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Abstract 

 

Perovskites with general formula ABO3 (A is rare earth ion or Yttrium and 

B is a transition metal) have been the most versatile compounds in oxide 

research. Among various perovskite oxides, rare earth orthoferrite (RFeO3) 

and orthochromite (RCrO3) compounds with distorted perovskite structure 

have drawn considerable attention due to their unique physical properties 

and potential applications. Among RFeO3 compounds, holmium orthoferrite 

(HoFeO3) has been studied extensively for ultrafast recording applications. 

The crystal structure of HoFeO3 is orthorhombic with a space group of 

Pbnm at room temperature and possesses G-type antiferromagnetic with a 

magnetic ordering temperature (TN) around 641 K. Apart from TN, HoFeO3 

exhibits the spin reorientation (SR) transition of Fe3+ at 50 - 60 K.  

 

According to Goodenough-Kanamori theory, Cr3+ is best choice for Fe3+ to 

show superior magnetic properties due to super exchange interactions, which 

may exhibit interesting magnetic properties and lattice dynamics. Hence, in 

this thesis we explored the structural, magnetic properties and their 

correlation with lattice dynamics in HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 

The objectives of present thesis are 

(a) Band gap tuning and orbital mediated electron-phonon coupling 

To our knowledge, until now the electron - phonon coupling has been 

observed only in the Jahn – Teller active compounds. However, it would be 

very interesting if we can observe electron - phonon coupling in the Jahn – 

Teller inactive compound. For this purpose we choose HoFeO3 which is a 

Jahn – Teller inactive, which may become Jahn – Teller active by 

substituting Cr. We anticipate that electron transfer mechanism can takes 



xi 

place from Fe site to the Cr site when an incident photon energy equals to 

the ground state energy gap between Fe3+ and Cr3+. Hence, one of our aims 

is to understand the electron-phonon coupling in HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds which may leads to charge transfer between Fe and Cr through 

Raman spectroscopy.  

RFeO3 and RCrO3 compounds have been believed to possess p – type 

semiconducting behaviour, which may be very much useful in developing the 

optoelectronic devices. However, to the best of our knowledge, detailed 

information on band gap values is not available in the literature neither on 

HoFeO3 nor on HoCrO3. In addition, it would also be of great interest to 

monitor the change in the band gap value by applying the chemical pressure 

either at Fe site or Cr site.  

(b) Magnetic and magnetocaloric properties 

RFeO3 compounds have the complex spin structure between the rare earth 

(R) and the transition metal (TM) ions, which makes them of great interest 

to study their magnetic properties.  Controlling the magnetic ordering 

temperatures and enhancement of magnetic properties in these compounds 

would be helpful in magnetic storage applications. One of the characteristic 

magnetic transition of RFeO3 compound is spin reorientation (SR) during 

which the direction of easy axis of magnetization of Fe3+ sub lattice changes 

from one crystal axis to another upon varying the temperature. Controlling 

the orientation of these spins can therefore lead to drastic changes in 

magnetic properties and offer unique functionality and potential applications 

in future spintronic devices. Hence, in the present work, we put our efforts in 

exploring the magnetic and local interactions in HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds through magnetization measurements and Mössbauer 

spectroscopy. Apart from that, RFeO3 and RCrO3 compounds have been 
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explored for their magnetocaloric properties and suitability of them for 

magnetic refrigeration applications. Hence, it is important to explore 

magnetocaloric properties and nature of magnetic transition in           

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 

(c) Spin – phonon coupling 

The discovery of the multiferroic materials, has allowed tuning the 

ferroelectric state (FE) with magnetic field and (anti) ferromagnetic state 

with electric field as there exists a strong coupling between various states. 

Atypical multiferroic behaviour has been observed in HoCrO3 compound and 

the origin of ferroelectriciy has been explained on the basis of probable 

displacement of Ho3+ ion and rotation of the oxygen octahedral in the non-

centrosymmetric Pna21 space group. Contrary to this, the temperature 

dependent structural properties on HoCrO3 compound have been 

investigated by X-ray and neutron diffraction and have shown no signature 

of structural phase transition below TN. However, local structural change 

(which may lead to multiferroicity) through spin-phonon coupling has been 

demonstrated in RCrO3 (R - Y, Lu, Gd, Eu and Sm) compounds using 

temperature dependent Raman spectroscopy. Hence, in the present 

investigation we performed temperature dependent Raman spectroscopy in 

order to explore the coupling that exists between spin and phonon modes, 

which may lead to local structural change in HoCr1-xFexO3 (x = 0 and 0.5) 

compounds. 

 

Keywords: orthoferrite, spin-phonon coupling, spin reorientation, magnetism 
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Chapter 1 

 

Introduction 

   

1.1 Perovskites 

The perovskite mineral with chemical formula CaTiO3 has first been discovered in 

the Ural Mountains, Russia by Gustav Rose in 1839 and named after Russian 

mineralogist Lev Perovski [1]. The term perovskite is used to denote the compounds 

with general formula ABO3, where A denotes the trivalent rare earth metal (La, 

Gd, Pr, Ho, …) or divalent alkali earth (Ca, Sr, Ba, …) and B is a 3d transition 

metal (Mn, Cr, Fe, Co, Ti, …). Indeed, there exists strong coupling between the 

spin, electric charge, and lattice degrees of freedom, due to which the complex and 

unusual properties have been observed in perovskite compounds [2]. The ideal 

perovskite ABO3 has a cubic structure with a space group Pm3m [2] as shown in 

Fig. 1.1 (a). The common description of perovskite (ABO3) is a simple cubic 

structure in which B-cations locates at the centre of the oxygen octahedra (BO6), 

whereas the A-cations locates at the corner of the cube. Here, A cation is 

surrounded by twelve oxygen anions (AO12) and B cation is surrounded by six 

oxygen anions (BO6) as shown in Fig. 1.1 (b) and Fig. 1.1 (c) respectively. In 

general, manganites, orthoferrites, orthochromites, cobaltites, etc. consists 

perovskite structure and crystalize in orthorhombic structure. Despite forming in 

similar structure, their magnetic properties strongly depend on the electronic 

configuration of both the transition metal (TM) and rare earth (R) ions.  

Much interest has been generated in these compounds due to the alteration of 

physical properties by doping at A-site or B-site. On top of that depending on the 

ionic size of the element that we substitute, one can have a flexibility to tune the  
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Figure 1.1: (a) Ideal perovskite ABO3 with cubic structure (b) AO12 cuboctahedra and            

(c) BO6 octahedra. 
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structural distortion and the electronic structure of the compound. Consequently, 

one can engineer the electrical, optical, thermal and magnetic properties [2]. 

Generally, the structure of perovskite compounds depends on the size ratio of the 

incorporated elements. In an ideal perovskite ABO3 structure, the ionic radii of A-

site cations consist similar size as oxygen anions and larger in size with respect to 

the B-site cations. Essentially, the bond angle B-O-B is 180˚ for ideal perovskite 

with cubic structure, however, due to difference in ionic radii of A and B ions, 

Jahn-Teller effect, etc., ideal cubic structure would be distorted to orthorhombic or 

other. 

This distortion can be quantified using Goldschmidt’s tolerance factor (GTF) [3], 

which can be defined as  

                          
 
A O

B O2

r r
t

r r





                    …… (1.1) 

where rA, rB and rO are ionic radii of the A, B cations and oxygen anion 

respectively. The value of ‘t’ is unity for an ideal cubic perovskite, but it would be 

less than unity (t ˂ 1) for distorted perovskite. The value of ‘t’ lies within the range 

of 0.8 – 1.0 for stable perovskite compounds. The oxidation state of B cation effects 

the value of ‘t’ which vary from 0.886 to 1.139 for A+B5+O3- type perovskite 

compounds, from 0.822 to 1.061 for A2+B4+O3- type compounds, and from 0.832 to 

1.012 for A3+B3+O3- type compounds. It has been found that the tolerance factor 

can only approximate the formation of a crystal with perovskite structure and 

doesn’t give information about the space group [2].  

The incorporation of different chemical elements at different sites leads to distortion 

of the perovskite structure away from the ideal cubic structure. Intense research has 

been devoted by many groups to study different distortions and their impact on the 

crystal symmetry [2, 4-15].  Three main types of distortions have been commonly 

discussed [10]: 

(i) Rotation of corner linked, rigid BO6 octahedra 
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(ii) Displacement of the A or B cation away from their high symmetry position 

(iii) Distortion of the BO6 octahedra 

In few cases these distortions coexist due to the flexibility of the perovskite 

structure. Typically, two structural distortions are possible from cubic structure, 

namely (i) rotation (tilt) of BO6 octahedra around [101] & [010] and (ii) 

displacement of rare-earth (R3+) ion. Distortion from cubic structure lowers the 

symmetry and leads to interesting properties such as colossal magneto-resistance 

[16-20], superconductivity [21-25], multiferroicity [26-28]. Among them, the 

multiferroicity can be due to displacement of A and B cations. 

1.2 Crystal field effect 

In general, the magnetism of 3d transition metals is due to partially filled outermost 

3d-orbit electrons and the wave functions of the same are spatially extended 

compared to 4f electron wave function. The properties of these electrons would be 

modulated by crystal field (CF). Essentially, the crystal field (CF) is defined as the 

average electric field produced by neighbouring ions in the crystal. The size and 

nature of crystal field effect depend crucially on the symmetry of the local 

environment. In most of the transition metal oxides, the transition metal is 

surrounded by the oxygen ligands in octahedral and tetrahedral environment as 

shown in Fig. 1. 2. The crystal field arises in these cases due to electrostatic 

repulsion from the electrons in oxygen orbitals. Generally, 3d-orbitals have five 

degenerate energy levels such as 3dxy, 3dyz, 3dzx, 3dx
2

-y
2 and 3dz

2. These five energy 

levels are categorized into eg (3dz
2 and 3dx

2
-y

2) levels and t2g (3dxy, 3dyz and 3dzx) 

levels. The difference between the energies of the t2g and eg orbitals in an octahedral 

or tetrahedral environment is Δ.  

In octahedral environment, among the five sub orbitals, eg (3dz
2 and 3dx

2
-y

2) orbitals 

of transition metal forms σ-bonds with 2p orbitals of oxygen (O2-) ligand, due to 

which the degeneracy would be lifted by 3Δ/5. On the other hand, t2g (3dxy, 3dyz 

and 3dzx) orbitals of transition metal forms π-bonding with 2p orbitals of O2-, which 

leads to decrease in energy by 2Δ/5. Contrary to this, in case of transition metal in  
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Figure 1.2: Crystal field effect in octahedral and tetrahedral environment. 

 

 

 

 

 



6 

 

 

 

 

Table 1.1: Effective magnetic moments for transition metals [29]. 

