time (h) L21 X 

S5800 800 5 2.72 2.64 5.755 56 ± 2 50:25:25 63 ± 2 

S3800 800 3 1.74 1.65 5.764 26 ± 1 49:26:25 58 ± 1 

S5750 750 5 1.79 1.76 5.766 21 ± 1 49:26:25 49 ± 1 

Bulk 1000 24* 2.08 1.99 5.778 - 51:25:24 - 

*Bulk sample was quenched in ice water after 24 hours of homogenization at 1000 C. 

 

Table 4.02. Normalized intensities of the XRD reflections in experimental and simulated 

patterns of Fe2CoGa alloy. 

Crystallographic 

plane (hkl) 

dhkl 

(Å) 

Normalized intensity of reflections in 

simulated XRD 

pattern for unit cell  
experimental XRD pattern 

L21 X S5800 S3800 S5750 Bulk 

(111) 3.32 0.51 0.87 - - - - 

(200) 2.88 0.66 0.27 - - - - 

(220) 2.03 100 100 100 100 100 100 

(311) 1.73 0.29 0.48 - - - - 

(222) 1.66 0.20 0.09 - - - - 

(400) 1.44 13.29 13.28 12 10 8 9 

(331) 1.32 0.12 0.20 - - - - 

(420) 1.29 0.25 0.11 - - - - 

(422) 1.17 22.76 22.76 23 18 18 17 

(333) 1.11 0.02 0.04 - - - - 

(511) 1.11 0.07 0.11 - - - - 

Rietveld refinement of the XRD patterns was performed for L21 type full Heusler alloy 

structure (space group 225 [Fm3̅m]) and X type inverse Heusler alloy structure (space group 

216 [F4̅3m]) as shown in Figure 4.02. A slightly lower χ2 value was obtained using space group 

216 [F4̅3m] as compared to space group 225 [Fm3̅m] for all the samples (see Table 4.01). 

Though a smaller χ2 indicates that the X type structure is the more probable structure for this 

alloy, it is not a conclusive proof for the same. The elemental composition analysis indicates 

that in this X2YZ (Fe2CoGa) alloy, Y(Co) has one atomic number higher than X(Fe). This small 

difference in atomic number Z might be the reason for the small difference in χ2 between the X 
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type from L21 type structures in this alloy. In order to conclusively determine the stable 

structure, estimation of the total energy for both L21 and X type structures was carried out using 

ab initio calculations. Figure 4.03 shows that the energy versus volume graph for the X type 

structure is lower than that of the L21, confirming that the stable structure of this alloy is the 

inverse Heusler (or X) type structure. Previous total energy calculations performed on this 

compound by Gilleben et al. [163] and Dannenberg et al. [164,165] yielded similar conclusion.  

 

Figure 4.02. Rietveld refined XRD patterns of (a) S5800, (b) S3800, (c) S5750 and (d) bulk 

Fe2CoGa obtained using X type inverse Heusler alloy unit cell. 
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Figure 4.03. Energy versus volume plots of Fe2CoGa obtained using L21 and X type unit cells. 

 

Figure 4.04. (a) SAED pattern and HRTEM images of (b) (111) and (c) (200) planes of S5800. 

Insets in (b) and (c) show the iFFT images of the lattice fringes of the respective planes. 

Interestingly, FETEM studies on the nanoparticles have yielded more conclusive 

experimental results. The SAED pattern of S5800 shown in Figure 4.04(a) apart from revealing 

all the reflections observed in the XRD pattern also reveals additional weak reflections from 

(111), (200), (311), (222), (331) and (420) planes, that were beyond the sensitivity of powder 
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XRD technique. The presence of superlattice reflections (111) and (200) in the SAED image 

confirms the presence of the fully ordered (X type) crystal structure in the synthesized 

nanoparticles. The HRTEM image and its iFFT clearly show the lattice fringes corresponding 

to (111) and (200) planes as seen in Figure 4.04(b and c). These images further confirm the 

successful formation of single phase (X type) Fe2CoGa nanoparticles. As already mentioned, 

the only other experimental report on Fe2CoGa nanoparticles by Wang et al. [59], contained 

Fe precipitates and fumed silica residues. In contrast, our template-free method has yielded 

single phase Fe2CoGa with stable X type structure without any observable impurity phase. 

The lattice constant (a) of all the samples (see Table 4.02) obtained from Rietveld 

refinement is very close to previously reported values (which range from 5.727 Å to 5.812 Å 

[37,134,163–165,167].) Table 4.01 shows Dv of all the three nanoparticles estimated using the 

Schërrer’s equation (equation 2.18). It can be seen that Dv decreases with a decrease in heat 

treatment temperature or time with hardly any change in the overall composition of the three 

samples. This shows that by merely changing the heat treatment temperature or time, it is 

possible to tune the crystallite size of these alloys without altering their composition.  

4.3 Elemental composition and morphology 

Overall composition (Fe:Co:Ga) of all the samples as estimated from the EDS data was found 

to be close to the stoichiometric composition of 50:25:25 (see Table 4.01). Elemental 

distribution maps recorded during the EDS analysis (not shown here) indicate good 

homogeneity in the distribution of the three elements within the nanoparticles. In FESEM 

images of the nanoparticles, some amount of agglomeration of crystallites was found which is 

expected in the case of highly magnetic nanoparticles [44]. Figure 4.05(a-c) show the 

micrographs of the three nanoparticle (0-d) samples. Figure 4.05(d-f) indicate the distribution 

of nanoparticles with particles sizes ranging from 20-120 nm with average d of 63 ± 2 nm, 58 

± 1 nm and 49 ± 1 nm for S5800, S3800 and S5750, respectively. The σ values were 18 nm, 15 nm 
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and 13 nm for the samples S5800, S3800 and S5750, respectively. As pointed out in the last 

chapter, σ values of these nanoparticles synthesized by the template-less method is slightly 

higher than those achieved in some template assisted methods. However, in view of the high 

phase purity and structural ordering in these samples, the slightly high σ values are acceptable.  

 

Figure 4.05. FESEM micrographs of (a) S5800, (b) S3800, and (c) S5750 samples. (d-f) Particle 

size distribution of the nanoparticles whose corresponding image is shown in the left side. 
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4.4 DOS calculations 

Ab initio calculations based on plane wave basis set and PAW methodology performed by 

Dannenberg et al. [165] showed that the total DOS of Fe2CoGa with L21 and X type structures 

near the EF did not show an energy gap in the minority band. However, ab initio calculations 

of Seema and Kumar [166] indicated an energy gap in the majority band of the DOS of 

Fe2CoGa with L21 structure near EF. In order to resolve this disparity in the published results, 

ab initio calculations were performed on Fe2CoGa with both the structures as per protocol 

described in chapter 2. Figure 4.06 shows both the total DOS as well as atom-resolved partial 

DOS corresponding to the three elements for the L21 and X type structures near EF. Our 

calculations agree with those of Dennenberg et al. [165] for both the L21 and X type of 

structures, thus clarifying that Fe2CoGa with either L21 or X type structure is not completely 

half metallic. Additionally, our experimental findings also indicates the stable type of structure 

for Fe2CoGa. The higher stability of the X type structure over the L21 type structure can also 

be visualized from the extremely lower DOS near EF for the X type structure which makes it 

electronically more stable than the L21 type structure. We can also infer that in both the cases, 

Ga has very insignificant contribution to the conduction band states. For the stable X type 

structure, both Fe and Co have comparable contributions to the total DOS of the system in the 

vicinity of EF.  

 

Figure 4.06. DOS of Fe2CoGa near EF calculated using (a) L21 type and (b) X type unit cells. 
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.  

Figure 4.07. Orbital resolved DOS for X type Fe2CoGa. Fe I represents the Fe atom at its 

original position in L21 structure and Fe II represents the Fe atom occupying the Co position. 

The interchange of position between one of the Fe atoms and the Co atom in the X type 

structure largely modifies the number of states (peaks) around EF, particularly in the spin down 

band. The pseudo gap like depression present in the DOS of L21 structure below EF becomes 

prominent in the X type structure (at around 0.8 eV) and a new pseudo gap appears just above 

EF (at around 0.5 eV). This pseudo gap above EF also indicates the electronic stability of the 

compound. The effect of Co occupying one of the conventional Fe positions in the X type 

structure can further be understood from Figure 4.07. Strong d-d hybridization amongst the d 

orbitals of Co and Fe I sitting at its original site is primarily responsible for the generation of 

pseudo gaps. This is so because Fe I and Co experience the same crystal field of tetrahedral 

symmetry [165]. 

4.5 Magnetic properties 

Mt calculated for the L21 type structure is 6.01 µB/f.u. and the one for the X type structure is 

5.30 µB/f.u. The difference in Mt of the two structures arises from the interchange of positions 

amongst half of the Fe atoms with Co in the X type structure. The magnetic moment of Fe 

occupying Co sites increases in value while those of Co atoms decrease, resulting in a net 

 TH-3400_176121011



Chapter 4: Crystallite size dependent properties of Fe2CoGa nanoparticles 

 
102 

 

decrease in the overall Mt as one goes from L21 to X type structure. M-H curves obtained for 

the three nanoparticles at 5 K and 300 K are shown in Figure 4.08(a and b), respectively. The 

M-H loops of the three Fe2CoGa nanoparticles and the bulk counterpart (shown in Figure 4.08) 

give clear evidence of their soft magnetic nature, in agreement with the previous report on this 

Heusler alloy nanoparticle [59]. However, no field dependent magnetization data is available 

for bulk Fe2CoGa in the literature for comparison with the present data. The measured Ms of 

Fe2CoGa nanoparticles and the bulk alloy (see Table 4.03) are closer to the theoretical total 

magnetic moment of the X type inverse Heusler alloy structure than L21 type full Heusler alloy 

structure, which further supports the formation of inverse Heusler alloy structure in this 

compound. The Ms values obtained in this study can be compared with the previously reported 

experimental value of 5.09 µB/f.u. at 4.2 K for the bulk sample [37], simulated values ranging 

from 5.11 – 6.14 µB/f.u. [119,132,134,163–166] and experimental value of 3.89 µB/f.u. at 5 K 

for 20 nm particles [59]. S-P rule [12] yields an Mt of Zt – 24 (= 28 – 24) = 4.0 µB/f.u. which is 

far lower than the experimental Ms values for this alloy. This difference in the value of the 

magnetic moment is expected since Fe2CoGa is not half metallic (a presumption on which the 

S-P ruled is based on) as observed from the DOS near EF depicted in Figure 4.06. Ms of 

Fe2CoGa nanoparticles is found to decrease with a decrease in heat treatment temperature or 

time as also observed in the case of Co2FeGa nanoparticles. The increment in the Ms of Heusler 

alloy nanoparticles at higher temperature or time is due to enhancement in crystallinity at 

higher heat treatment temperature or time as already explained in chapter 3. Improved 

crystallinity at higher heat treatment conditions is also responsible for their larger Dv. Dv 

dependent magnetic measurements on the nanoparticles reveal that the Ms, Hc and Mr decrease 

with a decrease in the Dv as depicted in Figures 4.08 and 4.09. The decrement in Ms with 

decrement in Dv can be interpreted using the core-shell model [40] for nanoparticles. The 

thickness t of magnetically dead shell on its surface [40] has been calculated by using Ms of the 
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nanoparticles of size Dv in the place of Ms(d) and the bulk Ms value in the place of Ms(b) in 

equation 1.13. The thickness t was found to increase from 0 nm to 0.56 nm and then to 0.71 

nm at 5 K as Dv decreased from 56 nm to 26 nm and then to 21 nm for samples S5800, S3800 

and S5750, respectively. Similarly, t increases from 0 nm to 0.64 nm and then to 0.78 nm at 300 

K for the three samples. The increment in t with decreasing Dv represents the ability of the 

core-shell model to explain Ms-Dv behaviour. The observed variation of Hc with Dv indicates 

that all the nanoparticles are in single domain region [41] and can be explained using the 

Stoner-Wohlfarth approach [40]. For the smallest size nanoparticle (S5750), Hc and Mr are 

extremely low (Hc  6 Oe; Mr  0.01 µB/f.u.) indicating the possibility of superparamagnetism 

[41]. It was also observed that Ms and Hc of all the samples decrease at higher temperatures 

(see Table 4.03). Similar variation of Ms with increase in temperature was found in other 

Heusler alloy nanoparticles [59,67,69,80,83,85,152] including Co2FeGa nanoparticles 

described in previous chapter. This reveals that Ms(T) data of the synthesized nanoparticles 

follow the Bloch’s law [70]. Interestingly, the decrement in Ms at higher temperatures is 

extremely small (see Table 4.03), which makes these nanoparticles suitable for room 

temperature device applications. Also, this small decrement (less than 1%) is responsible for 

the relatively high TC of this alloy [152]. Further, a decrement in Hc at room temperature is also 

expected for single domain nanoparticles [67,69,83,85,152], as predicted by the Kneller’s law 

[169]. This observation further supports our claim that the synthesized Fe2CoGa nanoparticles 

are in single domain regime. Though the Ms values of both Fe2CoGa (reported in current 

chapter) and Co2FeGa (reported in previous chapter) are high, higher Ms of Fe2CoGa 

nanoparticles (5.40 µB/f.u. at 5 K for Dv = 56 nm) as compared to that of similar size Co2FeGa 

nanoparticles (4.73 µB/f.u. at 5 K for Dv = 57 nm) makes Fe2CoGa nanoparticles more attractive 

for applications requiring high Ms, such as magnetic field driven sensors, etc. 
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Figure 4.08. M-H curves recorded at (a) 5 K and (b) 300 K for Fe2CoGa samples. Inset shows 

the magnified view of the curves near the origin. 

Table 4.03. Magnetic properties of bulk and nanoparticles of Fe2CoGa.  