Ion Configuration 
Ground 

Level 
B( 1)   

eff

g J J








 

B( 1)   

eff

g S S








 

eff ( B ) 

experimental 

Ti3+, V4+ 

V3+ 

Cr3+, V2+ 

Mn3+, Cr2+ 

Fe3+, Mn2+ 

Fe2+ 

Co2+ 

Ni2+ 

Cu2+ 

3d1 

3d2 

3d3 

3d4 

3d5 

3d6 

3d7 

3d8 

3d9 

2D3/2 

3F2 

4F3/2 

5D0 

6S5/2 

5D4 

4F9/2 

3F4 

2D5/2 

1.55 

1.63 

0.77 

0 

5.92 

6.70 

6.63 

5.59 

3.55 

1.73 

2.83 

3.87 

4.90 

5.92 

4.90 

3.87 

2.83 

1.73 

1.70 

2.61 

3.85 

4.82 

5.82 

5.36 

4.90 

3.12 

1.83 

 

 

 

 

 



7 

tetrahedral environment, for t2g orbitals the degeneracy would be lifted by 2Δ/5 

and the energy of eg orbitals would decrease by 3Δ/5 [29]. The crystal field that 

exists in transition metal may also modify the magnetic properties. For instance, in 

case of transition elements, due to quenching of orbital angular momentum, there is 

an observable difference in the value of theoretically calculated effective magnetic 

moment (   B1  eff g J J   ) and experimentally measured values. As a result of 

quenching of orbital angular momentum L = 0,  in the case of transition metals,    

J = S (spin alone) [30], and ( eff ) can be calculated using the 

relation   B1  eff g S S   , where the quantum numbers J and S refer to total and 

spin angular momentum respectively. Table 1.1 shows various transition metal ions, 

respective eff and comparison for eff that has been extracted using theory and 

experiment [29]. 

On the other hand, the magnetism in rare earth elements originates from the 4f 

electrons, which are deep inside from the outermost orbitals. Due to screening of 4f 

orbitals by 6s orbitals, the crystal field effect on 4f orbitals is less. Hence, 4f orbitals 

will not experience the crystal field effect from the neighbouring ions, due to which 

in case of rare earth elements, J = L + S. The effective magnetic moment of rare 

earth metals can be measured using the relation,   B1  eff g J J   . 

1.3 Jahn-Teller distortion 

In some of the transition metals, 3d orbitals with a specific valence state of an ion 

(Mn3+) are asymmetrically occupied by the electrons within the degenerate eg and 

t2g energy levels in an octahedral environment. For example, Mn3+ with d4 

electronic configuration having four electrons in the d-orbitals and their occupancy 

is shown in the Fig. 1.3. Due to the crystal field, five degenerate d-orbitals of Mn3+ 

will split into higher energy eg orbitals and lower energy t2g orbitals. Out of four 

electrons, three would be occupied in t2g orbitals and one in eg orbitals, which is 

quite unstable. Due to this, the lattice (octahedral) undergoes spontaneous 

distortion in order to lower the crystal field symmetry by splitting the energy levels.  
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Figure 1.3: Splitting of both eg and t2g states in the octahedral environment due to Jahn-

Teller effect. 
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This is called Jahn-Teller effect. In case of octahedral environment, distortion 

occurs in two ways such as elongation and compression as shown in Fig. 1.3. During 

the elongation, there would be a decrease in the overlap of oxygen p-orbitals with 

one of the eg (dz
2) orbital, and an increase of the overlap with other eg (dx

2
-y

2) 

orbitals. Hence the energy of dx
2

-y
2 is more compared to that of dz

2 orbital. Similarly 

in t2g orbitals, dxy level is lifted up compared to dyz and dzx levels. In the present 

thesis, both Fe3+ (d5) and Cr3+ (d3) are Jahn-Teller inactive ions. 

1.4 Magnetism 

We can classify magnetic materials based on the interaction between the magnetic 

moments. Apart from the interactions, we also have induced effects, which may lead 

to diamagnetism. In general, one can classify magnetic materials as follows [31]: 

(i) Diamagnetism (induced magnetism) 

(ii) Paramagnetism 

(iii) Ferromagnetism 

(iv) Anti-ferromagnetism 

(v) Ferrimagnetism 

1.4.1 Diamagnetism 

When an external magnetic field is applied to magnetic material, the orbital motion 

of electrons changes in such a way that the induced magnetic moment opposes the 

applied magnetic field (Lenz’s law). The induced diamagnetic moment will persist 

as long as the material is exposed to magnetic field [32]. 

1.4.2 Paramagnetism 

The presence of unpaired electron spins in paramagnetic material gives rise to a 

magnetic moment. The magnetic moments in this case are randomly oriented when 

the field is not applied. The magnetization of paramagnetic material is directly 

proportional to H/T [29]. The temperature dependent susceptibility of paramagnetic 

materials with N number of magnetic moments per unit volume each having 

magnetic moment of μ is given by Curie’s law  
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2

0

B3

N C

k T T

 
                            …… (1.2) 

where kB is the Boltzmann’s constant, 
2

0

B3

N
C

k

 
  is a Curie constant specific for 

each material [33]. The modified Curie law (Curie-Weiss law) is given by 

                                 
C

T






                               …… (1.3) 

where θ represents the Curie temperature and can be positive, negative or zero. The 

positive value of θ indicates that the material is ferromagnetic below a certain 

temperature and θ corresponds to the transition temperature (Curie temperature 

TC). On the other hand, the negative value of θ indicates that the material is 

antiferromagnetic below a certain temperature and θ corresponds to the transition 

temperature (Néel temperature TN). A few examples of paramagnetic materials 

include salts of transition element, and oxides of the rare earths and the rare earth 

elements [31]. 

1.4.3 Ferromagnetism 

In case of ferromagnetic materials, there would indeed be spontaneous 

magnetization with in the domain and they exhibit cooperative phenomena. Weiss 

proposed a molecular field theory to understand the spontaneous magnetization 

behaviour in ferromagnetic materials [33]. According to Weiss, the magnetic 

moments within the domains of ferromagnetic materials align parallel to each other 

below TC due to the presence of a molecular field mfB M where λ is molecular 

field constant, and M is spontaneous magnetization of the material. Few examples 

of FM materials include transition metals like Fe, Co, and Ni with TC values of 

1043 K, 1394 K and 631 K [31] respectively. 

1.4.4 Anti-ferromagnetism 

In Antiferromagnetic (AFM) materials, the neighbouring magnetic moments of 

equal magnitude order antiparallel to each other below Néel temperature TN, and  
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Figure 1.4: Variation of reciprocal of magnetic susceptibility with temperature for para-, ferro-

, and antiferromagnetic materials. 
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gives rise to a zero net magnetization. Above TN, these materials almost behave like 

a paramagnet. AFM materials show small and positive susceptibility.  

The behaviour of inverse susceptibility of para-, ferro-, and antiferromagnetic 

material can be visualized using the equation 1.3 as shown in Fig. 1.4. Some 

examples of AFM materials and corresponding Néel temperatures are FeMn (67 K), 

MnO (116 K), CoO (292 K), FeO (116 K), Cr2O3 (307 K), α-Fe2O3 (950 K) [31].  

Apart from the above, perovskite compounds also exhibits anti-ferromagnetism. In 

general, compounds which exhibit AFM nature show zero net magnetization as 

mentioned earlier. However, in some cases, the slight tilt of moments (canted 

nature) results a small net magnetization. It is in this context, perovskite oxide 

compounds with Pbnm space group are examples of canted anti-ferromagnets with 

a spin canting perpendicular to the spin easy axis [34]. Based on the interaction 

between magnetic moments in magnetic unit cell, different kinds of AFM ordering is 

possible as shown in Fig. 1.5 [35].  

A-type: The coupling of magnetic moments in the same plane is ferromagnetic while 

inter-plane coupling is anti-ferromagnetic. 

C-type: The coupling of magnetic moments in the same plane is anti-ferromagnetic 

while inter-plane coupling is ferromagnetic. 

E-type: Following a cube edge, with in the plane, two spins point in one direction 

and the next two in the other direction. 

G-type: The coupling of magnetic moments is anti-ferromagnetic both in intra-plane 

and inter-plane directions. This configuration is very common in cubic perovskites 

due to the fact that the super exchange interaction through oxygen atoms force all 

nearest-neighbour moments to align in anti-ferromagnetic nature. The examples for 

the perovskites with G-type magnetic configuration: rare earth orthoferrites 

(RFeO3) [34] and orthochromites (RCrO3) [36]. 
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Figure 1.5: (a - d) Different types of antiferromagnetic arrangements in a magnetic unit cell.   
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1.4.5 Ferrimagnetism 

In case of ferrimagnetic materials, the moments would be anti-ferromagnetically 

aligned. However, the magnitude of magnetic moments in both the sublattices will 

not be equal, which leads to net magnetization. Few examples of ferrimagnetic 

materials are MnFe2O4, NiFe2O4, CoFe2O4, Fe3O4, Ho3Fe5O12, Gd3Fe5O12, etc. [29]. 

1.5 Magnetic interactions 

The magnetic properties of any magnetic material depend on the strength of 

exchange interactions between the magnetic moments associated with the ions in it 

[29]. The exchange interactions include direct exchange, indirect exchange, super 

exchange, double exchange, and Dzyaloshinsky-Moriya (DM) interaction. 

1.5.1 Exchange interaction 

Exchange interactions lie at the core of the phenomenon of long range magnetic 

order, and depends on the separation and spatial arrangement of localized magnetic 

moments in solids. The exchange interactions are quantum mechanical in nature 

due to the fact that the electrons are indistinguishable particles. These have been 

first treated by Heisenberg in 1928 to interpret the origin of the enormously large 

molecular field, which is responsible for the parallel alignment of magnetic moments 

in the domains of ferromagnetic materials [31].  

Consider a simple model with just two electrons which have spatial coordinates r1 

and r2 and corresponding wave functions  1ra  and  2rb  respectively. The total 

wave function of the system    1 2r ra b  , which does not obey exchange 

symmetry. Therefore, the total wave function of the system can be written in terms 

of symmetrized or antisymmetrized product states which behave properly under the 

operation of particle exchange.  

The total wave function for electrons must be antisymmetric so that the spin part 

must either be antisymmetric singlet state χS (S = 0) in the case of a symmetric  
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Figure 1.6: Schematic representation of exchange interactions of (a) antiferromagnetic and 

ferromagnetic orientation in direct interaction, (b) the indirect interactions through 

conduction electrons, (c) antiferromagnetic and ferromagnetic ordering in super-exchange 

interaction, depending on the bond angle, and (d) ferromagnetic ordering in double exchange 

interactions, Re-drawn from Ref. [37]. 
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spatial state or symmetric triplet state χT (S = 1) in the case of an antisymmetric 

spatial state. 

Therefore we can write the wave function for the singlet case Sψ  and the triplet 

case Tψ  as 

                

       

       

S 1 2 2 1 S

T 1 2 2 1 T

1
ψ r r r r

2

1
ψ r r r r

2

a b a b

a b a b

    

    

   

   

              …… (1.4) 

where both the spatial and spin parts of the wave function are included. The 

energies of the two possible states are 

                                
S S S 1 2

T T T 1 2

ψ ψ  dr  dr

ψ ψ  dr  dr

E H

E H















                           …… (1.5) 

with the assumption that the spin parts of the wave function χS and χT are 

normalized. The difference between the two energies is 

                     S T 1 2 2 1 1 22 r r r r  dr  dra b a bE E H        


         …… (1.6) 

For a singlet state S1·S2 = -3/4 while for a triplet state S1·S2 = 1/4. Hence the 

Hamiltonian can be written in the form of an ‘effective Hamiltonian’ 

                           S T S T 1 2

1
3 S •S

4
H E E E E   


                 …… (1.7) 

This is the sum of a constant term and a term which depends on spin. The constant 

can be absorbed into other constant energy terms, but the second term is more 

interesting. The exchange constant (or exchange integral), J is defined by 

                   S T
1 2 2 1 1 2J r r r r  dr  dr

2
a b a b

E E
H    

  


       …… (1.8) 

and hence the spin-dependent term in the effective Hamiltonian can be written 
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                          spin
1 22J S •SH  


                   …… (1.9) 

If J > 0, ES > ET and the triplet state S = 1 is favoured (ferromagnetic state).      