Sample 
ID 

Ms (µB/f.u.) Hc (Oe) Mr (µB/f.u.) Keff  (× 106 

erg/cc) 

TC (K) 

5 K 300 K 5 K 300 K 5 K 300 K 5 K 300 K 

S5800 5.4 ± 0.1 5.4 ± 0.1 46 ± 2 29 ± 2 0.07 0.04 8.62 8.49 1204 ± 2 

S3800 4.7 ± 0.1 4.6 ± 0.1 11 ± 2 3 ± 2 0.02 0.00 6.71 6.39 1198 ± 2 

S5750 4.3 ± 0.1 4.2 ± 0.1 6 ± 2 3 ± 2 0.01 0.00 5.82 5.68 1196 ± 2 

Bulk 5.4 ± 0.1 5.3 ± 0.1 16 ± 2 17 ± 2 0.03 0.03 5.52 5.48 1210 ± 2 

 

 

Figure 4.09. Variation of Ms and Hc of Fe2CoGa nanoparticles with average crystallite size at 

(a) 5 K and (b) 300 K. 
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Keff estimated for all the samples using LAS [25] is listed in Table 4.03. It is evident 

from the table that Keff of all the nanoparticles are higher than that of the bulk alloy. Higher Keff 

in nanoparticles as compared to their bulk counterpart has been attributed to (i) agglomeration 

of nanoparticles which can increase interparticle interaction [44], (ii) high surface to volume 

ratio resulting in breaking of the exchange bonds at the surface [40,45,46], (iii) dipolar 

interactions between the nanoparticles in single domain regime [40], etc. Further, it can be seen 

that Keff decreased with a decrease in the size of the nanoparticles as also noticed in the case of 

Co2FeGa nanoparticles. Similarly, lower Keff at higher temperatures has also been observed in 

Fe2CoGa nanoparticles and bulk Fe2CoGa. Keff values of Fe2CoGa nanoparticles (5.68-8.62  

106 erg/cc) reported in this chapter are higher than that of Co2FeGa nanoparticles (2.93-4.87  

106 erg/cc) reported in previous chapter. Q estimated using equation 1.22 yielded values ≥ 0.8 

for all the Fe2CoGa nanoparticles, thereby identify them as high anisotropic materials. Hence, 

Fe2CoGa nanoparticles are better suited for applications demanding high anisotropy including 

high density magnetic recording.  

 

Figure 4.10 Variation of E as a function of crystallite volume of the nanoparticles at 5 K and 

300 K. Solid lines are linear fits to the data. 

∆E shows a linear variation with V as depicted by the linear fit to the data (see Figure 

4.10), which follows the Néel-Brown thermal activated model [42]. Such a linear variation of 
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the ∆E versus V data is a manifestation of volume or bulk anisotropy with negligible surface 

anisotropy in these nanoparticles [42]. This indicates that Kv  Keff. Such linear relationship 

results in the typical Hc vs Dv behaviour of nanoparticles in the single domain regime [42].  

 

Figure 4.11. (a) M-T curves with inset illustrating the derivative of magnetization with 

temperature and (b) crystallite size dependent Curie temperature of Fe2CoGa nanoparticles.  

M-T curves of bulk and nanocrystalline Fe2CoGa recorded under an applied field of 

100 Oe are shown in Figure 4.11(a). The normalized magnetization with respect to 

magnetization at temperature 1023 K (M/M1023) is plotted in the y-axis of the figure. Here, M 

is the magnetization at temperature T and M1023 is the magnetization at 1023 K. It can be seen 

that the ferromagnetic to paramagnetic phase transition is sharper for the nanoparticles as 

compared to the bulk Fe2CoGa, which could be due to the single domain nature of the 

nanoparticles. The M-T curves show high TC for all the Fe2CoGa samples (see Table 4.03). The 

literature provides theoretical values of 982 K [121], 1053 K [165] and 1645 K [164] computed 

by various researchers for this alloy. TC values obtained in this study are higher than the 

previously reported experimental value of 1165 K for bulk Fe2CoGa [23]. Increase in TC by 

~35 K observed in the present studies could be due to the improved long range magnetic 

ordering in the alloys on account of improved crystallinity and structural order in the 
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synthesized nanoparticles. Figure 4.11(b) shows an increasing trend in TC with Dv which is the 

general behaviour observed in other Heusler alloy nanoparticles as well [161]. Further, TC of 

the Fe2CoGa nanoparticles (1196-1204 K) obtained are higher than those of Co2FeGa 

nanoparticles (1131-1137 K) reported in chapter 3, which make Fe2CoGa nanoparticles more 

preferred for high temperature device applications.  

 

Figure 4.12. (Ms(T)-Ms(0))/Ms(0) versus T3/2 plot for bulk Fe2CoGa sample. 

Variation in Ms of bulk Fe2CoGa as a function of temperature was recorded in the low 

temperature regime. The slope B of the curve depicted in Figure 4.12 and values of A and D 

estimated using equations 1.24-1.26 are 1.64 × 10-5, 5.39 × 10-7 erg/cm, 2.89 × 10-29
 erg/cm2, 

respectively. The estimated value of Dcr [47,162] for Fe2CoGa nanoparticles using equation 

1.23 is 93 nm. The authors could not find Dcr value of any Heusler alloy particles in the 

literature for comparison. A comparison with Table 4.01 shows that all the Fe2CoGa 

nanoparticles synthesized in this work have size smaller than Dcr and hence are single domain 

nanoparticles.  

4.6 Summary and Highlights 

The detailed experimental and theoretical investigations on bulk and nanoparticles of Fe2CoGa 

has revealed several interesting results. Some of the highlights are given below:  
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➢ Single phase Fe2CoGa Heusler alloy nanoparticles with three Dv of 56 nm, 26 nm, and 21 

nm have been synthesized using an impurity free and facile template-less chemical route.  

➢ XRD, SAED and HRTEM image analyses were used to ascertain the X type inverse Heusler 

alloy structure of the Fe2CoGa nanoparticles. 

➢ The preference of X type structure over L21 type structure as the stable structure of Fe2CoGa 

has also been confirmed by first principles based energy calculations. 

➢ The EDS data confirmed the stoichiometric alloy composition of both bulk and 

nanoparticles of Fe2CoGa compound.  

➢ Control of Ms, Hc, Keff and TC of the alloys has been achieved by controlling Dv by merely 

varying the heat treatment conditions during preparation.  

➢ Fe2CoGa nanoparticles show soft ferromagnetic behavior with higher Ms (4.2-5.4 µB/f.u.), 

Keff (5.68-8.62  106 erg/cc) and TC (1196-1204 K) as compared to the Co2FeGa 

nanoparticles reported in chapter 3. 

➢ Nature of Hc versus Dv plots and the estimated value of Dcr for Fe2CoGa nanoparticles 

confirm that all the nanoparticles are in single domain regime. Near zero values of Hc and 

Mr for the smallest size (S5750) nanoparticles indicate the likelihood of superparamagnetism 

in these single domain nanoparticles. 

➢ Nearly constant Ms from 5 K to 300 K makes these nanoparticles suitable for room 

temperature device applications. The superior Ms, Keff and TC values makes Fe2CoGa 

nanoparticles a natural choice for applications in magnetic field driven sensors and 

ultrahigh density magnetic recording.  

➢ Apart from establishing a facile way to synthesize single domain Fe2CoGa over a wide 

range of sizes, this work also brings out their potential applications. 
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Chapter 5  

Crystallite size dependent properties of 

Fe2CoAl nanoparticles 

The crystallite size dependent properties of Fe2CoGa nanoparticles served as a motivation to 

explore the changes in the properties when the Z element (Ga) is replaced with another 

isovalent Z element (Al). Interestingly, Fe2CoAl is also known for its remarkable magnetic 

properties and energy storage capabilities [170]. Bulk Fe2CoAl alloy was first prepared by 

Grover et al. [35] in 1980 by substituting Co in Fe3Al alloy. Subsequent to their discovery of 

high TC and Ms, its structural, magnetic, electronic, thermoelectric, thermodynamic, 

mechanical, elastic, spectroscopic and half-metallic properties were explored in the bulk form 

using both theoretical [132,134,178–180,163,171–177] and experimental 

[63,167,171,172,181–183] techniques. Some attempts have also been made to synthesize this 

alloy in thin film [170,184,185] and nanofiber [186] forms. However, there are only two 

reports, one by Jain et al. [63] and the other by Ahmad et al. [187] on the preparation and 

characterization of Fe2CoAl in 0-d or nanoparticle form. Both these reports discuss their 

findings on single sized Fe2CoAl nanoparticles with A2 type fully disordered Heusler alloy 

structure. Thus, there are no experimental studies available in the literature demonstrating the 

energetically stable X type structured Fe2CoAl nanocrystalline alloy to the best of our 

knowledge. The promising bulk properties of Fe2CoAl, its limited exploration in the 

nanocrystalline regime and the challenges faced in obtaining it in its stable structure in the 

nanometer scale act as further motivations to study this nanocrystalline compound. This chapter 
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describes the successful synthesis of single domain Fe2CoAl nanoparticles with three different 

crystallite sizes using the template-less chemical approach. Apart from achieving highly 

ordered X type Heusler alloy structure in the synthesized Fe2CoAl nanoparticles, this study also 

provides an understanding of crystallite size dependent properties of single magnetic domain 

nanoparticles. Theoretical studies including ab initio calculations have also been performed to 

validate the experimental findings. 

5.1 Sample preparation 

Three sets of Fe2CoAl nanoparticles, designated as FCA-1, FCA-2 and FCA-3 were 

synthesized using a template-less chemical method explained in chapter 2. Weighed quantities 

of precursors corresponding to the compound’s stoichiometry, viz., 1.4555 g of 

Fe(NO3)3.9H2O, 0.4825 g of CoCl2.6H2O and 0.4833 g of Al(NO3)3.9H2O were utilized as 

precursors. The flow chart depicted in Figure 2.01 represents the process followed to synthesize 

these nanoparticles. The heat treatment conditions used for processing the three samples FCA-

1, FCA-2 and FCA-3 are listed in Table 5.01.  

5.2 Structural analysis 

The XRD patterns of the synthesized Fe2CoAl Heusler alloy nanoparticles shown in Figure 

5.01(a), indicates the presence of (220), (400) and (422) reflections which represent the three 

highly intense reflections (see Table 5.02) of the Heusler alloy crystal structure. The absence 

of any unaccounted reflection indicates the single phase structure of the synthesized 

nanoparticles. A comparison of experimental XRD patterns with CaRIne generated pattern 

using L21 and X type unit cells shows a close similarity between the strong reflections. 

However, the weak superlattice reflections (111) and (200) present in the simulated pattern are 

not observed in the experimental XRD pattern. A comparison with available literature on bulk 

and low dimensional (thin films, nanowires and nanoparticles) Fe2CoAl also yields similar 

results. Jain et al. [63] assigned A2 type disordered structure to the arc melted bulk Fe2CoAl in 

 TH-3400_176121011



Chapter 5: Crystallite size dependent properties of Fe2CoAl nanoparticles 

 
111 

 

the absence of (111) and (200) reflections in their XRD pattern. Yin et al. [167] and Lin et al. 

[172] assigned B2 type disordered structure in their bulk Fe2CoAl in the absence of (111) 

reflection. Though Grover et al. [35] and Popiel et al. [182] claimed that their bulk Fe2CoAl 

samples possess L21 type structure, no XRD data is provided in their papers for validation. Li 

et al. [186] assigned B2 and A2 type disordered structures to electrospun Fe2CoAl nanowires 

by analyzing their XRD patterns. In the case of nanoparticles, the only available reports by Jain 

et al. [63] and Ahmad et al. [187] accepted A2 type disordered structure for their Fe2CoAl 

nanoparticles on the basis of reflections in their XRD measurements. Absence of the 

superlattice reflections in the experimental XRD patterns have raised two queries: (i) Whether 

(111) and (200) reflections are actually absent in this alloy or their small intensities are below 

the detection limits of XRD measurements? (ii) Even if (111) and (200) reflections could be 

identified, should one assign L21 or X type structure to this alloy, since the simulated XRD 

patterns of both the structures are similar (see Table 5.02).  

Table 5.01. Structural and elemental composition data of synthesized Fe2CoAl nanoparticles. 

Sample 

ID 

Heat treatment 

condition 

χ2 a 

(Å) 

Dv 

(nm) 

Average 

composition 

Fe:Co:Al 

(at.%) 

d 

(nm) 

Temp. 

(℃) 

Time 

(h) 

L21 X 

FCA-1 850 1 2.27 2.22 5.727 51 ± 1 49.4:25.7:24.9 58 ± 1 

FCA-2 800 5 2.66 2.35 5.723 45 ± 1 49.8:25.0:25.2 55 ± 1 

FCA-3 800 1 2.38 2.08 5.723 41 ± 1 49.5:24.6:25.9 48 ± 1 
 

For resolving the first issue, we resorted to electron diffraction technique. FETEM 

images of FCA-2 are shown in Figure 5.02. Both the SAED pattern and HRTEM micrographs 

reveal the presence of weak (111) and (200) superlattice reflections along with highly intense 

reflections from (220), (400) and (422) planes. The SAED pattern depicted in Figure 5.02(a) 

confirms the presence of other small reflections from (311), (222), (331) and (420) planes 

which are even weaker than the superlattice reflections. This confirms the formation of ordered 
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single phase Heusler alloy structure of either L21 or X type in all the synthesized Fe2CoAl 

nanoparticles. The lattice fringes corresponding to superlattice reflections (111) and (200) can 

be clearly seen in Figure 5.02(b and c) which validate the formation of ordered Heusler alloy 

structure in the synthesized nanoparticles.   

 
Figure 5.01. (a) Simulated and experimental XRD patterns of Fe2CoAl nanoparticles. (b, c, d) 

Rietveld refinement plots of the XRD patterns of the three samples using X type unit cell.  

After confirming the formation of ordered Heusler alloy structure, it was required to 

assign the favoured structures between L21 or X type to the nanoparticles. It is generally 

accepted that a X2YZ with higher atomic number X atom crystallizes in L21 type full Heusler 

alloy structure whereas an alloy having higher atomic number Y prefers the X type inverse 

Heusler alloy structure [167]. Therefore, in the case of Fe2CoAl, having the higher atomic 

number of Y(Co) atom than X(Fe) atom, the X type structure should be the preferred stable 
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structure. In order to confirm this, the experimental XRD patterns were refined with L21 (space 

group no. 225 [Fm3̅m]) and X type (space group no. 216 [F4̅3m]) unit cells [c.f., Figure 5.01(b, 

c, d)]. 