If J < 0, ES < ET and the singlet state S = 0 is favoured (anti – ferromagnetic 

state). This equation is relatively simple to derive for two electrons, but generalizing 

to a many-body system is far from trivial. Nevertheless, it was recognized in the 

early days of quantum mechanics that interactions shown in equation 1.9 is 

applicable only to nearest neighbour atoms. If we have many atoms in a system, the 

Hamiltonian can be written using the Heisenberg model as  

                              i jJ S •Sij
ij

H  


                 …… (1.10) 

where Jij is the exchange constant between the ith and jth spins. The factor of 2 is 

omitted because the summation includes each pair of spins twice. Another way of 

writing equation 1.10 is 

                            i j2 J  S •Sij
i j

H


  


             …… (1.11) 

where i > j avoids the ‘double-counting’ and hence the factor of two returns. Often 

it is possible to take Jij as a constant J for nearest neighbour spins. 

1.5.2 Direct exchange interaction 

The interaction between the magnetic moments of neighbouring ions, which are 

close enough to overlap their wavefunctions is known as direct exchange interaction, 

and is shown in Fig. 1.6 (a). The strength of direct exchange interaction reduces 

with increase in the distance between neighbouring ions. When the ions are close 

enough for strong overlap of their wavefunctions, this interaction favours anti-

ferromagnetic ordering of the spins, according to Pauli’s exclusion principle. 

However, ferromagnetic ordering of the spins is favourable when the ions are far 

enough to minimize the electron-electron repulsion.  
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1.5.3 Indirect exchange interaction 

The interaction between the magnetic moments of ions through conduction 

electrons is known as indirect exchange interaction, and is shown in Fig. 1.6 (b). In 

the case of metals with localized electrons (e.g. for rare earth metal with 4f 

electrons), the overlap of the involved wave functions would be very small, and the 

direct exchange interaction may not the dominating mechanism for magnetic 

properties. In such cases, the indirect interaction causes the magnetic ordering. The 

separation between the magnetic ions interacting through indirect exchange will 

decide the nature of magnetic coupling (ferromagnetic or anti-ferromagnetic).  

1.5.4 Super exchange interaction 

Super exchange interaction can be described as the interaction between the 

magnetic moments of two nearest neighbouring ions mediated through a non-

magnetic ion. The interaction between the moments of a pair of Mn3+ cations 

through a non-magnetic oxygen (O2-) anion is an example for this kind of 

interaction, and shown in Fig. 1.6 (c). The strength and sign of superexchange 

interaction depends on the occupation and orbital degeneracy of the involving 

magnetic ions. Goodenough [38] discussed most possible cases to consider in 

superexchange interaction. Their results were summarized as Goodenough-

Kanamori rules [39-41], which were reformulated by Anderson [42] in a simple way 

that makes it unnecessary to consider the oxygen. 

(i) If the lobes of singly occupied 3d orbitals corresponding to two metal (M) cations 

point toward each other, the exchange is strong due to large overlap, and gives rise 

to anti-ferromagnetic interaction. This is the usual case for 120o-180o M-O-M bonds, 

and shown in Fig. 1.6 (c).  

Out of two valence electrons of O2-, the spin down electron form covalent bonding 

with spin up electron of left side Mn3+ cation, while the spin up electron of oxygen 

forms covalent bonding with spin down electron of right side Mn3+ cation. In this 

case, the interaction between the electrons of Mn3+ cations is antiferromagnetic. 
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(ii) If the overlap integral between singly occupied 3d orbitals corresponding to two 

metal (M) cations is zero by symmetry, the exchange is relatively weak and gives 

rise to ferromagnetic interaction. This is the case for 90o M-O-M bonds, and shown 

in Fig. 1.6 (c). 

Out of two valence electrons of O2-, the spin down electron form covalent bonding 

with spin up electrons of left side Mn3+ cation, while the spin down electron of 

another O2- orbital form a covalent bonding with spin up electrons of down side 

Mn3+ cation. In this case, the interaction between the electrons of Mn3+ cations is 

ferromagnetic.  

(iii) If the lobes of singly occupied 3d orbitals of a cation have an overlap with an 

empty or doubly occupied orbitals of a cation of the same type, the exchange is 

relatively weak and gives rise to ferromagnetic interaction.  

Super exchange interaction between metal cations mediated through a non-magnetic 

anion is more commonly antiferromagnetic in nature due to the fact that the 

overlap integrals likely to be larger than zero and bond angle M - O - M would be 

> 90° [38].    

1.5.5 Double exchange interaction 

Double exchange interaction is the interaction between magnetic moments of ions 

with mixed valence configuration. This mechanism was proposed by Zener [43-44] in 

1951, and is essentially a super exchange interaction between 3d atoms. Zener model 

proposed that, hopping of conduction electrons between two ions can be possible 

only if the electron spins of two ions are parallel. It takes place only in an 

environment containing ions of more than one oxidation state (example Mn3+, 

Mn4+), and as shown in Fig. 1.6 (d). The magnetic interaction between Mn3+ and 

Mn4+ ions through oxygen (O2-) ion can be explained on the basis of Zener model as 

follows: the simultaneous transfer of an electron from Mn3+ to oxygen and from 

oxygen to Mn4+ ion is involved in this process, so that it is called double exchange 

(DE) interaction. Out of two valence electrons of O2-, the spin down electron form 

covalent bonding with spin up electron of left side Mn3+ cation, while the spin up 
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electron of oxygen forms ionic bonding with right side Mn4+ cation. In this case, the 

interaction between the electrons of Mn3+ and Mn4+ cations is ferromagnetic in 

nature. In the case of manganese ions (Mn3+, Mn4+) with parallel spins, DE always 

prefers the ferromagnetism, due to the fact that the electrons transfer becomes more 

difficult due to onsite Hund’s coupling when the spins of manganese ions are 

antiparallel. The electron transfer also depends on Mn-O-Mn bond angle. If the 

bond angle is 180o, the overlap of d-orbitals of manganese and p-orbitals of oxygen 

is large and the interaction is strong. If the bond angle deviates from 180o, the 

overlap reduces and the interaction becomes very weak. 

1.5.6 Dzyaloshinsky-Moriya interaction 

Some magnetic materials with uniaxial or lower symmetry favours the canted 

nature of the spins away from the original antiferromagnetic alignment and produce 

a weak ferromagnetism perpendicular to anti-ferromagnetic axis. Essentially, in 

Dzyaloshinsky – Moriya (DM) interaction, spin – orbit coupling plays a major role 

by producing excited states on one magnetic ion. Indeed there would be an 

interaction between these excited states and the ground state of other ion through 

exchange interactions. This concept was first proposed by Igor Dzyaloshinsky [45] 

and later by Toru Moriya [46-47]. The DM interaction, also called as antisymmetric 

exchange interaction between two neighbouring magnetic spins via a non-magnetic 

ligand, which can be expressed as 

                               DM ij i jH D S S                      …… (1.12) 

where Si and Sj are the spins of two magnetic ions involving in the interaction, and 

Dij is a DM constant. The DM vector Dij is proportional to the spin-orbit coupling 

constant and depends on the position of the ligand ion between two magnetic 

transition metal ions.  The vector Dij lies along the axis of symmetry [48]. 

The DM interaction plays a role in the orienting magnetic moments in the case of 

orthoferrites and orthochromites. Weak ferromagnetism in the orthoferrites has 

been attributed to the antisymmetric exchange interaction (DM interaction) 
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between magnetic ions. For a perovskite ABO3 structure, the substitution in the A-

site and B-site and a size mismatch between the A and B ions usually make the 

oxygen octahedral tilt and rotate, resulting in a distortion. Therefore, each oxygen 

ion sandwiched between two neighbouring B ions may move away from the middle 

point, giving a bent B-O-B bond and breaking the B-B axis rotation symmetry. 

This bent B-O-B bond will change the DM interaction as a relativistic correction to 

the superexchange between the magnetic B ions. Through the above analysis, the 

strength of the antisymmetric B-O-B exchange interactions are changed by 

structural deformation and tilting, which is caused by element substitution in 

perovskite. 

In HoFeO3 compound, below 30 K it is the contributions from both Fe and Ho and 

will have the form [49] 

         

    

1,4

antisymmetric Fe-Fe, , Fe Fe Ho-Ho, , Ho Ho
1,4
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Fe-Ho, , Fe Ho
1,4

. .
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j
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…… (1.13) 

The Dn,i,j are Dzyaloshinski vectors include contributions from single ion 

anisotropy as well as antisymmetric exchange. This antisymmetric exchange energy 

varies rapidly in the temperature range in which the Ho sub-lattices are ordering. 

While the ordered Ho moments are small it is dominated by the terms containing 

DFe-Fe and the sense of ferromagnetic moment is determined by the first summation 

in the above equation 1.13. As the degree of Ho order increases the terms in the 

third summation, which containing products of the Fe and Ho moments, begin to 

exceed those dependent on Fe moments only and the sense of the ferromagnetic 

moment may change. Finally at the lowest temperatures when the Ho moments 

approach saturation the Ho-Ho interactions dominate. Doping of Cr3+ ions at Fe3+ 

site in HoFeO3 compound leads to change the Fe-O-Fe angle which in turn effect 

the DM interaction the doped compounds. 
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From the above it is clear that there exist various magnetic interactions depending 

on the compound that we choose. These magnetic interactions would completely 

depend on the structural properties such as lattice parameter, kind of symmetry 

that exists in particular compound. This global change in structural parameters 

may also influence the local structure, which is in terms of change in phonon modes. 

From the above, it is clear that there exists strong correlation between the local 

structure and magnetic interactions, which will be of great interest to study.   

1.6 Effect of magnetic ordering on phonons 

An important aspect of real spin system is the influence of the spin – spin 

interactions on lattice dynamics. Since the strength of the exchange forces depend 

crucially on bond length and bond angles, if there is any modulation in the local 

arrangement of the magnetic ions, the exchange interactions would alter, which 

hints that there exists a coupling between lattice and spin. The spin-phonon 

coupling in the case of La1-xMnxO3 perovskite oxide with Pnma structure has been 

modelled by Granado et. al. [50]. This modeling starts from the superexchange 

based on nearest neighbour Mni – Mnj spin Heisenberg Hamiltonian  

                                    
, 1

•spin ij i j
i j

H J S S


                   …… (1.14) 

where Jij is the superexchange integral, •i jS S  is the scalar spin correlation 

function and the summation in j is over three nearest neighbours of the ith Mn ion 

such that each pair is not considered twice. The change of Jij due to αth Raman 

active normal mode of vibration, ΔJij
α, can be obtained by a second-order Taylor 

expansion on the O2- displacements associated to that mode: 
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. .
2

ij k k k ij k k ijJ u t u t J u t J                     …… (1.15) 

where  ku t is the displacement vector from the equilibrium positions of the kth O2- 

ion, placed between the ith and jth Mn3+ ions for the αth normal mode of vibration. 