Table 5.02. Crystallographic planes with dhkl and the normalized intensities of the reflections 

in simulated and experimental XRD patterns of Fe2CoAl alloy. 

Planes (hkl) dhkl 

(Å) 

Normalized intensity of reflections in 

Simulated XRD pattern 

for the unit cell type 

Experimental XRD pattern 

of 

L21 X FCA-1 FCA-2 FCA-3 

(1 1 1) 3.30 8.49 7.19 - - - 

(2 0 0) 2.86 2.95 4.29 - - - 

(2 2 0) 2.02 100 100 100 100 100 

(3 1 1) 1.72 3.13 2.58 - - - 

(2 2 2) 1.65 0.56 0.87 - - - 

(4 0 0) 1.43 13.13 13.13 11 11 12 

(3 3 1) 1.31 0.96 0.78 - - - 

(4 2 0) 1.28 0.53 0.86 - - - 

(4 2 2) 1.17 22.42 22.42 17 17 18 

(3 3 3) 1.10 0.15 0.12 - - - 

(5 1 1) 1.10 0.46 0.37 - - - 
 

 
Figure 5.02. (a) SAED pattern (b, c) HRTEM micrographs with their iFFT images showing 

presence of (111) and (200) superlattice planes.  
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Rietveld refinement yielded slightly lower χ2 value for X type structure (see Table 5.01), 

indicating it to be the more probable structure. The small difference in the χ2 values of the two 

structures is due to the small (i.e., only one) atomic number difference between X(Fe) and 

Y(Co) atoms, just as in the case of Fe2CoGa nanoparticles. So, the total energy of Fe2CoAl 

alloy with both L21 and X type structures was computed as a function of lattice parameter a. 

The overall lower energy of the X type structure (cf. Figure 5.03) clarifies the higher stability 

of X type structure for Fe2CoAl Heusler alloy over L21 type structure. Previous reports by 

Gilleβen et al. [163], Matsushita et al. [134], Faleev et al. [132], and Ahmad et al. [175] also 

validate our energy calculations and the conclusion. Thus, in contrast to previous experimental 

reports on Fe2CoAl [63,167,172,186,187], the stable and ordered X type structure can be 

established here.  

 
Figure 5.03. Energy as the function of a for Fe2CoAl alloy for the structures L21 and X. 

The lattice constant (a) values obtained from Rietveld refinement of the XRD patterns 

of the nanoparticles (see Table 5.01) was found to be within the range of previously published 

theoretical and experimental values of 5.697 Å to 5.766 Å 

[35,63,179,181,182,134,163,167,172–175,177].  The Schërrer’s equation (equation 2.18) was 

used to estimate Dv of the prepared Fe2CoAl nanoparticles listed in Table 5.01. Dv exhibited a 
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dependence on the heat treatment temperature and time as expected and as also observed in 

Co2FeGa (chapters 3) and Fe2CoGa (chapter 4) nanoparticles.  

5.3 Elemental composition and morphology 

 

Figure 5.04. FESEM images of (a) FCA-1, (b) FCA-2 and (c) FCA-3 and (d-f) particle size 

histograms (shown on right side) generated from the micrographs shown on the left side. 

The overall composition of the three Fe2CoAl nanoparticles obtained from EDS 

measurements, (c.f.,Table 5.01), are very close to the stoichiometric composition of 
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Fe50Co25Al25. Of the two earlier reports on these Fe2CoAl nanoparticles, one [63] does not 

mention the composition and the other [187] reported off-stoichiometric Fe54.5Co27.5Al18.0 

composition as Fe50Co25Al25. Figure 5.04(a, b and c) and Figure 5.04(d, e and f) show the 

morphology of the Fe2CoAl nanoparticles and their histograms displaying their particle size 

distributions, respectively. The synthesized nanoparticles are found to possess a near-spherical 

shape with particle sizes clearly conforming to the nanometer scale. Near-spherical Fe2CoAl 

nanoparticles have also been synthesized by Ahmad et al. [187]. The particle sizes (d) of the 

three Fe2CoAl nanoparticles are distributed from 25 to 95 nm are listed in Table 5.01. As 

compared to Dv (41 - 51 nm), the d (ranging between 48 nm and 58 nm) is slightly bigger in 

all the cases, which indicates some amount of agglomeration of the crystallites. As already 

pointed out in chapter 3 and 4, such agglomeration is quite common in magnetic nanoparticles 

with high magnetic moments and difficult to prevent especially when no templates are used to 

separate them. The σ values varied from 10 nm → 10 nm → 8 nm as the particle size decreased 

from 58 nm → 55 nm → 48 nm, respectively. As already discussed in chapter 3 and 4, these σ 

values are slightly higher than those obtained for template-assisted methods. If one considers 

the impurities left behind by templates and their detrimental effect on the alloy properties, these 

σ values are acceptable. 

5.4 DOS calculations 

Coelho et al. [171] calculated TDOS of Fe2CoAl alloy for the first time and found non-half 

metallic behaviour of the alloy, whereas, Lin et al. [172] showed it to be a half metal in their 

TDOS calculations on CoFe1+xTi1-xAl alloys. Siakeng et al. [174] computed the DOS of 

Fe2CoAl alloy with and without incorporating Hubbard parameter U and declared it to be a 

non-half metal in both cases. Ahmad et al. [175,176] on one side, claimed the material to be 

non-half metal, and on the other hand, declared it to have a high spin polarization of 78 % 

[176]. Rai et al. [177] found a pseudo bandgap just above EF in the spin-down channel of 
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Fe2CoAl alloy by incorporating U in their calculations and showed that this gap could be tuned 

towards EF by applying external pressure. The discrepancies in the previous results inspired us 

to investigate the DOS of Fe2CoAl alloy.  

 
Figure 5.05. TDOS of Fe2CoAl alloy along with PDOS of elements Fe, Co and Al with (a) L21 

type, and (b) X type structures.  

Figure 5.05 shows the TDOS as well as element-resolved PDOS for Fe, Co and Al for 

both L21 and X type structures around EF. The results show close similarity to the previous 

DOS calculated by Coelho et al. [171] and Ahmad et al. [175,176] and clarifies that Fe2CoAl 

is not completely half metallic with either L21 or X type structure. The valence band of Fe2CoAl 

contains contributions from both the majority and minority spins in the DOS plots, but the 

conduction band has large contributions just from the minority spins. Additionally, the higher 

stability of the X type structure over L21 type structure can be inferred from the DOS plots. 

Here, the fewer states at EF in the X type structure as compared to the L21 type structure is an 

indication of the higher stability of the X type structure. The PDOS also clarifies that for both 

the structures, Fe and Co play a significant role, whereas Al plays an insignificant role. The 

exchange of positions between one of the Fe atoms with the Co atom in the X type structure 

significantly alters the peaks around EF, especially in the spin down states. Also, a bandgap 

appears in spin down channel of the X type DOS below EF near about -0.83 eV along with a 
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pseudo gap at around 0.46 eV above EF. The value of spin polarization calculated was 59 % 

for both the structures. Here, it is important to mention that all the above calculated DOS are 

based on procedures applicable to bulk Fe2CoAl. As pointed out in the earlier chapters, a 

previous study on Co2FeSn nanowires by Galdun et al. [156] indicates a possibility to increase 

the value of spin polarization in the low dimensional forms of the alloy. Further, Hussain et al. 

[138] also found a contrast in spin polarization values at the surface of Co2FeGa. These results 

suggest that it may be possible for the present Fe2CoAl nanoparticles to have higher spin 

polarization than the one predicted by the DOS calculations given above. 

5.5 Magnetic properties 

The calculated Mt are 5.898 µB/f.u. (for L21 type structure) and 5.145 µB/f.u. (for X type 

structure) for Fe2CoAl. The difference in Mt of the two structures results from the exchange of 

atomic positions between half of the Fe atoms and Co atoms in X type structure. It can also be 

observed from the DOS plots that some of the spin-up peaks in the PDOS of Co atoms with 

L21 type structure get replaced by peaks from PDOS of Fe atom in the X type structure. As we 

move from L21 to X type structure, the magnetic moment of the Fe atom occupying the Co site 

increases from 2.087 µB/f.u. to 2.542 µB/f.u., whereas the magnetic moments of the Fe atom at 

its original site and the Co atom decrease from 2.087 µB/f.u. to 1.610 µB/f.u. and 1.764 µB/f.u. 

to 1.041 µB/f.u., respectively, which collectively results into an overall decrease in Mt. The M-

H curves at 5 K and 300 K show soft magnetic behaviour of all the three Fe2CoAl nanoparticles, 

as depicted in Figure 5.06(a and b). This behaviour is in line with the previous reports on bulk 

Fe2CoAl [63,171] and Fe2CoAl nanoparticles [63]. The experimental Ms values listed in Table 

5.03 of the synthesized nanoparticles are comparable to the previously reported theoretical 

values ranging from 3.981 to 5.33 µB/f.u. [132,134,163,172–175,177], experimental Ms values 

for bulk Fe2CoAl range from 4.4 to 5 [35,63,172,181,182], thin film ~5.3 µB/f.u. [183], 

nanowires range from 4.5 to 5.1 µB/f.u. [186] and nanoparticles range from 4.5 to 5.17 µB/f.u. 
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[63,187]. Furthermore, the experimental Ms of the three Fe2CoAl nanoparticles (see Table 5.03) 

are closer to the theoretical Mt of the X type structure than L21 type structure. Mt value for 

Fe2CoAl obtained through S-P rule [12] viz., Mt of Zt – 24 (= 28 – 24) = 4 µB/f.u., which is 

lower compared to the obtained experimental Ms and theoretical Mt values. But, here it should 

be mentioned that the obtained Ms and Mt values do not follow S-P rule due to their non-half 

metallic character already confirmed through the DOS calculations. Ms of Fe2CoAl 

nanoparticles is lower if the heat treatment temperature or time is reduced. As it is already 

explained in chapter 3, the increment in Ms of these alloy nanoparticles with increase 

processing temperatures or time is due to their enhanced crystallinity and defect minimization 

at elevated temperature or time. Dv dependent magnetic measurements show that Ms, Mr and 

Hc decrease when the Dv decreases, as shown in Figures 5.06 and 5.07, as also observed in case 

of Co2FeGa and Fe2CoGa nanoparticles. The decrement in Ms with Dv can be explained through 

the core-shell model [40] for the nanoparticles, elaborated in the introduction chapter. 

Magnetically dead layer t on the surface of the synthesized nanoparticles was calculated using 

Ms(b) as the theoretical value of Mt, Ms(d) from Table 5.03 and Dv as d from Table 5.01. It is 

clear from Table 5.03 that the value of t increases with a decrease in Dv, which shows that 

formation of a magnetically dead shell on the surface of nanoparticles as the cause for the 

observed decrease in Ms with decrease in Dv. The decrement of Hc with Dv indicates that the 

synthesized nanoparticles are in single domain regime [41], similar to previously synthesized 

Co2FeGa and Fe2CoGa nanoparticles. Hc of the three nanoparticles particles measured at 5 K 

was substituted in equation 1.15 and the resulting plot is shown in Figure 5.08, yielding 𝑔 = 

182 and ℎ = 35846. These values were used to estimate the value of superparamagnetic critical 

size Dsp (= 33 nm) for Fe2CoAl. The Hc at Dcr (whose estimation is described later in this 

chapter) turned out to be 134 Oe. The Stoner-Wohlfarth approach [40] can explain this decrease 

in Hc with decreasing Dv in a single domain regime. Also, Ms and Hc values measured at higher 
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temperatures are lower than the ones at lower temperatures for all the nanoparticles (see Table 

5.03). Ahmad et al. [187] observed similar trend of Ms and Hc with increasing temperature in 

Fe2CoAl nanoparticles. Other Heusler alloy nanoparticles [59,67,69,80,83,85,152], together 

with the previous studies on Co2FeGa and Fe2CoGa nanoparticles also show a similar 

decrement of Ms with increasing temperature, which demonstrates that the synthesized 

Fe2CoAl nanoparticles also obey Bloch's law for Ms(T) [70]. This minimal decrement of Ms 

(less than 1%) at higher temperatures is also related to their high TC [152]. The small decrease 

in Ms at higher temperatures makes these nanoparticles appropriate for device applications at 

ambient and higher temperatures. Kneller's rule [169] predicts a decrease in Hc at high 

temperatures for single domain nanoparticles [67,69,83,85,152]. This finding lends credence 

to our assumption that the synthesized Fe2CoAl nanoparticles belong to single domain regime, 

similar to Co2FeGa and Fe2CoGa nanoparticles. When we compare the Ms of the three Heusler 

alloy nanoparticles investigated in this thesis work so far, the value of 4.93 µB/f.u. recorded at 

5 K for 51 nm size Fe2CoAl nanoparticles is higher than that of Co2FeGa nanoparticles (4.73 

µB/f.u. at 5 K for Dv = 57 nm), but smaller than that of Fe2CoGa nanoparticles (5.40 µB/f.u. at 

5 K for Dv = 56 nm).  

 

Figure 5.06. M-H loops recorded at (a) 5 K, and (b) 300 K for Fe2CoAl nanoparticles. 

 

 TH-3400_176121011



Chapter 5: Crystallite size dependent properties of Fe2CoAl nanoparticles 

 
121 

 

Table 5.03. Magnetic properties of Fe2CoAl nanoparticles. 