Notice that we have assumed first neighbours interactions only. Inserting    
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equation 1.15 into equation 1.14 and considering the Hamiltonian H = Hlatt + Hspin, 

the total potential energy of a Raman active normal mode α is separated into 

“lattice” and “spin” contributions, where the “spin” term may be written in the form 

                                 
1

2
spin k spin k

k

U u t D u t                 …… (1.16) 

The angular frequency shift of the phonon due to magnetic ordering is then given 

by 

                          
1

ˆ ˆ
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          …… (1.17) 

where  is the reduced mass and ˆ k
k

k

u
u
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 . 

Un-doped LaMnO3 presents Pnma crystal structure, and in this case we can write 

      2 2
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  …… (1.18) 

Where N is the number of Mn3+ ions and O1 and O2 refer to an xz-plance and a y-

direction O2- ion, respectively. 

1.6.1 Probing magnetism by Raman scattering 

As we mentioned earlier, it is important to understand the correlation between spin 

and lattice dynamics. Phonon scattering measurements using Raman spectroscopy 

has been widely used to investigate the changes in the lattice dynamics as it offers 

an opportunity to probe the local structural changes [51]. However, one can also 

apply Raman scattering technique to magnetic materials to investigate the magnetic 

phase transition only if spin-phonon coupling has a clear influence on phonon 

scattering [50]. This is an indirect way of probing magnetism by analysing the effect 

of the ordering of the magnetic moments on the structure. At a magnetic phase 

transition, the alignment of spins induces strain in the magnetic material by means 

of magnetostriction. Magnetostriction causes a distortion in the lattice and thus 
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magnetic ordering couples to the phonon system. The interaction between phonon 

frequency and the magnetic moments is commonly assumed [52] as 

                                    sp 0 i jS S                        …… (1.19) 

where ωsp, ω0, γ, Si and Sj represents the frequency due to spin-phonon coupling, 

undisturbed frequency, the spin-phonon coupling constant, and spin moments 

corresponds to spin at ith and jth sites respectively. 

1.7 Rare earth orthoferrites 

Rare earth orthoferrites with chemical formula RFeO3 (R is rare earth ion) with 

distorted perovskite structure has appealed continued experimental and theoretical 

interest due to their novel magnetic and magneto-optical properties [53-56]. These 

compounds have been the subject of intense research, which aimed at a better 

understanding of magnetic properties under external parameters such as 

temperature, electric field, magnetic field, pressure, etc. [34, 57-58]. Apart from their 

fundamental interest, due to higher velocity of domain walls (~ 20 km/s) 

orthoferrites have been explored in the devices based on memory [59-65]. Apart 

from the above, these compounds have potential applications in magneto-optical 

current sensors, magnetic sensors, light spot position measurements, magneto-

optical rotational speed sensors and fast lasting optical switches [66-69].  On top of 

that these materials also have much potential for photocatalytic activity [70], solid 

oxide fuel cells [71], gas sensors [72], detection of ozone in monitoring environment 

[73], and multiferroic behaviour [74-75]. 

1.7.1 Crystal structure 

At ambient conditions, RFeO3 compounds crystallize in an orthorhombic structure 

with Pbnm space group. Essentially, the orthoferrite Pbnm phase can be derived 

from the ideal cubic perovskite phase Pm3m by octahedral rotations. The unit cell 

of orthoferrite consists four formula units. Figure 1.7 depicts the crystal structure of 

orthoferrite. Tilts of FeO6 octahedral are the predominant type of distortions in the 

case of rare earth ferrite. Glazer [6] introduced a notation to describe the octahedral  
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Figure 1.7: Crystal structure of HoFeO3 compound. In the figure, blue sphere is holmium 

(Ho), the sphere in the octahedral is iron (Fe) and red sphere indicates oxygen (drawn using 

VESTA Software). 
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Table 1.2: Geometrical parameters characterizing the crystal structure of RFeO3 compounds 

[76]. 

RFeO3 
Ionic radii 

rR3+ (Aº) 

Tolerance 

factor (t) 
D a ϕ1 (degree) ϕ2 (degree) <ϕ> 

PrFeO3 

NdFeO3 

SmFeO3 

EuFeO3 

GdFeO3 

TbFeO3 

DyFeO3 

HoFeO3 

ErFeO3 

TmFeO3 

YbFeO3 

LuFeO3 

1.179 

1.163 

1.132 

1.120 

1.107 

1.095 

1.083 

1.072 

1.062 

1.052 

1.042 

1.032 

0.892 

0.886 

0.876 

0.871 

0.867 

0.863 

0.859 

0.855 

0.851 

0.848 

0.844 

0.841 

0.00663 

0.00964 

0.01381 

0.01632 

0.01823 

0.01879 

0.02035 

0.02133 

0.02200 

0.02130 

0.02214 

0.02242 

16.249 

17.382 

18.226 

19.490 

19.934 

20.613 

21.090 

21.644 

22.405 

22.762 

23.218 

23.620 

16.776 

17.616 

18.884 

19.750 

20.036 

20.774 

21.369 

21.669 

22.096 

22.387 

22.976 

23.269 

16.512 

17.499 

18.555 

19.620 

19.985 

20.693 

21.230 

21.656 

22.250 

22.574 

23.097 

23.444 

aD is the orthorhombic deformation,  1/ 3 iD i a a a   where ai are the cell 

parameters a, c, / 2b  and  
1/3

/ 2a abc . 
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Table 1.3: Néel temperatures of rare earth orthoferrites, RFeO3 with different rare earth ion [57]. 

Rare earth 

ion at 

RFeO3 

La Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Neel 

temperature 

TN (K) 

740 707 687 674 662 657 647 645 640 639 636 636 627 623 
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tilt system of a perovskite crystal. These rotations are described with respect to 

cubic axis x-, y-, and z- and represented by the symbols a, b and c as shown in   

Fig. 1.7.  In Glazer’s notation, these octahedral tilts can be expressed as a-b+a- [6] 

or rotations around [101]pc-, [010]pc-, and [111]pc- pseudo-cubic (pc) axis [2]. 

In the above notations, superscripts “+” and “–” indicates the sense of rotation in 

successive layers. The symbol “+” stands for octahedral rotation in the successive 

layer in the same direction, i.e. in-phase. On the other hand, “–” stands for anti-

phase octahedral tilt in the successive layer. Zero is used as superscript in the case 

of no rotation around a particular axis. For example, a0a0a0 is used to denote cubic 

Pm3m structure without octahedral tilt [2, 6]. 

Table 1.2 summarizes the structural parameters such as tolerance factor t, 

orthorhombic deformation D, FeO6 octahedral tilt angles ϕ1, ϕ2 and average tilt 

angle <ϕ> which are used to characterize the crystal structure of RFeO3 [76] 

compounds. An increase in the orthorhombic deformation D as well as decrease in 

the tolerance factor ‘t’ with respect to a decrease in ionic radii of rare earth metal 

(rR
3+) is evident from the Table 1.2. This indicates a distortion in the lattice, due to 

which the FeO6 octahedra will tilt for self-accommodating in the lattice matrix.  

1.7.2 Magnetic properties 

The presence of two magnetic ions, rare earth (R3+) and iron (Fe3+) in the crystal 

structure of RFeO3 lead to existence of complex magnetic interactions such as  R3+-

R3+, Fe3+-Fe3+, and R3+-Fe3+. Upon changing the temperature, the complex 

interactions as mentioned above would alter and lead to interesting magnetic 

properties such as magnetization reversal [77], exchange bias [78], Morin transition 

[78], multiferroicity [75] etc. Particularly, Fe3+ moments in these orthoferrites 

exhibit canted antiferromagnetic (AFM) state and show a weak ferromagnetic 

moment (WFM) below their Néel temperature (620-750 K) respectively as shown in 

Table 1.3 [57]. Essentially, Fe3+ moments order antiferromagnetically with an angle 

to c-axis due to Dzyaloshinsky-Moriya antisymmetric exchange interaction. Hence, 
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the magnetic moments parallel to c-axis cancels out, while the moments 

perpendicular to c-axis gives rise to a weak spontaneous magnetization.  

On the other hand, the R3+ moments magnetically order below a transition 

temperature much lower than the Néel temperature. Above this transition 

temperature, R3+ moments are in paramagnetic regime, but partially magnetized 

under the molecular field of Fe3+ moments. One of the distinctive magnetic 

transitions of RFeO3 compounds is spin reorientation (SR) during which the 

direction of magnetic moments of Fe3+ sub lattice changes from one crystal axis to 

other upon varying the temperature due to domination of R3+-Fe3+ interaction over 

Fe3+-Fe3+ interaction. 

The crystal symmetry of RFeO3 compounds allows three magnetic configurations 

for Fe3+ moments labelled as Γ4 (Gx, Ay, Fz), Γ2 (Fx, Cy, Gz) and Γ1 (Ax, Gy, Cz) 

[34]. Here G, C, A and F represents antiferromagnetic, weak anti-ferromagnetic, 

weak anti-ferromagnetic, and ferromagnetic vectors respectively in terms of 

Bertaut’s notations [79] for cubic structure. Among the above mentioned magnetic 

structures, Γ1 configuration does not display any net magnetic moment, whereas Γ2 

and Γ4 configurations exhibit weak ferromagnetic moments along x- and z- 

directions respectively. Below TN, Fe3+ moments align according to Γ4. In the case 

of RFeO3 compounds having magnetic R3+, with decreasing temperature below TN, 

the high temperature Γ4 phase change to low temperature Γ2 phase separated by an 

intermediated magnetic configuration Γ24 phase due to R3+-Fe3+ interaction [80].  

DyFeO3 compound shows Γ4  Γ1 transition while Γ4  Γ2 is absent [81]. 

1.8 Magnetocaloric effect (MCE) 

The demand for the materials which can be used in magnetic refrigeration 

technology has ever been growing due to their applicability at room temperature as 

well as cryogenic temperature. The materials whose temperature alter in response to 

external stimulation such as mechanical, electric, and magnetic are referred as 

caloric (solid) materials [82-86]. Refrigeration using the caloric materials have  
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Figure 1.8: The magnetic entropy change for H = 50 kOe for the RCo2, RAl2,                                     

Gd5(Si1-xGex)4, Mn(As1-xSbx), MnFe(P1-xAsx) and La(Fe13-xSix) families plus a number of 

individual compounds versus the Curie temperature (From Ref. 84). 
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significant advantages such as higher energy efficiency and environmental safety 

over the conventional gas compression techniques. 

The majority of the work among the notable research on magnetocaloric materials 

has been devoted to search for new materials for room temperature applications by 

studying their properties and feasibility of their production in an economic way. 

The magnetic entropy change for H = 50 kOe for the RCo2, RAl2, Gd5(Si1-xGex)4, 

Mn(As1-xSbx), MnFe(P1-xAsx) and La(Fe13-xSix) families plus a number of individual 

compounds versus the Curie temperature are shown in Fig. 1.8 (taken from Ref. 

84). Upon looking at Fig. 1.8, it is evident that the value of -ΔSM decreases while 

going from low temperature to room temperature [87]. It is also apparent that large 

values of -ΔSM are reported for those compounds which consists first order 

magnetic transition (FOMT). Most of these compounds consist rare-earth metals 

either in pure or combined in alloys, for example, Gd5Si2Ge2 [88]. The alloy that 

consist praseodymium and nickel (PrNi5) has shown large MCE and has allowed to 

approach temperatures near absolute zero (to within one milliKelvin) [89]. In 

addition to the above mentioned compounds, RCo2 based systems (R = Er, Ho, Dy) 

[90], Gd5Si2Ge2 and Gd5(Si1-xGex)4 and related 5:4 materials [91] have shown 

significant MCE properties. La(Fe13-xMx)-based compounds like La(Fe1-xCox)11.9Si1.1 

series, second order phase transition material, have been studied due the ease of its 

production on an industrial scale through powder metallurgical process and 

tunability of Curie temperature through the adjustment of Co content [92]. In 

addition, Mn-based compounds and MnAs1-xSbx series [93], many manganites such 

as La1-xMxMnO3 (where M = Ca and Sr) [84], and Fe49Rh51 [94] known to have the 

highest value of MCE near room temperature.  

MCE is a magneto-thermal response (heating or cooling) of a magnetic material, 

when it is exposed to magnetic field adiabatically. Such phenomenon is analogous to 

the heating and cooling of a refrigerant gas in response to compression and 

expansion, which can be realized indirectly as a change in magnetic entropy (ΔSM) 

[95-97, 88]. The MCE is an intrinsic characteristic of magnetic solids, which has  
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H = 0 H ≠ 0

H = 0 H ≠ 0

T = constant

Isothermal process: 

S = constant

Adiabatic process:  

Figure 1.9: Schematic representation of two thermodynamic processes of a magnetocaloric 

effect when a magnetic field is applied or removed for a magnetic system. During isothermal 

process, total entropy change is non zero and negative, while temperature change is non zero 

and positive during adiabatic process. 
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been discovered for the first time in 1881 in iron by Warburg [98]. The origin of 

MCE was explained independently by Debye [99] and Giauque [100]. 

A magnetic material with large change in magnetic entropy ΔSM (T, H) or 

adiabatic temperature (ΔT) and a sufficiently large value of refrigeration capacity 

(RC) can be used as suitable candidate for magnetic refrigeration [101]. In the 

subsequent sections, we will present fundamental concepts of magnetocaloric effect. 

1.8.1 Basic theory of magnetocaloric effect 

The physical origin of MCE is attributed to the coupling between magnetic 

sublattice and the external magnetic field H. The spin system of a ferromagnetic 

(FM) or a paramagnetic (PM) materials can be influenced by the applied magnetic 

field, which changes the magnetic contribution to the entropy of the solid. The 

MCE can be realized through thermodynamical process, which relates the magnetic 

variables (magnetization and magnetic field) to the entropy and temperature.  

As illustrated in Fig. 1.9, the application of external magnetic field to the 

magnetically disordered system in adiabatic condition align the magnetic moments 

in an ordered fashion, which substantially lowers the magnetic entropy. To 

maintain the total entropy constant, the entropy of the lattice system will increase 

in order to compensate the magnetic entropy reduction. This increase in lattice 

entropy leads to rise the temperature of the material. Therefore, the MCE of a 

substance is quantified by two parameters, isothermal entropy change, ΔST, and 

adiabatic temperature change, ΔTS. The reduction of magnetic entropy and the rise 

of its temperature greatly occur near absolute 0 K for a PM materials, and near its 

magnetic ordering temperature (the Curie temperature, TC) for a FM material. 

The Maxwell’s thermodynamic equation [102] which relates magnetic field H, 

magnetization M to the temperature T, and entropy S of a magnetic material is 

                                        
T H

S M

H T

    
    

    
                  …… (1.20) 
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The change in magnetic entropy  ,MS T H for an adiabatic process can be 

calculated by integrating equation 1.20, 
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    …… (1.21) 

This equation indicates that the change in magnetic entropy is proportional to both 

the derivative of magnetization with respect to temperature at constant field and to 

the field variation. From the magnetization measurements at different magnetic 

fields and temperature intervals, the change in entropy can be calculated by 
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         …… (1.22) 

On the other hand, the change in entropy can be calculated from the magnetic field 

dependence of heat capacity HC  measurements by  
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                  …… (1.23) 

where C (T, H) and C (T, 0) represent the heat capacity values in the presence of a 

magnetic field H and absence of field (H = 0) respectively. 

Using the following thermodynamic relation [102]: 
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and using equation 1.20, the infinitesimal adiabatic temperature change can be 

obtained by the following expression 
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After integrating this equation, one can obtain the expression that characterize the 

magnetocaloric effect, 
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         …… (1.27) 

From the equation 1.21 and equation 1.27, it is clear that the large value of MCE 

(large value of MS and adT ) can be obtained with higher value of 
H

M

T

 
 
 

and 

smaller value of C (T, H) at the same temperature.  

1.9 Motivation and objectives 

Perovskites with general formula ABO3 (A is rare earth ion or Yttrium and B is a 

transition metal) have been the most versatile compounds in oxide research [16, 21, 

26, 103]. Among perovskite oxides, rare earth orthoferrite (RFeO3) compounds with 

distorted perovskite structure have drawn considerable attention due to their 

unique physical properties [34]. These compounds have been found potential 

applications such as ultrafast magneto-optical recording [104], laser-induced thermal 

spin reorientation [105], precession excitation induced by terahertz pulses [106], 

inertia-driven spin switching [107], and magnetism induced ferroelectric 

multiferroics [108]. 

It has been believed that variety of interesting properties can be achieved by 

applying chemical pressure with different kinds of cations at B-site of perovskite 

materials [109]. The only trivalent nature of elements in the structure of RFeO3 and 

RCrO3 compounds make them attractive for isovalent substitutions.                 

The RFe1-xCrxO3 compounds with mixed Fe and Cr at B-site have shown superior 

physical properties compared to the end member RFeO3 and RCrO3 compounds. 

For example, complex magnetic behaviour has been reported on Nd(Cr1-xFex)O3 

[110] and Y(Fe1-xCrx)O3 [111] respectively. Temperature and magnetic field induced 

magnetization reversal and multiferroic behaviour have been observed in various 

compounds [112-114]. On top of that, large value of magnetic entropy (-ΔSM ~ 29.2 
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J/kg-K at 3 K with a magnetic field of 4.5 T) change has been reported on 

GdFe0.5Cr0.5O3 [115] compound.  

Among RFeO3 compounds, holmium orthoferrite (HoFeO3) has been the well-known 

studied perovskite compound for ultrafast recording applications [107]. The crystal 

structure of HoFeO3 is orthorhombic with a space group of Pbnm at room 

temperature and possesses G-type antiferromagnetic with a magnetic ordering 

temperature (TN) around 641 K [76]. Apart from TN, HoFeO3 exhibits the SR 

transition [76] of Fe3+ at 50 - 60 K with magnetic structure changing from GxAyFz 

(Г4) to FxCyGz (Г2), where Gx, Ay, and Fz stand for spin component along x-, y-, 

and z- axis in terms of Bertaut’s notation [79], respectively. Few reports [116-117] 

have been shown that substitution with a rare earth element at Ho site and a 

transition metal element at Fe site led to a structural distortion and change in the 

magnetic properties of HoFeO3 compounds. 

The effect of Pr3+ doping at the Ho3+ site and Mn3+ at the Fe3+ site on the 

magnetic properties of HoFeO3 compound has been studied in 2014 by Shujuan 

Yuan et. al. [116]. An increase in SR transition temperature (TSR) from 50 K at      

x = 0 to 76 K at x = 0.3 has been observed in the case of Ho1-xPrxFeO3 compound. 

This change in TSR has been attributed to the distortion of the crystal structure. 

On the other hand, a decrease in TN has been observed in HoFe1-xMnxO3 compound, 

and the origin is ascribed to the weakening of Fe3+-Fe3+ antiferromagnetic 

interaction by the replacement of Fe3+ ions with Mn3+ ions.  

Influence of Ni substitution at Fe-site on morphological, optical and magnetic 

properties of HoFeO3 compound has been studied in 2016 by Zubida Habib et. al. 

[117].  A decrease in band gap has been observed with an increase of Ni content, 

which explained on the basis of structural distortion. An increase in saturation 

magnetization and a decrease in coercive field has been evident with an increase of 

Ni content, and the same has been attributed to reduction of uncompensated spins. 

According to Goodenough-Kanamori theory, Cr3+ is best choice for Fe3+ to show 

superior magnetic properties due to super exchange interaction [39, 41]. Hence, in 
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this thesis we explored the structural, magnetic properties and their correlation 

with lattice dynamics in HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds.  

1.9.1 Band gap tuning and orbital mediated electron-phonon coupling 

It has been believed that in the cubic perovskites, due to the distortion of the 

lattice, symmetry of structure lowers and this leads to the appearance of the 

Raman-active phonons [118]. The influence of the electronic configuration and 

orbital ordering on the Raman spectra of these distorted perovskites has been 

addressed by Allen et. al. [119]. Local oxygen breathing mode through an orbital 

mediated electron-phonon coupling has been observed in the Raman spectrum of 

the distorted perovskite compound based on the mixed Fe and Cr ions at B – site. 

Such intriguing phenomenon has been explained on the basis of the Franck-Condon 

picture following a photon induced transfer of an electron from Fe to adjacent Cr 

ion [120]. Similar behaviour has been observed on the other compound 

La1−ySryMn1−xMxO3 (M = Cr, Co, Cu, Zn, Sc or Ga) [121]. Electron – lattice 

dynamics are very important in the rare earth-transition metal oxides to understand 

the phenomenon of colossal magnetoresistance [16]. On the other hand, exploring 

the correlation between the structural, magnetic and orbital ordering is very much 

essential to understand the charge transfer mechanism which is base for the electron 

– phonon coupling. To our knowledge, until now the electron - phonon coupling has 

been observed only in the Jahn – Teller active compounds. However, it would be 

very interesting if we can observe electron - phonon coupling in the Jahn – Teller 

inactive compound. For this purpose we choose the HoFeO3 which is a Jahn – 

Teller inactive, which may become Jahn – Teller active by substituting Cr. We 

anticipate that electron transfer mechanism can takes place from Fe site to the Cr 

site when an incident photon energy equals to the ground state energy gap between 

Fe3+ and Cr3+. Hence, one of our aims is to understand the electron-phonon 

coupling which may leads to charge transfer between Fe3+ and Cr3+ through Raman 

spectroscopy. 

RFeO3 and RCrO3 compounds have been believed to possess p – type 

semiconducting behaviour [122], which may be very much useful in developing the 
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optoelectronic devices. However, to the best of our knowledge, detailed information 

on band gap values is not available in the literature neither on HoFeO3 nor on 

HoCrO3. In addition, it would also be of great interest to monitor the change in the 

band gap value by applying the chemical pressure either at Fe site or Cr site. To 

achieve our goal, in the present work, Cr is chosen to apply the chemical pressure at 

Fe-site of HoFeO3 compound. 