Sample 

ID 

Ms (µB/f.u.) Hc (Oe)  Mr (µB/f.u.) Keff  106 

(erg/cc) 

t (nm) TC (K) 

5 K 300 K 5 K 300 K 5 K 300 

K 

5 K 300 

K 

5 K 300 

K 

FCA-1 4.93 ± 0.10 4.89 ± 0.10 84 ± 2 60 ± 2 0.13 0.10 10.24 9.39 0.36 0.42 1225 ± 2 

FCA-2 4.79 ± 0.06 4.78 ± 0.06 61 ± 2 35 ± 2 0.08 0.05 8.93 8.72 0.52 0.53 1221 ± 2 

FCA-3 4.70 ± 0.06 4.67 ± 0.06 46 ± 2 30 ± 2 0.05 0.04 8.22 8.06 0.59 0.63 1225 ± 2 

 

 
Figure 5.07. Ms and Hc of Fe2CoAl nanoparticles as a function of Dv at (a) 5 K, and (b) 300 K.  

 

Figure 5.08. Variation of Hc at 5 K with Dv of Fe2CoAl nanoparticles in single domain regime. 

According to LAS [145], the calculated values of Keff listed in Table 5.03 show higher 

values compared to previously reported values for Fe2CoAl nanowires (= 4  103 J/m3) [184]. 

Since Keff values for Fe2CoAl  nanoparticles are not available in the literature, a comparison is 

made with other Fe and Co based Heusler alloy nanoparticles with high Keff [81,82,188]. The 
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reason for such a high Keff values can be credited to (i) high S/V ratio which can give rise to 

broken exchange bonds at their surfaces [40,45,46], (ii) high agglomeration of magnetic 

nanoparticles which can enhance interparticle interactions [44], (iii) inter dipole interactions 

among the single domain magnetic nanoparticles [40], etc., as mentioned in chapters 3 and 4. 

Table 5.03 also reveals a decrement in Keff with Dv, as observed in case of Co2FeGa and 

Fe2CoGa nanoparticles. Reduction in Keff at elevated temperatures has also been noticed in 

these nanoparticles. Interestingly, the observed Keff values for Fe2CoAl nanoparticles (8.06-

10.24  106 erg/cc) are higher than that of Co2FeGa (2.93-4.87  106 erg/cc) and Fe2CoGa 

(5.68-8.62 106 erg/cc) nanoparticles reported in chapters 3 and 4. This makes Fe2CoAl 

nanoparticles more suitable for high anisotropic applications such as high-density magnetic 

recording. 

According to the Néel Brown thermal activated model [42], described in the 

introduction section, the linear variation of ΔE versus <V> curve shown in Figure 5.09 indicates 

the dominant effect of Kv with a minimal effect of Ks, which implies that Keff ≈ Kv [42]. 

Additionally, the Hc behaviour for single domain nanoparticles is also associated with this 

linear behaviour of ΔE versus <V> curve [42].  

 
Figure 5.09. ΔE versus crystallite volume plots for Fe2CoAl nanoparticles at two temperatures 

with the straight lines representing the linear fits to the experimental data.  
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The M-T curves for Fe2CoAl nanoparticles measured at an applied magnetic field of 

100 Oe are depicted in Figure 5.10, where the y-axis shows normalized magnetization M/M900. 

Here, M and M900 represent magnetizations at temperatures T and 900 K, respectively. The 

curves indicate high values of TC for all the synthesized Fe2CoAl nanoparticles (see Table 

5.03). The literature provides values of TC above 1000 K for bulk Fe2CoAl [35,63], above 873 

K for nanowires [186], and a range of 743 K to 1190 K from theoretical estimates [174,177] 

for Fe2CoAl alloy. Ahmad et al. [187] observed TC value of 830 K and Jain et al. [63] found 

the TC value above 1073 K for Fe2CoAl nanoparticles. Improved structural ordering and 

crystallinity of the synthesized Fe2CoAl nanoparticles are the reasons for the higher TC for our 

nanoparticles compared to the previous reports. TC does not show appreciable change with Dv, 

probably due to the small range of Dv obtained in the current study. Comparing TC of Co2FeGa 

(1131-1137 K) and Fe2CoGa (1196-1204 K) nanoparticles studied in chapters 3 and 4, 

respectively, Fe2CoAl nanoparticles show higher TC (1221-1225 K), which makes it more 

appropriate for high temperature applications.  

 
Figure 5.10. M-T curves of Fe2CoAl nanoparticles with the derivative of magnetization shown 

in the inset. 
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Q values estimated using equation 1.22 for all the synthesized Fe2CoAl nanoparticles 

are >1.5, branding as high anisotropic material [43]. Temperature dependent Ms in low 

temperature regime [49] of FCA-1 was used to evaluate the Dcr value for the Fe2CoAl alloy 

using equation 1.23. The obtained value of slope B from Figure 5.11 is 8.985  10-5 and the 

calculated values of A and D are 1.84  10-7 erg/cm and 0.83  10-29 erg/cm2, respectively. 

Using the values of A and D, Dcr for Fe2CoAl alloy was evaluated to be 83 nm. The literature 

does not provide any value of Dcr, A, or D for Fe2CoAl nanoparticles to make a comparison. 

Further, higher value of Dcr compared to Dv of the synthesized nanoparticles (see Table 5.01) 

shows the production of single domain Fe2CoAl alloy nanoparticles.  

 
Figure 5.11. (Ms(T) - Ms(0)) / Ms(0) as a function of T3/2 at the field 2 T for FCA-1 nanoparticles. 

The solid line is a linear fit to the data. 

5.6 Summary and Highlights 

The experimental and theoretical investigations on Fe2CoAl compound result in following 

major findings: 

➢ A simple, template-free and cost-effective chemical route has been employed to synthesize 

single phase Fe2CoAl nanoparticles with three distinct Dv of 51 nm, 45 nm and 41 nm.  

➢ Dv could be tuned by merely changing the heat treatment conditions during processing.  
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➢ X type inverse Heusler alloy structure has been established in these near-stoichiometric 

nanoparticles using XRD, HRTEM and SAED analyses followed by ab initio energy 

computations.  

➢ Ab initio calculations establish the preferred crystal structure of this compound and also 

help in understanding the magnetic and half metallic properties of the alloy.  

➢ Fe2CoAl nanoparticles exhibit soft ferromagnetic behaviour with high Ms (4.67-4.93 

µB/f.u.), high Keff (8.06-10.24  106 erg/cc), high TC (1221-1225 K) and low Hc (30-84 Oe). 

➢ The obtained Keff and TC of Fe2CoAl nanoparticles are the highest among the three 

compounds studied, viz., Co2FeGa, Fe2CoGa and Fe2CoAl. Hence, Fe2CoAl appears to be 

the appropriate choice for applications demanding high anisotropy and high Curie 

temperature. 

➢ Variations of Ms, Keff, Hc and TC with Dv have been analysed using well-established models 

to understand their general behaviour.  

➢ Dcr (= 83 nm) estimated for Fe2CoAl places all the synthesized nanoparticles in the single 

domain regime. The superparamagnetic critical size Dsp (= 33 nm) and Hc (= 134 Oe) at Dcr 

have been estimated for these Fe2CoAl nanoparticles.  

➢ Promising applications of these nanoparticles in ultra-high-density magnetic recording and 

magnetic field sensors have been identified from their high Ms, TC and Keff values and low 

Hc.  
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Chapter 6  

Composition dependent properties of  

Fe2-xCo1+xGa (0  x  1) nanoparticles 

Though Fe2CoGa and Co2FeGa compounds are well-studied, the intermediate Fe rich and Co 

rich off-stoichiometric compositions have not been systematically studied. There are some 

theoretical [189] and experimental [190] reports which reveal that intermediate compositions 

of bulk Fe2-xCoxMnAl [189] and Co1+xFe2-xSi [190] Heusler alloys exhibit better properties than 

the stoichiometric end compositions. There are some composition-dependent studies which 

have attempted to explore the properties of intermediate ternary alloy compositions in bulk 

Heusler alloys and films. For examples, Co2+xFe1-xSi (x = -1.00, -0.25, 0.00, 0.25) [191], Co2-

xFe1+xSi (x = 0.00, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00) [192], Co3-xFexSi (x = 1.00, 1.25, 1.50, 

1.75, 2.00, 2.25, 2.50, 2.75, 3.00) [193], Fe3-xCoxSi (x = 0.00, 0.25, 0.50, 0.75, 0.90, 1.00) [194], 

Co1+xFe2-xSi (x = 0.0, 0.2, 0.4, 0.5, 0.6, 1.0) [190], and Co3-xFexAl (x = 1.0, 1.2, 1.4, 1.5, 1.6, 

1.8, 2.0) [195] alloys in bulk or thin film forms have been investigated using theoretical or 

experimental tools. When it comes to nanoparticles, the existing reports are mostly focused on 

the synthesis and characterization of a single Heusler alloy composition [58,59,67], or 

evaluation of synthesis route dependent properties [61,68,77,78,69–76] or particle size 

dependent properties [79–83]. There are very few composition-dependent studies on off-

stoichiometric Co and Fe based nanoparticles such as Co:Fe:Ga with 57:24:19, 53:29:18, 

49:32:19, and 42:37:21 [84], Fe53.3-0.6xCo46.7-0.4xSnx (2 ≤ x ≤ 26) [65], Co-Ni-Ga (as 47:24:29, 

50:18:32) [85], Co2(1+x)Fe1-xAl1-x (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) [86], and Co2(Cr1-xFex)Al (x = 
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0.0, 0.2, 0.4, 0.6, 0.8, 1.0) [87]. The available report on Co-Fe-Ga nanoparticles [84] reveal 

random elemental compositions and presence of impurities, which highlight the difficulty in 

achieving high quality Heusler alloy nanoparticles. It is also apparent that no systematic 

composition-dependent studies are available on Fe2-xCo1+xGa (x = 0.00 - 1.00) alloys in the 

literature in any physical form ranging from bulk to nanoparticles. This acted as motivation to 

synthesize highly ordered single domain Fe2-xCo1+xGa nanoparticles with x = 0.00, 0.25, 0.50, 

0.75, and 1.00 using the template-less chemical route and evaluate their magnetic properties. 

The present study also provides the theoretical basis to interpret the experimental findings.  

6.1 Sample preparation 

Fe2-xCo1+xGa (x = 0.00, 0.25, 0.50,0.75, 1.00) nanoparticles have been synthesized using the 

facile template-less chemical route depicted in Figure 2.01. The amounts of precursors and the 

heat treatment conditions utilized are listed in Table 6.01.  

Table 6.01. Details of precursors and heat treatment conditions used for synthesizing Fe2-

xCo1+xGa nanoparticles. 

x Nominal 

Sample 

Composition 

Precursor amounts in g Heat treatment 

conditions 

Fe(NO3)3. 

9H2O 

CoCl2. 

6H2O 

Ga(NO3)3. 

8H2O 

Temperature 

(℃) 

Time 

(h) 

0.00 Fe2CoGa 1.2347 0.3701 1.3908 800 4 

0.25 Fe1.75Co1.25Ga 0.9806 0.3974 1.7201 800 5 

0.50 Fe1.5Co1.5Ga 0.799 0.4695 1.8206 800 5 

0.75 Fe1.25Co1.75Ga 0.6442 0.5232 2.0592 800 5 

1.00 FeCo2Ga 0.5785 0.6256 1.679 900 1 
 

6.2 Structural analysis 

The XRD patterns of the synthesized Fe2-xCo1+xGa (x = 0.00, 0.25, 0.50, 0.75, 1.00) 

nanoparticles shown in Figure 6.01(a-d) indicate the presence of reflections from (111), (200), 

(220), (311), (222), (400), (420), and (422) planes of the stable Heusler alloy structure. The 
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absence of any unindexed reflection in the XRD patterns confirms the formation of single phase 

Heusler alloy structure in the synthesized nanoparticles.  

 
Figure 6.01. (a) XRD patterns of Fe2-xCo1+xGa nanoparticles, (b, c, d) magnified views of 

selected parts of (a). (e - i) Rietveld refined XRD patterns of Fe2-xCo1+xGa nanoparticles. 

As cited in chapter 1, in the X2YZ Heusler alloy, if the atomic number of X atom is 

higher than the atomic number of Y atom, its crystal structure is known as L21 type full Heusler 

alloy structure (space group 225 [Fm3̅m]). On the other hand, if the atomic number of Y atom 

is higher than that of X atom, then the structure is referred to as X type inverse Heusler alloy 

structure (space group 216 [F4̅3m]) [12]. By this definition, Co2FeGa possesses L21 type full 

Heusler alloy structure, whereas Fe2CoGa possesses X type inverse Heusler alloy structure as 

already demonstrated in earlier chapters (chapter 3 and 4). Here, the difference between the 
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two structures is only in the relative positions of constituent atoms. In Co2FeGa with L21 type 

structure, the higher atomic number X atom (Co atoms) will occupy the Wyckoff positions (¼ 

¼ ¼) and (¾ ¾ ¾), the lower atomic number Y (Fe atom) will occupy the Wyckoff position (½ 

½ ½) and the Z atom (Ga atom) will occupy the Wyckoff position (0 0 0) [134]. In contrast, in 

Fe2CoGa with X type structure, the lower atomic number X atom (Fe atoms) will occupy 

Wyckoff positions (½ ½ ½) and (¾ ¾ ¾), the higher atomic number Y atom (Co atom) will 

occupy the Wyckoff position (¼ ¼ ¼) and Z atom (Ga atom) will occupy the Wyckoff position 

(0 0 0) [134]. Now, the question arises about the preferred structure of the intermediate 

compositions. On the basis of Wyckoff positions of different atoms in the stable configuration 

of Heusler alloys, the distance between two nearest higher atomic number atoms (Co in our 

case) in L21 type alloys must be 𝑎 2⁄  and the distance between two nearest lower atomic number 

atoms (Fe in our case) in X type alloys must be √3𝑎
4

⁄ . Let us now consider the intermediate 

composition Fe1.5Co1.5Ga containing equal amounts of Fe and Co atoms. Its most stable 

structure is expected to be the one having a distance of 𝑎
2⁄  between the two nearest Co atoms 

(higher atomic number) following L21 type structure and a distance of √3𝑎
4

⁄   between the two 

nearest Fe atoms (lower atomic number) following X type structure. In order to confirm this, 

the unit cell of Fe1.5Co1.5Ga alloy was designed in all the six possible combinations designated 

as C1 to C6 (c.f. Figure 6.02). This assignment is based on their atomic positions listed in Table 

6.02 by keeping the Ga position fixed at the origin (0 0 0). All these six combinations are not 

unique. They can be further categorized into three unique groups, namely, G1 (including 

combinations C1 and C2), G2 (including combinations C3 and C4) and G3 (including 

combinations C5 and C6). Both the combinations in each group have equivalent structures. In 

both the combinations of group G1 (i.e. C1 and C2), the distance between the two nearest Co 

atoms is 𝑎 2⁄  and the distance between the two nearest Fe atoms is √3𝑎
4

⁄ , which indicates it to be 

the stable configuration. On the other hand, in both the combinations of group G2 (i.e. C3 and 
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C4), the distance between the two nearest Co atoms is √3𝑎
4

⁄   and the distance between the two 

nearest Fe atoms is 𝑎 2⁄  which are opposite to the stable configuration. The combinations C5 and 

C6 in group G3 lie between the two mentioned cases. Here, the distance between the two 

nearest Co and two nearest Fe atoms is √3𝑎
4

⁄  in both cases. Thus, these two combinations will 

be of medium stability. In order to confirm this hypothesis, ground-state energy calculations 

were performed on the three combinations, viz., C1 of group G1, C3 of group G2 and C5 of 

group G3. Figure 6.03 illustrates the energy E versus volume V plots for Fe1.5Co1.5Ga for the 

three mentioned combinations. It reveals that the combination C1 has the minimum energy, 

combination C3 has the maximum energy and combination C5 has energy value in between 

that of C1 and C3 as predicted above. The analysis clarifies that the combination C1 

corresponds to the most stable configuration. Now, addressing the assignment of L21 or X type 

structure to Fe1.5Co1.5Ga, it was evident that being exactly in the middle, either substitution of 

0.5Fe in L21 type Co2FeGa (moving from right to left in Table 6.03) or substitution of 0.5Co 

in X type Fe2CoGa (moving from left to right in Table 6.03) would result in the same structure. 

Therefore, we can conclude that both L21 and X type structures are equivalent for the alloy 

Fe1.5Co1.5Ga. The alloy Fe1.75Co1.25Ga being Fe rich will correspond to X type structure and the 

alloy Fe1.25Co1.75Ga being Co rich will correspond to L21 type structure.  

Table 6.02. All possible combinations of Wyckoff positions for Fe1.5Co1.5Ga. 

Site Position Elements and their occupancies in each combination 

Group G1 Group G2 Group G3 

C1 C2 C3 C4 C5 C6 

4d ¾ ¾ ¾  0.5Fe Co 0.5Fe Fe Fe Co 

0.5Co 0.5Co 

4b ½ ½ ½  Fe Fe Co Co 0.5Fe 0.5Fe 

0.5Co 0.5Co 

4c ¼ ¼ ¼ Co 0.5Fe Fe 0.5Fe Co Fe 

0.5Co 0.5Co 

4a 0 0 0 Ga Ga Ga Ga Ga Ga 
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Figure 6.02. Schematic diagram representing all possible combinations of unit cells for 

Fe1.5Co1.5Ga alloy by keeping Ga position fixed at the origin (000). 

 
Figure 6.03. Variation of energy as a function of volume for Fe1.5Co1.5Ga alloy. 

Table 6.03. Wyckoff atomic positions of Fe2-xCo1+xGa alloys. 

Wyckoff 

position 

(Site) 

Atoms along with their occupancies at different Wyckoff positions for 

x = 0.00 

(Fe2CoGa) 

x = 0.25 

(Fe1.75Co1.25Ga) 

x = 0.50 

(Fe1.5Co1.5Ga) 

x = 0.75 

(Fe1.25Co1.75Ga) 

x = 1.00 

(FeCo2Ga) 

¾ ¾ ¾ (4d) 1Fe 0.75Fe 0.5Fe 0.25Fe 1Co 

0.25Co 0.5Co 0.75Co 

½ ½ ½ (4b) 1Fe 1Fe 1Fe 1Fe 1Fe 

¼ ¼ ¼ (4c) 1Co 1Co 1Co 1Co 1Co 

0 0 0 (4a) 1Ga 1Ga 1Ga 1Ga 1Ga 

 TH-3400_176121011



Chapter 6: Composition dependent properties of Fe2-xCo1+xGa (0  x  1)… 

 
132 

 

On the basis of the above discussion, the Wyckoff positions for Fe2-xCo1+xGa (x = 0.00, 

0.25, 0.50, 0.75, 1.00) alloys in their stable configuration are listed in Table 6.03. These atomic 

positions were used in the Rietveld refinement of the experimental XRD patterns of the 

nanoparticles using the FullProf Suite software (c.f. Figure 6.01(e-i)). The low χ2 values listed 

in Table 6.04 indicate the good fits obtained to the experimental XRD patterns. The Rietveld 

refined data were used to generate the simulated XRD patterns using the Vesta software. The 

normalized intensities of reflections in the simulated and experimental XRD patterns are listed 

in Table 6.05. The elements Fe, Co and Ga in the alloys produce very weak superlattice 

reflections (111) and (200) due to their nearly identical X-ray scattering factors [154]. As a 

result, the intensities of the superlattice reflections (111) and (200) are ~1 % of the most intense 

(220) reflection (listed in Table 6.05), making it difficult to identify them above the noise level 

in powder XRD patterns. This could be the reason why many earlier researchers were unable 

to detect these superlattice reflections in their XRD patterns even in bulk/thin film forms of 

stoichiometric Co2FeGa [142,145,147,149] and Fe2CoGa [167] alloys. As mentioned earlier, 

detection of these superlattice peaks becomes even more arduous in off-stoichiometric alloy 

nanoparticles. So, several researchers had to rely on other specialized techniques such as 

selective energy-based anomalous/modified XRD measurements, extended X-ray absorption 

fine structure spectroscopy, X-ray absorption near edge structure measurements and Raman 

spectroscopy to establish crystalline order in Co2FeGa and Fe2CoGa nanoparticles synthesized 

by them [58,59,79–82,84]. As mentioned earlier, such syntheses performed using templates 

revealed Fe and/or Co impurity phases in their XRD patterns [59,80,84]. However, in our case, 

the XRD patterns of all the synthesized Fe2-xCo1+xGa nanoparticles clearly reveal the presence 

of not only the intrinsically weak (111) and (200) reflections but even weaker reflections like 

(311), (222) and (420) in the XRD patterns without the need for any special instrumentation or 

arrangement. Figure 6.01(b-d) represents the enlarged view of different regions in the XRD 
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pattern shown in Figure 6.01(a) to highlight the presence of these intrinsically weak reflections. 

Thus, the high crystalline order in the synthesized Fe2-xCo1+xGa nanoparticles is evident. The 

degree of B2 and L21 (or X) ordering [13], which are termed as 𝑆𝐵2 and 𝑆𝐿21
(or 𝑆𝑋), 

respectively, in the synthesized Fe2-xCo1+xGa nanoparticles have been estimated using the 

intensity ratios of (111) and (200) to (220) reflection in equations 1.01 and 1.02. The estimated 

values of 𝑆𝐵2 and 𝑆𝐿21
(or 𝑆𝑋) for the synthesized nanoparticles listed in Table 6.04 are close to 

the ideal value of unity for fully ordered L21 (or X) type structures. In all these nanoparticles, 

the fraction of B2 disorder is ≤ 9 % and the deviation from full L21 (or X) type ordered structure 

is ≤ 21 %, which further validate the high degree of L21 (or X) ordering achieved in the 

synthesized nanoparticles. 

Table 6.04.  Structural data and overall elemental composition of Fe2-xCo1+xGa nanoparticles. 

x a (Å) χ2 Degree of 

structural 

order 

Dv 

(nm) 

d 

(nm) 

Nominal 

Composition 

Measured 

Composition 

Measured 

Composition 

(in f.u.) 

𝑆𝐵2 𝑆𝐿21
/ 

𝑆𝑋 

Fe:Co:Ga (at. %) 

0.00 5.764 1.28 0.91 0.82 42±1 56±1 50.00:25.00:25.00 49.3:25.9:24.8 Fe1.97Co1.04Ga0.99 

0.25 5.758 1.30 0.96 0.88 42±1 56±1 43.75:31.25:25.00 44.2:31.8:24.0 Fe1.77Co1.27Ga0.96 

0.50 5.750 1.22 0.96 0.93 49±1 64±1 37.50:37.50:25.00 37.5:37.8:24.7 Fe1.50Co1.51Ga0.99 

0.75 5.738 1.27 0.96 0.93 48±1 63±1 31.25:43.75:25.00 31.2:44.2:24.6 Fe1.25Co1.77Ga0.98 

1.00 5.751 1.43 0.96 0.79 47±1 64±1 25.00:50.00:25.00 25.9:49.1:25.0 Fe1.04Co1.96Ga1.00 

FETEM studies provided additional support to the high ordering of the synthesized 

nanoparticles. Figure 6.04(a) represents the SAED pattern consisting of concentric ring patterns 

for the planes (111), (200), (220), (311), (222), (400), (331), (420) and (422) from Fe1.5Co1.5Ga 

nanoparticles. Figure 6.04(b and c) show HRETM micrographs and their iFFT images 

representing the presence of superlattice planes (111) and (200) in Fe1.5Co1.5Ga nanoparticles. 

Thus, the presence of superlattice reflections in both the SAED pattern and HRTEM 

micrographs authenticates the formation of fully ordered L21/X type structures in the 

synthesized nanoparticles. The FETEM image of Fe1.5Co1.5Ga nanoparticles shown in Figure 

4(d) reveals that the particle size is ~ 66 nm. 
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Figure 6.04. (a) SAED pattern, (b, c) HRTEM images with their iFFT images as insets, and (d) 

FETEM image of a Fe1.5Co1.5Ga nanoparticle. (e-i) FESEM images of alloys with (e) x = 0.00, 

(f) x = 0.25, (g) x = 0.50, (h) x = 0.75, and (i) x = 1.00, with particle size distributions as insets.  

The lattice constant (a) values obtained from the Rietveld refinement and Dv estimated 

using Schërrer’s equation (equation 2.18) of the synthesized alloy nanoparticles are listed in 

Table 6.04. a of stoichiometric end compounds lie within the reported range of 5.727-5.812 Å 

for Fe2CoGa [37,134,163–165,167] and 5.70 –5.7615 Å for Co2FeGa 

[23,37,117,119,124,125,128,134,138,139,142,143,58,145,147–149,80–82,106,114–116]. The 

lattice constant does not show any trend with x as also observed in Co2-xFe1+xSi [192], Co3-
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xFexSi [193], Fe3-xCoxSi [194], Co1+xFe2-xSi [190] and Co3-xFexAl [195] alloys due to the small 

difference in the radii of Fe and Co. Since Dv influences the properties of the nanoparticles, 

heat treatment conditions were chosen carefully to obtain Dv in a close range of 42 - 49 nm.  

Table 6.05.  Structural information obtained from simulated (Sim.) and experimentally 

recorded (Exp.) XRD patterns of Fe2-xCo1+xGa nanoparticles. 

Plane 

(hkl) 

dhkl 

(Å) 

Normalized intensity of reflections in various samples 

x = 0.00 x = 0.25 x = 0.50 x = 0.75 x = 1.00 

Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. 

(111) 3.32 1.1 0.8 1.1 0.9 1.1 1 1.1 1 1.1 0.7 

(200) 2.88 0.72 0.6 0.76 0.7 0.87 0.8 0.87 0.8 0.87 0.8 

(220) 2.03 100 100 100 100 100 100 100 100 100 100 

(311) 1.73 0.71 0.6 0.7 0.4 0.7 0.6 0.71 0.6 0.7 0.5 

(222) 1.66 0.26 0.6 0.28 0.4 0.33 0.4 0.33 0.6 0.33 0.7 

(400) 1.44 14.64 10.2 14.61 9.1 14.55 9.1 14.53 10.4 14.54 8.5 

(331) 1.32 0.33 - 0.33 0.3 0.33 0.3 0.33 - 0.33 - 

(420) 1.29 0.4 0.6 0.43 0.5 0.52 0.4 0.52 0.5 0.52 0.7 

(422) 1.17 27.7 20.4 27.62 17.6 27.4 17.6 27.39 21.1 27.4 16.7 

(333) 1.11 0.07 - 0.07 - 0.07 - 0.07 - 0.07 - 

(511) 1.11 0.22 - 0.21 - 0.21 - 0.21 - 0.21 - 

  

6.3 Elemental composition and morphology 

EDS analysis shows that the overall compositions of the nanoparticles are very close to the 

nominal compositions as listed in Table 6.04. Fig. 6.04(e-i) represent the morphology and the 

particle size histograms of the synthesized nanoparticles. All the synthesized nanoparticles 

exhibit nearly spherical shape, which is consistent with the morphology of other Heusler alloy 

nanoparticles prepared using similar methodology [187]. Table 6.04 shows the particle size (d) 

values of the synthesized nanoparticles. The value of d ranges from 56 to 64 nm with σ ranging 

from 12 to 17 nm (see Figure 6.04(e-i)). The d values of 8.5 to 35 nm have been reported for 

Fe2CoGa and Co2FeGa nanoparticles synthesized using template assisted methods [58,59,79–

82,152]. Here, it is also relevant to point out that d > 77 nm have also been reported for 

Co2FeGa nanoparticles prepared by template assisted methods [79,80]. Thus, our methodology 

provides impurity free Heusler alloy nanoparticles with acceptable d values. In comparison to 
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Dv, d is somewhat larger in all cases, indicating some amount of crystallite agglomeration. As 

we approach the nanometer regime, the surface energy of the particles increases due to the 

increase in the surface to volume (S/V) ratio. To minimize the surface energy, the 

nanocrystallites tend to agglomerate and form bigger particles. Moreover, if the particles are 

magnetic with high magnetic moment, then the strong magnetic interaction can further enhance 

this agglomeration. As a result, the d can be bigger than the Dv. This type of agglomeration is 

common in magnetic nanoparticles [44], and also observed in Co2FeGa, Fe2CoGa and Fe2CoAl 

nanoparticles discussed in previous chapters. As mentioned in the earlier chapters 3, 4 and 5, 

obtained σ values though slightly higher than that of nanoparticles synthesized using templates, 

are within acceptable range. 