1.9.2 Magnetic and magnetocaloric properties 

RFeO3 compounds have the complex spin structure between the rare earth (R) and 

the transition metal (TM) ions [34], which makes them of great interest to study 

their magnetic properties.  Indeed the canted antiferromagnetism, Dzyaloshinsky – 

Moriya exchange interaction [123, 47], very small anisotropy of Fe spins in a – c 

plane and large anisotropy along b – axis [124] may play vital role in determining 

RFeO3 magnetic properties. The Fe3+ magnetic moments in RFeO3 compounds 

order antiferromagnetically (AFM) and consists canted nature with respect to the 

AFM axis at a temperature TN ranging from 620 - 750 K. This canting nature 

produces weak ferromagnetic (FM) moment in the direction perpendicular to the 

AFM axis. The spontaneous magnetic moment of RFeO3 compounds at room 

temperature is around 100 Oe, which is very small [125]. Controlling the magnetic 

ordering temperatures and enhancement of magnetic properties in these compounds 

would be helpful in magnetic storage device applications. One of the characteristic 

magnetic transition of RFeO3 is spin reorientation (SR) during which the direction 

of easy axis of magnetization of Fe3+ sub lattice changes from one crystal axis to 

another upon varying the temperature [126]. At low temperatures, the ordering of 

rare earth (R3+) moments leads to dominate the R3+-Fe3+ interaction over Fe3+-

Fe3+ interaction. This causes a SR transition to occur below TN in RFeO3 

compounds. Controlling the orientation of these spins can therefore lead to drastic 

changes in magnetic properties and offer unique functionality and potential 

applications in future spintronic devices.  

On top of that oxidation state of Fe influences the magnetic properties of these 

orthoferrites. Mössbauer spectroscopy [127] is an important microscopic technique 
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to determine local interactions via hyperfine interaction, i.e. the interactions 

between the nuclear charge distribution and extra nuclear electric and magnetic 

fields. These hyperfine interactions [127] give rise to isomer shift (IS), the 

quadrupole splitting (QS) and the magnetic Zeeman splitting. Hence, in the present 

work, we put our efforts in exploring the magnetic and local interactions in    

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds through magnetization measurements and 

Mössbauer spectroscopy.  

RFeO3 and RCrO3 compounds have been explored for their MCE properties and 

suitability of them for magnetic refrigeration applications [114, 128-129]. For 

example, a large MCE value of -ΔSM ~ 8.4 J/kg-K and RC ~ 217 J/kg at 15 K and 

4 T has been observed in DyCrO3 due to ordering of Dy3+ at 2.3 K [129]. Yin et.al, 

have reported large MCE value of -ΔSM ~ 10.5 J/kg-K at 4 T around Dy3+ ordering 

(14 K) in DyFe0.5Cr0.5O3 compound [114]. Although several reports have shown 

MCE on various magnetic materials, as this field is highly demanding numerous 

new materials need to be explored for MCE applications. Particularly, much 

attention is required to search for new materials with giant MCE below 30 K for 

the utilization in space applications. Hence, it is important to explore 

magnetocaloric properties and nature of magnetic transition in HoFe1-xCrxO3         

(0 ≤ x ≤ 1) compounds. 

1.9.3 Spin – phonon coupling 

The discovery of the multiferroic materials, has allowed tuning the ferroelectric 

state (FE) with magnetic field and (anti) ferromagnetic state with electric field as 

there exists a strong coupling between various states [130-131]. These materials 

have been found applications in various technological devices such as magneto-

electronic [130] and memory devices [131]. Since there has been much demand for 

these exotic materials, there is a quest for developing new materials which can 

exhibit aforesaid properties near room temperature. 

Multiferroic properties have been reported on BiFeO3 [132] and BiCrO3 [133] 

compounds, and the origin of which in the former have been attributed to the 



40 

presence of stereo-chemically active lone electron pair of Bi3+ ion [132] and are 

under intense debate for the latter. In addition, a structural phase transition from a 

monoclinic structure with a space group of C2/c to an orthorhombic structure with 

a space group of Pnma has been observed in BiCrO3 compound above 420 K 

through temperature dependent Raman spectroscopy studies [133]. 

Apart from the above, RMO3 (R = Ho, Gd, etc.., M = Cr, Fe, Mn) compounds 

have extensively been investigated for the multiferroic properties [134-136]. 

Improper ferroelectricity has been observed in rare earth orthochromites, RCrO3 

around the magnetic ordering temperature of Cr3+ moments and its origin has been 

ascribed to the interaction between R3+ and Cr3+ moments [137]. Atypical 

multiferroic behaviour in HoCrO3 compound has been reported by Ghosh et.al., 

[138] and the origin of ferroelectriciy has been explained on the basis of probable 

displacement of Ho3+ ion and rotation of the oxygen octahedral in the non-

centrosymmetric Pna21 space group. Contrary to this, the temperature dependent 

structural properties on HoCrO3 compound have been investigated by X-ray and 

neutron diffraction and have shown no signature of structural phase transition 

below TN [139]. However, local structural change (which may lead to 

multiferroicity) through spin-phonon coupling has been demonstrated in RCrO3 (R - 

Y, Lu, Gd, Eu and Sm) compounds using temperature dependent Raman 

spectroscopy [136]. 

Recently, it has been reported that the role of spin-phonon coupling in stabilizing 

the ferroelectric ordering in rare earth chromites/ferrites/manganites (RMO3 with 

M = Cr, Fe, Mn) [134-136]. Ferreira et. al., have been reported on the correlation 

between spin-phonon coupling and multiferroicity in GdMnO3 [134]. Signature of 

spin-phonon coupling which may lead to structural rearrangements in GdFeO3 

compound has been demonstrated by Anjali et.al,[135]. Yet in another study, 

crucial role of spin-phonon coupling in inducing FE ordering in GdCrO3 compound 

has been well manifested by Bhadram et. al.[136].  
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On the other hand, in the doped compound DyFe0.5Cr0.5O3, origin of ferroelectricity 

has been correlated to the displacement of Dy3+ ions and stretching of oxygen 

octahedral [114].  Therefore, there has been an intense debate whether, the spin – 

phonon coupling leads to structural change in HoCrO3 compound. Hence, in the 

present investigation we performed temperature dependent Raman spectroscopy in 

order to explore the coupling that exists between spin and phonon modes, which 

may lead to local structural change in HoCr1-xFexO3 (x = 0 and 0.5) compounds.   
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Chapter 2 

 

Experimental Techniques 

   

In this chapter we discuss about various experimental techniques that we used to 

prepare HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds and to characterize them.          

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds were prepared using conventional solid state 

reaction route. Structural characterization of as prepared compounds was carried 

out using powder x-ray diffraction (XRD) and Raman spectroscopy studies. Optical 

properties were studied using UV-Vis-NIR spectroscopy. Change in local atomic and 

electronic structure around the nuclei was studied using 57Fe Mӧssbauer 

spectroscopy. Magnetic measurements were carried out using vibrating sample 

magnetometer (VSM) and magnetic property measurement system (MPMS). 

Specific heat studies were carried out using a physical property measurement 

system (PPMS). In the subsequent sections, we discuss about principles of various 

experimental methods that we used in detailed way.   

2.1 Solid state reaction method 

Solid state diffusion is one of the most widely used methods to prepare complex 

oxides using microcrystalline precursor powders [140]. This process involves neither 

a solvent medium nor controlled vapour-phase interactions. The rate of diffusion 

would happen at high temperatures (1000 – 1500o C) and completely depends on 

the inter-diffusion. In addition, the rate of diffusion would also depends on the 

ambient atmosphere, structural properties of the starting materials, their surface 

area, reactivity, and the change in the thermodynamic free energy associated with 

the reaction. Solid state reaction method mainly involves the grinding starting 

powders and sintering at higher temperatures to achieve a phase pure ceramic 

powders compounds with high density. 
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Figure 2.1: Schematic representation of different stages of sintering process [141]. Fig. 2.1 (a) 

denotes the particles of the compound before the process of heat treatment. The process of 

densification and Coarsening is shown in Fig. 2. 1 (b) and Fig. 2.2 (c) respectively. Fig. 2.1 

(d) represents the particles of the compound after sintering. 
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In general, polycrystalline compounds can be prepared either by solid state or sol-

gel routes. As it would be difficult to achieve inter diffusion at room temperature, 

heating of the powder mixture (which consists constituent elements) is mandatory 

to overcome the kinetic barriers and to get single phase compounds. It is very much 

important to have good reaction interface between the particles, which can be 

achieved by making powders in pellet form before heat treatment. This heat 

treatment process can be called as sintering. 

The driving force for sintering is the reduction in surface free energy (interfacial free 

energy) of the consolidated mass of particles. The total surface free energy of the 

compact powder is expressed as γA where γ represents the specific surface energy 

and A denotes the total surface area of the compact powder. The change in the 

total surface free energy can be written as [141] 

                               Δ(γA) = AΔγ + γΔA                        …… (2.1) 

where Δγ represents the reduction of surface energy due to the densification (by 

transport matter from inside the grains into the pores) and the reduction of the 

area (ΔA) is due to the expansion of grain size (Coarsening). Essentially, in the 

solid state route, the replacement of solid-vapour interface by solid-solid interface 

gives the reduction of the interfacial energy. The schematic diagram of the sintering 

process is shown in Fig. 2.1. Figure 2.1 (a) represents the particles of the compound 

before sintering. The process of densification is shown in Fig. 2.1 (b) while 

Coarsening is shown in Fig. 2.1 (c). The particles of the compound after sintering is 

shown in Fig. 2.1 (d). 

In the present study, polycrystalline compounds of HoFe1-xCrxO3 (0 ≤ x ≤ 1) were 

prepared by the conventional solid state reaction method. High purity oxide 

powders of Ho2O3, Fe2O3, and Cr2O3 (purity > 99.9%) (Sigma-Aldrich chemicals 

India) were used as starting raw materials and were mixed together in 

stoichiometric ratios. The mixture thus obtained was thoroughly and repeatedly 

ground in the isopropanol alcohol using an agate mortar and pestle to ensure the 
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homogeneity. Pellets were prepared using the resultant powder and sintered 

sequentially at 1000o C for 12 h, 1200o C for 12 h and 1250o C for 24 h respectively. 

2.2 X-ray diffraction (XRD) 

To reveal the crystallographic structure and phase purity of the prepared 

compounds, a non-destructive analytical technique, x-ray diffraction (XRD) was 

used [142-143]. XRD is one of the X-ray scattering technique based on constructive 

interference due to the diffraction of X-rays by crystal lattice.  The powder x-ray 

diffraction works based on the principle of Bragg’s Law, which is shown in Fig. 2.1.  

According Bragg’s law, the interaction of the incident rays with the compound 

produces constructive interference pattern only if the path difference between the 

two rays is an integral multiple of the wavelength.  This law relates the wavelength 

of electromagnetic radiation (λ) to the diffraction angle (θ), and the lattice spacing 

(dhkl) in a crystalline sample as follows: 

                           n λ = 2dhkl sinθ     (Bragg’s law)          …… (2.2) 

where n ≥ 0 is an integer. The condition for Bragg’s law to satisfy is λ ≤ 2dhkl since 

sinθ ≤ 1 at all the time.  