6.4 DOS calculations 

Fe2CoGa is known to be a non-half metal whereas Co2FeGa has been established as a Type III 

half metal in chapters 3 and 4 of this thesis. Some earlier studies have pointed out that 

intermediate off-stoichiometric compounds exhibit better half metallic properties and P as 

compared to the stoichiometric end compositions [189]. Therefore, ab initio studies were 

carried out on Fe1.75Co1.25Ga, Fe1.5Co1.5Ga and Fe1.25Co1.75Ga alloys as per the procedure 

explained in chapter 2 using the stable configuration (see Table 6.03) and experimental a 

values. The TDOS plots of all the intermediate alloys (c.f. left panel of Figure 6.05) show that 

the valance band comprises of both the minority and majority spins, whereas, the conduction 

band has a huge contribution mainly from the minority spins. The PDOS plots of the 

intermediate compounds (c.f. right panel of Figure 6.05) illustrate that the Fe and Co states are 

the primary contributors to the DOS with minor contributions from Ga states. A careful look 

at the TDOS of Fe2-xCo1+xGa (including Fe2CoGa (see Figure 4.06) and Co2FeGa (see Figure 

3.04)) shown in the left panel of Figure 6.05 would reveal a pseudo bandgap like depression in 

the minority DOS near EF. As mentioned in case of Co2FeGa in chapter 3, incorporation of 

 TH-3400_176121011



Chapter 6: Composition dependent properties of Fe2-xCo1+xGa (0  x  1)… 

 
137 

 

Hubbard parameter (U) converts this pseudo bandgap to an actual bandgap, resulting in Type 

III half metallicity. Such behavior can also be obtained in the intermediate compounds, 

especially in Fe1.25Co1.75Ga with x = 0.75 being closest to Co2FeGa due to the pseudo bandgap 

situated at the least distance from EF as compared to the rest of the intermediate compositions 

as listed in Table 6.06.  

 
Figure 6.05. TDOS (left panel) and PDOS (right panel) near EF of Fe2-xCo1+xGa alloys with (a) 

x = 0.25, (b) x = 0.50, and (c) x = 0.75. 
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Interestingly, it was found that this pseudo bandgap approaches close to EF as the Co 

concentration is increased as depicted in Table 6.06. The pseudo bandgap which is at the 

distance of 0.42 eV in Fe2CoGa is only at 0.13 eV in Co2FeGa. The P values listed in Table 

6.06 do not reveal any specific trend with change in Fe or Co content which is consistent with 

the previous study on Co2+xFe1-xSi by Herper et al. [191]. Here, one has to bear in mind that 

these ab initio calculations corresponds to the bulk crystal in its fully ordered state at 0 K, 

whereas the present samples are 0-d crystals and the experimental data were obtained at finite 

temperatures. Despite these limitations, these calculations provide valuable insights on the 

electronic and magnetic properties of these alloys which can serve as the ideal (theoretical 

limit) values for the sake of comparison with the experimental data. It may be recalled that 

Galdun et al. [156] observed higher P in Co2FeSn nanowires as compared to the bulk 

counterpart. This creates a strong expectation for higher P in the synthesized Fe2-xCo1+xGa 

nanoparticles as compared to the bulk P estimated in our calculations and listed in Table 6.06. 

Table 6.06.  Electronic parameters of Fe2-xCo1+xGa alloys obtained from ab initio calculations.  

x D↑ at EF 

(states/eV) 

D↓ at EF 

(states/eV) 

P %  

(at EF) 

Separation of pseudo 

gap from EF (eV) 

DOS at pseudo 

bandgap (states/eV) 

0.00 5.08 -10.41 34 0.42 -1.26 

0.25 4.71 -9.96 36 0.41 -0.45 

0.50 4.83 -10.55 37 0.33 -0.70 

0.75 4.35 -2.36 30 0.25 -0.35 

1.00 3.65 -0.78 65 0.13 -0.28 

 

6.5 Magnetic properties 

The calculated Mt of Fe2-xCo1+xGa alloys are listed in Table 6.07. Mt of stoichiometric end 

compounds lie within the Mt ranges of 5.11 to 6.14 µB/f.u. [119,132,134,163–166] for Fe2CoGa 

and 5.00 to 5.07 µB/f.u. [106,113,126,129,132,134,135,114–116,118–120,123,124] for 

Co2FeGa alloys. However, no reports on the intermediate compounds Fe2-xCo1+xGa (x = 0.25, 

0.50, 0.75) are available for comparison in the literature. Mt values estimated using S-P rule 
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[24] are also listed in Table 6.07. The M-H curves of Fe2-xCo1+xGa nanoparticles at 

temperatures 5 K and 300 K are displayed in Figures 6.06(a and b), respectively. The soft 

magnetic behavior of the synthesized nanoparticles concurs with the previous reports on 

Fe2CoGa [59] and Co2FeGa [58,80] nanoparticles. The Ms values obtained for Fe2CoGa and 

Co2FeGa nanoparticles listed in Table 6.07 are comparable to the reported experimental Ms 

values of Fe2CoGa (3.89 µB/f.u.) [59] and Co2FeGa (4.5 - 4.9 µB/f.u.) [58,152] nanoparticles. 

Ms values of all the synthesized nanoparticles are within the limits of theoretically estimated 

Mt values of the respective alloy composition as listed in Table 6.07.  

Table 6.07. Magnetic properties of Fe2-xCo1+xGa nanoparticles.  

x Mt (µB/f.u.) Ms 

(µB/f.u.) 

Hc (Oe) Mr (µB/f.u.) Keff  106 

(erg/cc) 

t (nm) Dcr 

(nm) 

TC 

(K) 

(S-P 

value) 

Theo. 5 K 300 

K 

5 

K 

300 

K 

5 K 300 

K 

5 K 300 

K 

5 K 300 

K 

0.00 4.076 5.30 5.15 5.08 12 7 0.03 0.02 7.44 6.32 0.20 0.29 93 1203 

0.25 4.472 5.23 4.62 4.62 8 1 0.02 0.00 4.71 4.65 0.82 0.82 68 1199 

0.50 4.572 4.99 4.86 4.81 7 2 0.02 0.00 6.16 6.09 0.21 0.30 69 1187 

0.75 4.848 4.92 4.61 4.59 5 0 0.02 0.00 4.73 4.65 0.50 0.54 100 1153 

1.00 4.964 5.04 3.95 3.90 4 9 0.01 0.02 4.03 3.84 1.70 1.77 100 1137 

  

The small decrement in Ms of synthesized nanoparticles in respect to theoretically 

estimated Mt can be explained using the core-shell model [40]. The dead layer thickness t 

values corresponding to Fe2-xCo1+xGa nanoparticles have been estimated from equation 1.13 

using experimental Ms values in the place of Ms(d) and theoretically estimated Mt values in the 

place of Ms(b). It is clear from Table 6.07 that Ms of samples with higher t deviate more from 

their Mt. However, the resulting Ms or Mt values do not exhibit any particular pattern as a 

function of composition as also observed in prior studies on Co2+xFe1-xSi [191], Co2-xFe1+xSi 

[192], Co3-xFexSi [193], Fe3-xCoxSi [194], Co1+xFe2-xSi [190] and Co3-xFexAl [195] alloys. 

Room temperature Ms values were found to be slightly lower than the Ms at 5 K. This decrement 

of Ms at higher temperatures follows the Bloch’s law [70] for temperature dependent Ms as 

observed in many Heusler alloy nanoparticles [59,67,69,80,83,85,152] including those studied 
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in chapters 3, 4 and 5. Surprisingly, this decrease in Ms at elevated temperature is extremely 

small (i.e., < 2 %) which indicates that these nanoparticles are suitable for device applications 

at high temperatures. This nearly constant Ms at high temperature ranges is the reason for the 

strong ferromagnetic interaction and high TC of Fe2-xCo1+xGa nanoparticles [152].  

 
Figure 6.06. M-H loops recorded for Fe2-xCo1+xGa nanoparticles at temperatures (a) 5 K, and 

(b) 300 K. Insets provide an enlarged view of the data near the origin. 

The LAS [145] was used to calculate the Keff of the synthesized Fe2-xCo1+xGa 

nanoparticles which reveal high values of Keff as listed in Table 6.07. Such high Keff values in 

the range of 2.99 – 10.2  106 erg/cc have also been observed in Co2FeGa nanoparticles [81,82]. 

At high temperatures, the thermal energy breaks the magnetic alignment and makes it easier 

for the domains to change their orientations. This can decrease the Hc and Keff at higher 

temperatures. Such a decrease in Hc at higher temperatures can be explained through Kneller’s 

law [169] and has been observed in single-domain nanoparticles [67,69,83,85,152] and in the 

single domain nanoparticles studied in chapters 3, 4 and 5. A decrease in Keff at higher 

temperatures has also been observed in other magnetic nanoparticles [46,196–198] including 

those covered in previous chapters. Table 6.07 indicates that both Hc (except for x = 1.00) and 

Keff of the synthesized nanoparticles decrease with increasing temperature in support of the 

above arguments. Further, the Hc values are very low (≤ 12 Oe) in all samples. Considering the 
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limited sensitivity of the high field (9 T) PPMS-based VSM system, precise measurement of 

such low coercivities (≤ 12 Oe) is not possible to demonstrate the expected trend as mentioned 

above. Hc values (≤ 12 Oe) of the synthesized nanoparticles are significantly lower than the 

reported Hc values of 110 Oe [59] for Fe2CoGa and 40 – 585 Oe [58,80–82,152] observed in 

Co2FeGa nanoparticles synthesized using template assisted methods. It is reported that the 

presence of the silica matrix hinders the movement of the magnetic domain walls and hence 

increases the Hc of the nanoparticles grown using silica templates [88]. Since lower Hc results 

in lower magnetic energy losses, template-less synthesis route is advantageous.  

 
Figure 6.07. ((Ms(T) - Ms(0)) / Ms(0)) versus T3/2 curves recorded at 2 T for Fe2-xCo1+xGa 

nanoparticles with (a) x = 0.25, (b) x = 0.50 and (c) x = 0.75. The solid lines are linear fits to 

the experimental data. 

The evaluated Q values using equation 1.22 of all the prepared Fe2-xCo1+xGa 

nanoparticles were found to be > 0.9 which designates the synthesized nanoparticles as high 

anisotropic materials [42,43]. The identification of synthesized nanoparticles in single or 

multidomain regimes can be done using the estimation of this Dcr value for the synthesized Fe2-

xCo1+xGa nanoparticles as per the procedure [47] mentioned in the introduction chapter. The 

slope B for intermediate composition nanoparticles with x = 0.25, x = 0.50 and x = 0.75 were 

estimated to be 5.74  10-5, 4.32  10-5 and 1.82  10-5, respectively, from Figures 6.07(a-c) in 

low temperature regime [49]. They were used to evaluate A = 1.95  10-7 erg/cm and D = 1.81 

 10-29 erg/cm2 for the composition with x = 0.25, A = 1.90  10-7 erg/cm and D = 3.35  10-29 
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erg/cm2 for the composition with x = 0.50, and A = 4.31  10-7 erg/cm and D = 3.69  10-29 

erg/cm2 for the composition with x = 0.75 using equations 1.24 – 1.26. Finally, the obtained A 

and D were used in equation 1.23 to calculate the Dcr values which are listed in Table 6.07. The 

Dcr values for end compositions Co2FeGa and Fe2CoGa have already been estimated in earlier 

chapters 3 and 4. Comparing the calculated Dcr values listed in Table 6.07 with the Dv of the 

respective sample listed in Table 6.04, it is clear that all the synthesized nanoparticles are in 

single domain regime. Additionally, the near zero Hc (≤ 12 Oe) and near zero magnetic 

remanence Mr (≤ 0.03 µB/f.u.) of the synthesized nanoparticles as listed in Table 6.07 indicate 

that these nanoparticles are likely to superparamagnetic in nature. 

Figure 6.08(a) shows the M-T curves of the nanoparticles recorded at an applied field 

of 100 Oe. The y-axis of the graph shows normalized magnetization M/M1050, where M and 

M1050 are magnetic moments measured at temperatures T and 1050 K, respectively. The M-T 

curves manifest high TC values of all the synthesized Fe2-xCo1+xGa nanoparticles as listed in 

Table 6.07. The observed TC values of stoichiometric Fe2CoGa (1203 K) and Co2FeGa (1137 

K) nanoparticles are higher than the experimental TC values of 1165 K for Fe2CoGa [23] and 

844 – 1117 K [23,116,149,117,121,136,139,140,145,147,148] of Co2FeGa compounds 

reported earlier. Thus, the highly ordered Fe2-xCo1+xGa alloy nanoparticles exhibit the highest 

experimental TC reported so far in any form (bulk/nanowires/nanoparticles) of the mentioned 

Heusler alloys. This enhancement in TC is clearly due to the enhanced crystallinity of these 

nanoparticles. TC values were found to decrease with an increase in Co content as depicted in 

Figure 6.08(b). A similar dependence of TC was also found in Co2-xFexCrAl alloys [199]. The 

reason for this decrease in TC with increasing Co content lies in the structural differences 

between Fe-rich and Co-rich compounds. In Fe2CoGa (for x = 0) with X type unit cell, Ga atom 

is situated at (0 0 0), Co atom is situated at (¼ ¼ ¼) and both Fe atoms are situated at (½ ½ ½) 

and (¾ ¾ ¾). Therefore, the magnetic interactions are dominated by both Fe-Fe and Fe-Co 
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interactions at their nearest neighbourhood. On the other hand, in Co2FeGa (for x = 1) with L21 

type unit cell, Ga atom is situated at (0 0 0), Fe atom is situated at (½ ½ ½) and both the Co 

atoms are situated at (¼ ¼ ¼) and (¾ ¾ ¾). Therefore, the magnetic interactions are mainly 

dominated by Fe-Co interactions at the nearest neighbour sites. Thus, in X type ordered Fe rich 

compounds, the stronger Fe-Fe interactions dominate over weak Fe-Co interactions. As the Co 

content is increased, the X type structure gradually transforms to L21 type structure. In this 

process, the strong Fe-Fe interactions decrease and the weak Fe-Co interaction increase. This 

in turn decreases the overall strength of the magnetic interaction in the alloys. Hence, the TC 

decreases with an increase in Co content.  

 
Figure 6.08. (a) M-T curves of Fe2-xCo1+xGa nanoparticles with the inset depicting the 

derivative of magnetization with respect to temperature and (b) plot of TC as a function of x.  

6.6 Summary and highlights 

The first ever comprehensive composition dependent study has been carried out on chemically 

synthesized Fe2-xCo1+xGa (0 ≤ x ≤ 1) nanoparticles using both experimental and theoretical 

tools which opens up possibility of developing new nanomaterials for nanomagnetic 

applications. The highlights of this study are summarized below: 

➢ Highly ordered single domain Fe2-xCo1+xGa nanoparticles with x = 0.00, 0.25, 0.50, 0.75, 

and 1.00 have been successfully synthesized using a simple template less chemical route. 
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Adoption of a template-free preparation route ensured impurity-free and phase-pure 

Heusler alloy nanoparticles.  

➢ Depending on the composition, these nanoparticles exhibit highly ordered L21 or X type 

Heusler alloy structure. The stability of the crystal structures has been confirmed using 

energy calculations. The formation of highly ordered L21 and X type structures have been 

confirmed by the presence of superlattice reflections in the XRD and SAED patterns of the 

synthesized nanoparticles. 

➢ These magnetic nanoparticles exhibit high Ms (3.90 – 5.15 µB/f.u.), high TC (1137-1203 K), 

high Keff (3.84-7.44  106 erg/cc), very low Hc (≤ 12 Oe) and very low Mr (≤ 0.03 µB/f.u.).  

➢ The calculated Dcr show that the nanoparticles are in single domain regime. Negligible Hc 

and Mr indicate a strong probability of superparamagnetism in the synthesized 

nanoparticles.  

➢ Systematic DOS calculations performed on Fe2-xCo1+xGa alloys indicate a means to find 

improved half metallicity in off-stoichiometric compositions of Heusler alloys. 

➢ A strong dependence of TC is observed with Co/Fe composition and the TC values increase 

with increase in Fe content in Fe2-xCo1+xGa alloy nanoparticles. 

➢ Negligible decrement of Ms at higher temperatures demonstrates the stability of the 

ferromagnetic phase over a large temperature range. 

➢ TC values well above room temperatures demonstrates the suitability of the materials to 

high temperature device applications.  

➢ All these results indicate Fe2-xCo1+xGa nanoparticles to be promising candidates for high 

density magnetic media and nanomagnetic sensor applications.  
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Chapter 7  

Investigations on Fe2CoGa0.5Al0.5 

nanoparticles 

Though ternary Fe2CoGa and Fe2CoAl compounds are well-studied alloys in bulk (3-d) as well 

as low (2-, 1- and 0-) dimensional forms, the intermediate quaternary composition of 

Fe2CoGa0.5Al0.5 has not been explored till now either in bulk or lower dimensional forms. The 

interest in quaternary Heusler alloys such as Fe2CoGa0.5Al0.5 stems from the fact that these 

intermediate compositions carry the benefits of the two end ternary compositions and hence 

have better potential for applications. While it is relatively easy to prepare bulk quaternary 

Heusler alloys by arc melting, it is extremely difficult to prepare quaternary Heusler alloy 

nanoparticles with desired stoichiometry. Thus, one can find only a few reports on bulk 

quaternary Heusler alloys containing s-p elements Ga and Al, say, Cu50Mn25GaxAl25-x (0 ≤ x ≤ 

10) [200], Ru2VGaxAl1-x (0 ≤ x ≤ 1) [201], NiMnGa2-xAlx (0 ≤ x ≤ 2) [202], Fe2MnGa1-xAlx (0 

≤ x ≤ 1) [203], and Fe50Mn25GaxAl25-x (0 ≤ x ≤ 10) [204] etc. alloys in the literature, with none 

pertaining to investigations on nanoparticles. This provided the impetus to synthesize 

quaternary Fe2CoGa0.5Al0.5 nanoparticles using template-less chemical approach and explore 

their structural and magnetic properties. 

7.1 Sample preparation 

Fe2CoGa0.5Al0.5 nanoparticles have been synthesized using a chemical method without utilizing 

any templates following the procedure shown in Figure 2.01. Estimated amounts of precursors, 

i.e., 1.3373 g of Fe(NO3)3.9H2O, 0.4001 g of CoCl2.6H2O, 0.6904 g of Ga(NO3)3.8H2O and 
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0.2331 g of Al(NO3)3.9H2O were utilized as precursors. The dried powders were heat-treated 

at optimized conditions (800 ℃ for 5 h) in appropriate environment as explained in chapter 2.  

7.2 Structural analysis 

The Rietveld refined XRD patterns of the synthesized Fe2CoGa0.5Al0.5 nanoparticles using X-

type inverse Heusler alloy unit cell (space group 216 [F4̅3m]) is displayed in Figure 7.01(a). 

Presence of the three prominent reflections of the Heusler alloy crystal planes, namely, (220), 

(400), and (422), validates the formation of single-phase Heusler alloy structure. The higher 

atomic number of Y(Co) atom than that of X(Fe) atom in formula X2YZ0.5Z*0.5 

(Fe2CoGa0.5Al0.5) predicts the formation of X-type inverse Heusler alloy structure rather than 

L21-type full HA structure [12]. Moreover, the stability of X-type structure has already been 

confirmed in Fe2CoGa (chapter 4) and Fe2CoAl (chapter 5). However, the XRD patterns of 

Fe2CoGa0.5Al0.5 Heusler alloy simulated for L21 and X-type unit cells as depicted in Table 7.01, 

are nearly indistinguishable. Rietveld refinements of the experimental XRD data based on L21 

and X-type unit cells also could not resolve the issue due to similar values of 2. So, total energy 

calculations were performed as a function of cell volume for Fe2CoGa0.5Al0.5 considering both 

L21 and X-type structures as performed in case of Fe2CoGa (chapter 4) and Fe2CoAl (chapter 

5. Figure 7.01(b) shows that the energy curve corresponding to the X-type structure has lower 

energy which signifies that Fe2CoGa0.5Al0.5 is stabler with X-type inverse Heusler alloy 

structure. To understand the absence of superlattice reflections (111) and (200) in its 

experimental XRD pattern, let us look at the intensities of these reflections in the simulated 

patterns. Table 7.01 clarified that intensities of (111) and (200) reflections are < 1 % of that of 

(220) which make them non-detectable in the experimental XRD pattern above the noise level, 

as also observed in the cases of Fe2CoGa and Fe2CoAl synthesized by us (chapters 4 and 5) as 

well as by other authors [63,167,172]. This task becomes more arduous in a quaternary alloy 

with more probability of intermixing, apart from smearing effect due to surface defects and 
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finer crystallites [59,63]. In order to resolve this, FETEM studies were performed on 

Fe2CoGa0.5Al0.5 nanoparticles. The presence of weak (111) and (200) superlattice reflections 

in the SAED patterns and HRTEM micrographs, as depicted in Figure 7.01(c-e), conclusively 

establishes the formation of fully ordered X-type structure in Fe2CoGa0.5Al0.5 nanoparticles. 

The values of a obtained from the Rietveld refinement and Dv estimated using Schërrer’s 

equation (equation 2.18) for the Fe2CoGa0.5Al0.5 nanoparticles are 5.745 Å and 42±1 nm, 

respectively. Comparison of a obtained for Fe2CoGa0.5Al0.5 nanoparticles with a of similar 

sized Fe2CoGa (5.764 Å with Dv of 42 nm as mentioned in chapter 6) and Fe2CoAl (5.723 Å 

with Dv of 41 nm as mentioned in chapter 5) nanoparticles, show a decreasing trend in a with 

increasing Al content. Similar trend was also observed in bulk Ru2VGaxAl1-x (0 ≤ x ≤ 1) [201], 

NiMnGa2-NiMnAl2 [202], and Fe50Mn25GaxAl25-x (0 ≤ x ≤ 10) [204] Heusler alloys. Mishra et 

al. [204] correctly attributed this behavior to the difference in the atomic radii of Ga and Al. 

Interestingly, the linear increment in a with Ga content follows the relation,  

𝑎𝐹𝑒2𝐶𝑜𝐺𝑎0.5𝐴𝑙0.5
 ≈ (𝑎𝐹𝑒2𝐶𝑜𝐺𝑎 + 𝑎𝐹𝑒2𝐶𝑜𝐴𝑙)/2  ------ 7.01 

in line with the Vegard’s law [205]. 

Table 7.01. Simulated (Sim.) and experimental (Expt.) XRD data of Fe2CoGa0.5Al0.5 

nanoparticles. 

Crystallographic 

plane (hkl) 

dhkl (Å) Normalized intensity of the reflection in 

Sim. XRD pattern for unit cell of XRD pattern 

(Expt.) L21 X 

(111) 3.32 0.67 0.66 - 

(200) 2.88 0.32 0.35 - 

(220) 2.03 100.00 100.00 100 

(311) 1.73 0.32 0.29 - 

(222) 1.66 0.07 0.09 - 

(400) 1.44 14.60 14.60 10.3 

(331) 1.32 0.15 0.13 - 

(420) 1.29 0.10 0.14 - 

(422) 1.17 27.67 27.67 16.7 

(333) 1.11 0.04 0.03 - 

(511) 1.11 0.11 0.09 - 
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Figure 7.01. (a) Rietveld refined XRD pattern, (b) energy versus volume plot, and (c) SAED 

pattern and (d, e) HRTEM micrographs of Fe2CoGa0.5Al0.5 nanoparticles. Insets in (d, e) show 

iFFT images of the respective HRTEM micrographs. 

7.3 Elemental composition and morphology 

EDS measurements reveal an overall composition of Fe49.8Co25.2Ga13.1Al11.9, which is close to 

the nominal composition of Fe50Co25Ga12.5Al12.5. The homogeneity of the nanoparticles has 

been confirmed by elemental mapping (not shown here) using EDS. The particle morphology 

of the synthesized nanoparticles is depicted in Figure 7.02. The morphology resembles those 
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of previously reported chemically synthesized Heusler alloy nanoparticles by other authors 

[187] and synthesized nanoparticles reported in chapters 3, 4 and 5. From the fitting to the 

histograms shown in the inset of Figure 7.02, d = 52±1 nm with σ = 12 nm was estimated. The 

slightly bigger d compared to Dv indicates some amount of unavoidable crystallite 

agglomeration as observed in case of Co2FeGa, Fe2CoGa and Fe2CoAl nanoparticles discussed 

in chapters 3, 4 and 5, particularly when no templates are used to physically separate the 

crystallites. A slightly higher σ is observed in current nanoparticles compared to that obtained 

by template-assisted methods. Though the customary utilization of templates [58,59,67,79–

82,84], provides slightly narrow size distribution of nanoparticles, the σ obtained in the present 

case is acceptable range when one considers the detrimental impact of using templates.  

 
Figure 7.02. FESEM micrograph of Fe2CoGa0.5Al0.5 nanoparticles with their particle size 

distribution and a magnified image of the particles as insets. 

7.4 DOS calculations 

Both the end compositions Fe2CoGa and Fe2CoAl are known to be non-half-metallic as shown 

in our previous studies (mentioned in chapters 4 and 5). However, some earlier studies have 

demonstrated superior half-metallic characteristics and P in intermediate quaternary 

compositions such as Co2FeGaxGe1-x as compared to the ternary end compositions [117].  
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Figure 7.03. (a) PDOS for the elements Fe, Co, Ga, and Al and TDOS of (b) Fe2CoGa, (c) 

Fe2CoGa0.5Al0.5, and (d) Fe2CoAl. 

Therefore, ab initio calculations were performed on Fe2CoGa0.5Al0.5 as per procedure 

outlined in chapter 2 using the experimentally determined lattice constant a. The TDOS and 

element resolved PDOS plots of Fe2CoGa0.5Al0.5 alloy shown in Figure 7.03(a) reveal the 

valance band containing both majority and minority spins, whereas conduction band is 

primarily dominated by minority spins. It is apparent that Fe2CoGa0.5Al0.5 is also not half-

metallic just as the stoichiometric end compounds. An expanded view of the TDOS about EF 

is depicted for end compounds Fe2CoGa (shown in chapter 4), Fe2CoAl (shown in chapter 5) 

and the intermediate quaternary compound Fe2CoGa0.5Al0.5, in Figures 7.03(b), 7.03(d) and 

7.03(c), respectively. Presence of a physical gap and a pseudo-gap like depression in the 

minority DOS at -0.8 eV (physical-gap) and +0.5 eV (pseudo-gap) can been seen for all three 

compositions. In the case of Fe2CoGa0.5Al0.5, both these gaps are slightly closer to EF (at -0.79 

eV and +0.42 eV, respectively) than the end compounds (at -0.82 eV and +0.48 eV for Fe2CoGa 

and at -0.83 eV and +0.46 eV for Fe2CoAl). Moreover, the minority DOS at the pseudo-gap at 

~0.5 eV is less dense in Fe2CoGa0.5Al0.5 (-0.33) than the end compounds Fe2CoGa (-0.96) and 

Fe2CoAl (-0.81). These indicate the relatively higher stability of the intermediate composition 
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Fe2CoGa0.5Al0.5 as compared to the end compounds. P of Fe2CoGa0.5Al0.5 is 51 % which is 

higher than that of Fe2CoGa (P = 34 %) but lower than that of Fe2CoAl (P = 59%). Here, it 

should be noted that P estimated from ab initio calculations pertain to the bulk Heusler alloys, 

which can improve in the case of nanoparticles as demonstrated in the case of 1-d Co2FeSn 

nanowires [156]. 