In the present thesis, the diffraction pattern with peaks corresponding to the 

different planar distances were obtained using θ - 2θ scanning mode. In this 

particular scanning mode, x - ray source was fixed whereas the sample was rotated 

about an axis that was normal to the plane containing the x-ray beam and the 

detector.  The rotation of the detector was twice compared to that of the sample 

rotation, and the strongest signal was obtained for zeroth order (n = 1) diffraction. 

In general, from a diffraction pattern, one can get information about peak position 

and intensity. From the position of diffraction peak, one can determine the crystal 

structure and symmetry of the contributing phase. On the other hand, the intensity 

determines the total scattering from each of the plane. 
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Figure 2.2: Schematic diagram of x-ray diffraction pattern (XRD). P1 and P2 corresponds to 

different planes. 
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In case of the powder diffraction, the intensity of scattered x - rays can be 

expressed as 

                       

2 2

2

1 cos 2

4sin coshkl hkl
I K F



 


                 …… (2.3) 

where I(hkl) denotes the intensity of reflection from (h k l) plane, and F(hkl) 

represents the structure factor for the reflection (h k l), which can be written as 

              exp 2i i i ihkl
i

F f j hx ky lz                  …… (2.4) 

where xi, yi, zi are the coordinates of ith atom, fi is the atomic scattering factor. 

2.2.1 Rietveld refinement 

Rietveld refinement has been a most accurate method to determine the structural 

parameters of the compound accurately [144].  From this, the structural information 

can be obtained by fitting experimental data with theoretical model using least 

square method. Essentially, in this least square method, number of parameters such 

as position of the atoms, thermal parameters, occupancy of the atoms, instrumental 

parameters and peak shape parameters would be adjusted to get a best fit between 

the theoretical and experimental diffraction pattern.  

In the present thesis, we have refined the powder XRD patterns of HoFe1-xCrxO3   

(0 ≤ x ≤ 1) compounds using General Structural Analysis System (GSAS) software. 

Initially, we have refined the background and peak shape using a polynomial 

function and pseudo-Voigt function respectively. During the refinement, the lattice 

parameters, half width parameters, scaling factors and the coefficients of 

background polynomial were mainly varied. In addition to the above mentioned 

global parameters, fractional atomic co-ordinates, isotropic displacement 

(temperature) parameter and occupancy (chemical occupancy normalized to the 

multiplicity of the general position of the group) values were also refined. The 

values of chemical occupancy for holmium (Ho) and oxygen (O) was taken as ‘1’ 

during the refinement.  
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The quality of the refinement is evaluated based on the values of reliability factors 

such as Rp, Rwp, and χ2, which have been defined as below [145].  

Profile factor,                    
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Here yi and yc,i  represents the observed point (experimental) and the calculated 

point respectively whereas ‘n’ denotes the number of data points. 
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i  is the variance for the observation, yi. 
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Here, (n – p) represents the number of degrees of freedom. The total number of 

experimental points and the number of refined parameters are denoted by n and p 

respectively.  

Reduced chi-square,                      
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                    …… (2.8) 

2.3 Raman spectroscopy 

Raman spectroscopy is a scattering phenomenon, which works based on inelastic 

scattering of the monochromatic light incident on a compound, usually from a laser 

source [146]. This phenomenon was discovered in 1928 by Sir Chandrasekhara 

Venkata Raman, using sunlight as a source, telescope as a collector and his eyes as 

a detector. Raman measurement is an important technique used for chemical 
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identification and characterization of molecular structures. When the light incident 

on a compound, it may be reflected, absorbed, or scattered. By analysing the 

scattered light from the compound, one can get the information about the chemical 

and structural information. 

During the measurement, the electric field of monochromatic light incident on the 

compound excites the molecule to higher energy states (virtual excited states). On 

the other hand, while coming back to its initial vibration state (ground state), a 

photon would be released with three different frequencies as follows: 

1. Rayleigh scattering: The frequency of the emitted photon would be same as 

the incident radiation. 

2. Stokes Raman scattering: The frequency of the emitted photon is lesser than 

that of incident radiation. 

3. Anti-Stokes Raman scattering: The frequency of the emitted photon is 

higher than that of incident radiation. 

The situation is schematically shown in Fig. 2.3. Essentially, in a molecular system, 

these frequencies would lie in the ranges associated with rotational, vibrational, and 

electronic level transitions. The scattered radiation usually consists polarization 

characteristics different from those of the incident radiation. The scattering occurs 

over all directions and both the intensity and polarization of the scattered radiation 

depend on the direction of observation. Through Raman spectroscopy one can 

obtain structural information such as bond vibrations or various modes that would 

arise due to structural distortion in the compound.   

In the present thesis, Raman spectra was recorded at room temperature using a 

Laser Micro Raman spectrometer (Bruker, Senterra) with an excitation source of 

532 nm and with a power of 10 mW. Temperature dependent Raman spectra were 

recorded with a LabRam-HR800 micro Raman spectrometer equipped with a Peltier 

cooled charge-coupled device detector, and an Ar+ ion laser excitation source with a 

wavelength of 488 nm. The overall spectral resolution is 1 cm-1. 
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Figure 2.3: Schematic of the energy level diagram of the Raman scattering. 
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2.4 UV-Vis-NIR spectrophotometer 

UV-Vis-NIR spectrophotometer is a spectroscopic instrument to measure the 

intensity of absorbance of light in the ultra-violet (200 - 400 nm), visible (400 - 800 

nm) and near infrared regions (800 - 3300 nm) by the compound. Apart from the 

absorbance, it can also measure reflectance and transmittance of the light as a 

function of wavelength. Essentially, when the light (UV-Vis-NIR region) falls on the 

compound, light would be absorbed by molecule and there would indeed be 

electronic transitions to higher energy states.  This technique can be used to 

absorbance spectra of various compounds/solutions of transition metal ions and 

highly conjugated organic compounds. This instrument works on Beers-Lamberts 

law, given by 

                              0log
I

A C l
I

                        …… (2.9) 

where A is the absorbance, I0 is the intensity of the incident light falling on the 

sample, I is the intensity of the light leaving from the sample cell, ε is the molar 

absorptivity, C is the concentration of solution and l is the length of the sample 

cell.  

One of the important applications of the spectrophotometer is the measurement of 

the optical band gap of various compounds. Band gap is defined as the energy 

difference between the bottom of the conduction and the top of the valence band. 

The energy that is required to excite an electron from the valence band to the 

conduction band is called the band gap energy. Band gap measurement is useful to 

identify whether a particular material is an insulator or semiconductor.  

The band gap of a material can be determined using the Tauc’s equation [147], 

which relates the optical absorption coefficient (α), photon energy (hν), and the 

energy gap Eg as given below 

                             
1 2

ghv hv E                   …… (2.10) 
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The value of Eg can be obtained using the above equation and by extrapolating the 

linear region of hν vs. (αhν)2 graph to x – axis.  

In the present thesis, optical absorbance of the samples was measured at room 

temperature using Perkin Elmer Lambda 1050 UV-Vis-NIR spectrophotometer in 

the wavelength range of 200 - 800 nm. 

2.5 Mӧssbauer spectroscopy 

Mӧssbauer spectroscopy has been a resourceful spectroscopic technique based on 

nuclear resonant gamma (γ) ray scattering known as Mӧssbauer effect [148]. This 

technique provides information about electronic, magnetic and structural properties 

within the compound. Using this technique, one can probe the hyperfine transitions 

between the excited and ground states of the nucleus using the combination of 

Mӧssbauer Effect and Doppler shift. Mӧssbauer spectroscopy process involves the 

emission of a γ - ray by one nucleus, followed by the absorption of this γ - ray by a 

second nucleus, which becomes excited. “Mӧssbauer Effect” was first observed in 

1957 by Rudolph Mӧssbauer, and received the Nobel Prize in Physics in 1961 for his 

work. The principle of this technique is illustrated in Fig. 2.4.  

Firstly, a source containing 57Co provides an excited 57Fe by means of a decay of 

57Co into an excited 57Fe with I = 5/2 state. Subsequently, there would be a rapid 

decay to I = 3/2 state and then to I = 1/2 ground state. This decay process 

releases a photon with an energy of 14.4 keV (γ - ray). This γ - ray will excite a 

transition in the sample under study, only if the energy gap is equal to 14.4 keV 

(frequency of ν = 3.5 × 1018 Hz). This process is known as resonant absorption. 

Essentially, in the case of γ – ray, emission from one nucleus and a resonant 

absorption of the same by second nucleus does not usually take place due to 

relatively large momentum associated with recoil energy of the nucleus. During the 

measurement, the source containing 57Co moves at a constant speed υ relative to 

the sample which contain 57Fe nuclei. By moving the 57Co source, one can slightly 

vary the frequency of γ - ray to achieve a resonant absorption as a result of the 

Doppler effect. This recoil-free emission and resonant absorption of γ - ray are  
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Figure 2.4: Schematic illustration of the principles of Mӧssbauer technique. 57Co decays slowly 

into an excited state of the 57Fe nucleus. As it is evident, 91% of the decay is rapid to I = 3/2 

state which then decays to I = 1/2 ground state. This decay releases a 14.4 keV photon. The 

experiment was performed by moving the 57Co source at a speed υ relative to the sample 

which contain some 57Fe nuclei. The detector measures the transmission of       γ-rays through 

the sample which can be used to deduce the absorption. 
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Figure 2.5: The effect of chemical shift, quadrupole splitting and magnetic splitting on the 

nuclear energy levels of 57Fe. 
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principles of the Mӧssbauer effect. The detector measures the transmission of γ - ray 

through the compound which can be used to deduce the absorption. 

The resonant absorption of γ - ray by the second nucleus may not occur when the 

source is stationary, however, it may occur when the source is moving at a 

particular velocity. This change in the velocity can be quantified using isomer shift 

arises due to slight change in the coulomb interaction between the nuclear and 

electric charge distributions which are associated with change in size of 57Fe nucleus 

in I = 3/2 state and I = 1/2 state. Furthermore, it is not necessary to observe only 

one resonant line as a function of source velocity, but perhaps a number of lines. 

This can be due to quadrupole splitting or magnetic splitting. The first effect is due 

to the electric quadrupole moment of the excited 57Fe nucleus (the ground state 

with I = 1/2 of 57Fe has no electric quadrupole moment), when the nucleus is 

subjected to an electric field gradient, which leads to splitting of I = 3/2 state into 

a doublet. On the other hand, the second effect is due to the local magnetic fields. 

All these shifts and splittings are illustrated schematically in Fig. 2.5. 

The recorded Mӧssbauer spectra were analyzed with NORMOS-DIST/SITE 

program for the estimation of hyperfine parameters. 

2.6 Magnetization measurement techniques 

2.6.1 Vibrating sample magnetometer (VSM) 

Vibrating sample magnetometer (VSM) is a versatile and very sensitive technique, 

which has been using widely to measure the magnetic properties of variety of 

magnetic materials. VSM is referred to as Foner magnetometer which has originally 

developed by S. Foner [149]. This instrument works based on Faraday’s law of 

electromagnetic induction.  When a magnetic material is placed in a DC magnetic 

field and is simultaneously subjected to sinusoidal motion in a direction 

perpendicular to the field, the oscillatory flux due to the induced magnetic moments 

in the sample induce an e.m.f in a coil kept in the vicinity of the compound. This 

e.m.f is a measure of the magnetic moment of the compound. Using this instrument 

one can detect the magnetization of the sample (powder, thin film or single crystal)  
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Figure 2.6: Schematic diagram of vibrating sample magnetometer (VSM). 
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which vibrates in a uniform magnetic field. This instrument allows to measure 

magnetization in a precise way as a function of temperature, magnetic field strength 

and crystallographic orientation. VSM can be used for both weak and strong 

magnetic substances with a sensitivity of about 10-5 emu. 