7.5 Magnetic properties 

The theoretically estimated Mt of Fe2CoGa0.5Al0.5 from ab initio calculations is 5.26 µB/f.u. 

When Mt of the ternary end compositions Fe2CoGa (= 5.30 µB/f.u. from chapter 4) and Fe2CoAl 

(= 5.15 µB/f.u. from chapter 5) are compared, Mt of the quaternary compound is in between 

those of the end compositions. Similar variation in Mt was observed by Chakrabarti et al. [202] 

while investigating NiMnGa2-xAlx alloys. The M-H curves of the Fe2CoGa0.5Al0.5 nanoparticles 

shown in Figure 7.04(a), clearly displays the soft ferromagnetic nature of the synthesized 

nanoparticles similar to the previously reported ternary Fe2CoGa [59] and Fe2CoAl [63] 

nanoparticles by other authors as well as in earlier chapters of this thesis. The measured Ms of 

the Fe2CoGa0.5Al0.5 nanoparticles are 5.18±0.04 µB/f.u. at 5 K and 5.17±0.04 µB/f.u. at 300 K. 

Comparison of these with Ms of similar size Fe2CoGa (= 5.15 µB/f.u. at 5 K; 5.08 µB/f.u. at 300 

K from chapter 6) and Fe2CoAl (4.70 µB/f.u. at 5 K; 4.67 µB/f.u. at 300 K from chapter 4) 

nanoparticles, show no discernible pattern as a function of composition. The deviation 

observed in experimental Ms as compared to the theoretically obtained Mt of the three 

nanoparticles might be due to the slight variation in elemental compositions or dead layer 

thickness at the surface of the nanoparticles. Prior studies on bulk Fe2MnGa1-xAlx [203] and 

Fe50Mn25GaxAl25-x [204] alloys also report such variations in Ms with Ga/Al content. The minor 

decrease in the experimental Ms as compared to the theoretical Mt can be interpreted using the 

core-shell model [40]. The dead layer thickness t corresponding to the synthesized 

Fe2CoGa0.5Al0.5 nanoparticles (determined using equation 1.13) is 0.11 nm at 5 K (and 0.12 nm 
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at 300 K), explains the small deviation in experimental Ms from the estimated Mt. Mt evaluated 

using the S-P rule, i.e., Mt = Zt – 24 = 28 - 24 is 4.0 µB/f.u., which shows a deviation from the 

experimental Ms due to its non-half-metallic character. Ms at room temperature is less than the 

value at 5 K as observed in Co2FeGa (chapter 3), Fe2CoGa (chapter 4) and Fe2CoAl (chapter 

5), which is in agreement with the Bloch's law [70] for temperature dependent Ms. Interestingly, 

the drop in Ms at high temperatures is very small (i.e., < 1 %), indicating the suitability for 

high-temperature device applications. The high TC of the Fe2CoGa0.5Al0.5 nanoparticles is also 

a consequence of this [152]. The Hc and Mr values of the Fe2CoGa0.5Al0.5 nanoparticles are 

89±2 Oe and 0.16±0.04 µB/f.u. at 5 K and 60±2 Oe and 0.12±0.04 µB/f.u. at 300 K, respectively.  

 The Keff estimated from LAS is high (= 8.29  106 erg/cc at 5 K and 7.89  106 erg/cc 

at 300 K) and is in similar range as observed in previous chapters for stoichiometric Co2FeGa, 

Fe2CoGa and Fe2CoAl nanoparticles. The Keff of Fe2CoGa0.5Al0.5 nanoparticles are higher than 

that of Fe2CoGa nanoparticles (Keff = 6.32-7.44  106 erg/cc with Dv = 42 nm) but lower than 

that of Fe2CoAl nanoparticles (Keff = 8.06-8.22  106 erg/cc with Dv = 41 nm) of similar size. 

Both Hc and Keff were found to decrease when measured at higher temperatures. Similar 

behaviour of Hc [67,69,83,85,152] and Keff [46,196–198] was noted in other magnetic 

nanoparticles and the previously synthesized stoichiometric Co2FeGa, Fe2CoGa and Fe2CoAl 

nanoparticles due to the breaking of magnetic alignment by the thermal energy, making it easier 

for the magnetic domains to reorient along the field direction. The decrement in Hc follows the 

Kneller’s law [169] of temperature dependent Hc variation for single-domain nanoparticles.  

Q = 1.28 at 5 K (and 1.23 at 300 K) estimated using equation 1.22 for the synthesized 

Fe2CoGa0.5Al0.5 nanoparticles categorizes it as a high anisotropic material. For high anisotropic 

materials, the Dcr [47], can be evaluated using Bloch’s T3/2 law for temperature dependent Ms 

measurements [48,50,51] at low temperatures [49]. Following the procedure laid down in 
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chapter 1, Dcr for Fe2CoGa0.5Al0.5 nanoparticles was estimated to be 87 nm (i.e. Dcr > Dv), 

indicating them to be single-domain nanoparticles. The obtained Dcr is close to that estimated 

for the ternary end compositions Fe2CoGa (93 nm) and Fe2CoAl (83 nm) in earlier chapters. 

 
Figure 7.04. (a) M-H loops, and (d) M-T curves of Fe2CoGa0.5Al0.5 nanoparticles. Inset in (a) 

gives an enlarged view of the data close to origin and inset in (b) depicts the derivative curve 

used to determine TC. 

 The M-T curve recorded for the Fe2CoGa0.5Al0.5 nanoparticles is shown in Figure 

7.04(b). Here, the y axis represents the normalized magnetization M/M800, where M and M800 

represent the magnetizations at temperatures T and 800 K, respectively. The curves indicate a 

high TC of 1223±2 K for the synthesized Fe2CoGa0.5Al0.5 nanoparticles. Comparison of the 

obtained TC with that of similar size Fe2CoGa (1203 K) and Fe2CoAl (1225 K) nanoparticles 

shows an increment in TC on increasing Al content as also observed in bulk Fe50Mn25Al25-xGax 

alloys [204]. 

7.6 Summary and highlights 

The investigations on Fe2CoGa0.5Al0.5 Heusler alloy nanoparticle reveal novel properties of the 

system, which are summarized below: 

➢ This study provides the first account of synthesizing highly ordered quaternary 

Fe2CoGa0.5Al0.5 Heusler alloy nanoparticle using template-less chemical technique.  
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➢ These nanoparticles crystallize in the stable X type inverse Heusler alloy structure as 

confirmed by XRD, SAED, HRTEM measurements and ab initio calculations with an 

average Dv of 42 nm. 

➢ Ab initio calculations and standard models have been used to analyze and interpret the 

experimental findings.  

➢ The synthesized single domain nanoparticles with high Ms (5.18 µB/f.u. at 5 K), high Keff 

(8.29  106 erg/cc at 5 K), high TC (1223 K), high  (7.71 g/cc), low Mr (< 0.2 µB/f.u.) and 

low Hc (< 90 Oe), declare their suitability for fabricating various nanomagnetic devices 

including perpendicular magnetic recording media in high density magnetic recording, 

magnetic field sensors, SARC-CoV-2 detection, etc. 

➢ This pioneering work on the synthesis of quaternary Heusler alloy nanoparticles paves way 

to develop new Heusler alloy nanoparticles with desired properties.  
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Chapter 8  

Summary and scope for future work 

This chapter presents the significant findings and conclusions drawn on the structural, 

morphological, compositional and magnetic properties of the synthesized Co and Fe based 

Heusler alloy nanoparticles. A summary of the principal findings of the investigations and 

potential avenues for future research are provided below. 

8.1 Summary of the current study 

A series of impurity free, single phase, soft ferromagnetic, single domain Fe and Co based 

Heusler alloy nanoparticles, viz., Co2FeGa, Fe2CoGa, Fe2CoAl, Fe2-xCo1+xGa (0  x  1), and 

Fe2CoGa0.5Al0.5, have been synthesized using a facile template-less chemical method. The 

establishment of highly ordered and stable L21 or X type Heusler alloy structures depending 

upon their compositions has been done by X-ray and electron diffraction pattern analyses 

together with ab initio energy calculations. EDS analysis confirms the near-stoichiometric 

compositions of all the nanoparticles close to the desired nominal compositions. The validation 

of single domain behavior of the nanoparticles has been achieved through the evaluation of Dcr 

values (and demonstrating that Dcr > Dv for all the nanoparticles) and Hc dependence on Dv. 

Initially, Dv of Co2FeGa, Fe2CoGa, and Fe2CoAl nanoparticles were tuned by altering the heat 

treatment temperatures and/or time, to explore their crystallite size dependent properties. For 

this, Co2FeGa nanoparticles with Dv of 57 nm, 47 nm, and 39 nm having L21 type full Heusler 

alloy structure, Fe2CoGa nanoparticles with Dv of 56 nm, 26 nm, and 21 nm having X type 

inverse Heusler alloy structure, Fe2CoAl nanoparticles possessing Dv of 51 nm, 45 nm, and 41 
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nm having X type inverse Heusler alloy structure were synthesized. Well-established 

theoretical models have been utilized to interpret the variations of Ms, Hc, TC and Keff with Dv.  

After evaluating the Dv dependent properties of Co2FeGa and Fe2CoGa nanoparticles, 

a systematic composition dependent investigation was carried out on Fe2-xCo1+xGa (0 ≤ x ≤ 1) 

nanoparticles with Dv (42-49 nm) having stable L21 or X type Heusler alloy structures 

depending upon their composition. The stable atomic configuration of the intermediate 

compositions has been ascertained by ab initio energy computations. Finally, the first-ever 

synthesis and investigations on quaternary Heusler alloy nanoparticles Fe2CoGa0.5Al0.5 with Dv 

of 42 nm having X type inverse Heusler alloy structure was carried out. Apart from the 

experimental studies, ab initio calculations were performed to establish the stable crystal 

structure and to obtain the DOS plots to infer the half-metallic properties of these Heusler alloy 

compounds.  

The synthesized nanoparticles exhibit several promising properties which are 

summarized in Table 8.01. Though all the aforementioned compounds show remarkable 

properties, Table 8.01 indicates unique advantages and hence different targeted applications 

for each 0-d compound. Co2FeGa nanoparticles being the softest ferromagnetic material 

(lowest Hc and Mr) among all the synthesized compounds, exhibit the least magnetic energy 

loss. This negligibly small Hc and Mr also indicate the possibility of the emergence of 

superparamagnetism in these nanoparticles. The appearance of Type III half metallicity in this 

compound is another novelty in this compound. Thus, Co2FeGa nanoparticles with Type III 

half-metallicity and the highest spin polarization among all the studied compounds are best 

suited for spintronic applications. Fe2CoGa nanoparticles having the highest Ms among all 

synthesized nanoparticles are suitable for applications demanding high Ms such as magnetic 

sensors. Fe2CoAl nanoparticles with the highest achievable Keff are appropriate for applications 
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such as high density magnetic recording media which require high anisotropy. Additionally, 

the highest TC registered by Fe2CoAl nanoparticles makes them suitable for very high 

temperature device applications. The synthesized Fe2-xCo1+xGa nanoparticles can also be 

considered to possess superparamagnetic nature due to their near zero Hc and Mr values. The 

systematic composition dependent study of Fe2-xCo1+xGa nanoparticles along with the study on 

quaternary Fe2CoGa0.5Al0.5 Heusler alloy nanoparticles showcases a pathway for developing 

new Heusler alloy nanoparticles with superior properties. 

Table 8.01. Comparison of salient magnetic properties of the synthesized nanoparticles. 

Compound 
Ms 

(µB/f.u.) 

Hc 

(Oe) 

Mr 

(µB/f.u.) 
Keff ( 106 

erg/cc) 
TC (K) 

Dcr 

(nm) 
P (%) 

Co2FeGa 3.36-4.73 1-9 0.00-0.02 2.93-4.87 1131-1137 100 65 

Fe2CoGa 4.20-5.40 3-46 0.00-0.07 5.68-8.62 1196-1204 93 34 

Fe2CoAl 4.67-4.93 30-84 0.04-0.13 8.06-10.24 1221-1225 83 59 

Fe2-xCo1+xGa 3.90-5.15 0-12 0.00-0.03 3.84-7.44 1137-1203 68-100 30-65 

Fe2CoGa0.5Al0.5 5.17-5.18 60-89 0.12-0.16 7.89-8.29 1223 87 51 

 

8.2 Scope for future work 

Being at a nascent stage (less than 20 decades old), the initial studies on Heusler alloy 

nanoparticles were only focused on their impurity-free production and (structural and 

magnetic) property estimates. As already pointed out in the introduction chapter, various 

magnetic particles having high Ms, high , high Keff, and low Hc have been identified for their 

utilization as magnetic field driven sensors, perpendicular magnetic recording media in highly 

dense magnetic recording, etc. Therefore, the present study highlights various phenomenal, 

superior, and enhanced features of the synthesized Heusler alloy nanoparticles including high 

Ms, high , high Keff, high TC and extreme low Hc compared to the aforementioned benchmarks 

(mentioned in chapter 1), which opens a way to apply them for various device applications. 

The stable Ms up to TC and high TC of the synthesized nanoparticles provide an opportunity to 

apply them in high temperature device applications. Therefore, the practical application of 
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these nanoparticles in various fields is the next step which could not be explored in this thesis 

work. 

Further investigations on the other optical, thermal, and mechanical properties of these 

materials, which have not been explored till now, can further open the door to numerous newer 

applications of these nanoparticles. The off-stoichiometric composition dependent study on 

Fe2-xCo1+xGa (0  x  1) nanoparticles and the first-ever study on the preparation of quaternary 

Fe2CoGa0.5Al0.5 nanoparticles highlight a pathway to explore the uncharted territories in 

materials science to synthesize and investigate new magnetic nanoparticles with remarkable 

properties. 
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