The schematic diagram of the VSM is shown in Fig. 2.6.  The main part is a 

vibrating head, which consists of a transducer assembly.  The sample was attached 

to the bottom of a sample holder, which consists of three parts.  The top part is a 

brass tube, whose top end can be attached to the transducer assembly. A 

detachable quartz rod, which can be attached to the bottom of the brass tube, is 

the second part.  The third part is the sample container, which is attached to the 

bottom end of the quartz rod.  The sample was made to vibrate in the vertical 

direction whereas the dc magnetic field was applied in the horizontal direction. 

When sample was placed in an uniform magnetic field, a magnetic moment was 

induced. The induced magnetic moment was measured in the following way. The 

vibrating head makes the sample to vibrate at a fixed frequency. This vibration 

generates an alternating electromotive force (e.m.f) in the pickup coils, whose 

magnitude is not only proportional to the magnetic moment of the sample but also 

to the amplitude and the frequency of vibrations. This electrical signal (e.m.f) is 

detected and using a differential amplifier. In order to separate the contribution to 

the pick-up voltage from the magnetic moment, the pick-up voltage is fed to one of 

the inputs of a differential amplifier. The other input to the differential amplifier is 

the voltage output from a parallel-plate capacitor, one set of the plates of which is 

attached to the vibrating part of the transducer assembly, the other set being 

immovable.  The output signal of the differential amplifier – thus proportional to 

magnetic moment of the sample and was comparable with a reference signal taken 

from the same oscillator, which essentially used to energize the transducer drive 

using a synchronous detector.  A dc signal proportional to the magnetic moment of 

the sample was produced at the output of the detector.  This signal was then 

amplified and two outputs are taken.  One output was used to provide the feed-

back to the moving plate of the capacitor so that the capacitor output level is 



58 

always maintained equal to the pick-up coil signal amplitude. The second output 

was applied to the output display circuits so as to read the magnetic moment 

directly in electromagnetic units.  A cylindrical piece of Ni of known mass was used 

as the standard sample for calibrating the VSM. 

2.6.2 Magnetic property measurement system (MPMS) 

Magnetic property measurement system (MPMS) (Quantum Design) is an advanced 

Superconducting Quantum Interference Device (SQUID) magnetometer used for the 

effective and sensitive measurement of the magnetic moments of small samples over 

a wide range of temperatures and magnetic fields. The SQUID magnetometer works 

based on the tunnelling of superconducting electrons across a Josephson junction 

(junction of two superconductors separated by an insulating gap) [150]. The central 

element of SQUID is a superconducting ring with one or more Josephson Junctions. 

The schematic illustration of the SQUID is shown in Fig. 2.7. The superconducting 

measuring current that flows through the ring can be divided in two and equal 

currents pass through each of Josephson junction. According of Faraday’s law, a 

changing magnetic flux through the ring generates a voltage and a current in the 

ring. The interference concept is used in the SQUID, which is basically the 

modulation of the supercurrent by an applied magnetic field passing through the 

loop. This occurs because the magnetic field changes the phases of the wave 

functions across the junctions, and hence the current through them. The flux 

through the loop is modulated by a 100 kHz flux from the feedback coil with a 

magnitude less than φ0. The lock-in amplifier amplifies the difference between the 

SQUID loop’s signal and the 100 kHz signal and this is fed back to the feedback 

coil. The feedback loop adjusts until the feedback flux cancels the input flux. This 

can be seen by considering how the system would respond if the feedback flux does 

not cancel the input flux. In this case, the voltage across the SQUID loop will be 

modulated and the feedback will be increased until it does cancel. Fractions of a 

flux quantum can be measured by the feedback flux. 

Schematic diagram of SQUID magnetometer in MPMS is shown in Fig. 2.8 [151]. In 

the SQUID, the detection coil (pick-up coil) consists a set of three coils. Among the  
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Figure 2.7: Schematic diagram of DC SQUID (superconducting quantum interference device) 

[150]. 
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Figure 2.8: Schematic diagram of DC SQUID system in the magnetic property measurement 

system (MPMS) [151]. 
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three coils, the upper and the bottom coils are a single turn wound clockwise 

whereas the central coil is a two-turn wound counter clockwise. This detection coil 

is connected to the input coil through the superconducting wires as shown in     Fig. 

2.8. When the sample moves through the pick-up coil, an induced current will be 

produced in the coil which is proportional to the magnetization of the sample in the 

SQUID. The SQUID produces the output voltage which is then amplified and read 

out by the magnetometer’s electronics. Monitoring the output voltage of the SQUID 

as a function of the sample temperature enables to track changes in the sample 

magnetization with the temperature. 

In this thesis, VSM equipped with a Quantum Design Magnetic Property 

Measurement System (MPMS) and Lakeshore VSM 7400 was used for the 

magnetization measurements of HoFe1-xCrxO3 compounds at low temperatures and 

high temperatures respectively.  

2.6.3 Physical property measurement system (PPMS) 

The Quantum Design physical property measurement system (PPMS) 

magnetometer is an advanced instrument uniquely designed for the characterization 

of materials with an ability to perform a variety of properties including AC/DC 

magnetization, resistivity, heat capacity and thermal transport. This systems is 

capable to operate at the temperatures range of 1.9 K to 400 K over a wide range of 

magnetic fields.  

The heat capacity holder used in PPMS consists a copper puck frame, a sample 

platform and a copper cap to cover the sample platform with the sample on it, 

which is shown in Fig. 2.9 [152]. The eight platinum wires connect the sample 

platform to the frame. There is a platform heater and a platform thermometer, 

attached to the bottom side of the sample platform. The small sample is weighed 

and located on the platform by using a thin layer of Apiezon grease, providing the 

required thermal contact to the platform.  

The Quantum Design Heat Capacity option in PPMS measures the heat capacity of 

the solid at constant pressure, using the relaxation time technique. The relaxation  
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Figure 2.9: Thermal connections to sample and sample platform in PPMS Heat Capacity 

Option [152]. 

 

 

 

 

 

 

 



63 

technique used here involves a cyclic process of supply and removal of controlled 

amount of heat, while monitoring the temperature change of the sample. The heat 

is supplied at a constant power for a fixed time and cooling of the sample would be 

done for the same duration. After the measurement of each cycle, heat capacity 

option fits the response of the sample platform over entire temperature range to a 

model that accounts for both the thermal relaxation between the platform and the 

sample itself. The effect of the relaxation between the platform and sample must be 

considered when there is a poor thermal contact between them. Heat capacity 

measurements were performed in the high vacuum so that the thermal conductance 

between the sample platform and thermal bath is dominated by the conductance of 

the metallic wires. 

In order to perform the heat capacity measurement of each sample, first the heat 

capacity of the addenda, i.e., the sample holder with the small amount of the 

thermal grease on it, was measured and second the sample was mounted and the 

heat capacity of the sample plus the addenda (total heat capacity) was carried out. 

The heat capacity of the sample was determined by subtracting the heat capacity of 

the addenda from the total heat capacity. 

In this thesis, Quantum Design Physical Property Measurement System (PPMS) 

was used to measure temperature dependent heat capacity of HoFe0.25Cr0.75O3 

compound under various magnetic fields. 
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Chapter 3 

 

Structural and optical properties of 

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds 

  

This chapter deals with the structural and optical properties of HoFe1-xCrxO3                

(0 ≤ x ≤ 1) compounds. The characterization of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds 

and the analysis of the results obtained are presented.  

3.1 Experimental details 

Polycrystalline HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds were prepared by conventional 

solid state reaction method. High purity oxide powders of Ho2O3, Fe2O3, and Cr2O3 

(purity > 99.9%) (Sigma-Aldrich Chemicals India) were used as starting raw 

materials and were mixed together in stoichiometric ratio. The mixture thus 

obtained was thoroughly and repeatedly ground in the isopropanol alcohol using the 

agate mortar and pestle to ensure homogeneity. Pellets were prepared using the 

resultant powder and sintered sequentially at 1000o C for 12 h, 1200o C for 12 h and 

1250o C for 24 h respectively. The phase purity or structural analysis was carried 

out at room temperature using the powder x - ray diffraction (XRD) (PANalytical      

x -ray diffractometer) with Cu Kα radiation (λ = 1.5406 Å) and with a step size of 

0.0170 in the wide range of the Bragg angles 2θ (200 - 800). Raman spectra was 

measured at room temperature using a Laser Micro Raman spectrometer (Bruker, 

Senterra) with an excitation source of 535 nm with a power of 10 mW. Optical 

absorbance of the compounds were measured at room temperature using the Perkin 

Elmer Lambda 1050 UV-Vis-NIR spectrophotometer in the wavelength range of 200 

– 800 nm. 
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Figure 3.1: Powder x-ray diffraction patterns of HoFe1-xCrxO3 (0 ≤ x ≤ 1). It is evident that all 

the compounds are formed in single phase. 
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Table 3.1: Lattice parameter, cell volume, selected bond lengths, bond angles from Rietveld refinement pertinent to HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 

Compounds                       HoFeO3                    HoFe0.75Cr0.25O3                   HoFe0.5Cr0.5O3                    HoFe0.25Cr0.75O3                     HoCrO3 

Space group                         Pbnm                         Pbnm                                  Pbnm                                  Pbnm                          Pbnm 

Lattice Parameters 

a (Å)                                  5.283(6)                       5.274(6)                              5.266(6)                                5.256(7)                       5.250(8)  

b (Å)                                  5.591(6)                       5.574(6)                              5.555(6)                                5.537(7)                       5.516(8) 

c (Å)                                  7.609(8)                       7.592(8)                              7.575(8)                                7.557(10)                     7.543(11) 

Cell Volume (Å 3)                  224.7909                      223. 2507                               221.6610                               219.9814                   218.4764 

Selected bong angles (o) 

Fe(Cr) – O1 – Fe(Cr)            144.2(5)                       144.0(5)                                 145.3(4)                               145.8(4)                     146.2(4) 

Fe(Cr) – O2 – Fe(Cr)            144.7(4)                       145.5(4)                                 144.45(33)                            145.47(31)                  146.13(34) 

Selected bond lengths (Ao) 

Fe(Cr) – O1                       1.9990(30)                    1.9959(28)                              1.9840(23)                            1.9767(21)                   1.9708(23) 

Fe(Cr) – O2                        2.037(9)                      2.033(8)                                  2.035(8)                               2.015(6)                      2.005(7)  
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3.2 Structural properties 

Phase purity of the HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds is confirmed with the room 

temperature powder XRD. Intense reflections that are present in XRD (Fig. 3.1) are 

allowed reflections for a GdFeO3 type distorted pervoskite structure described by 

orthorhombic with a space group of Pbnm. For x = 0 compound, in addition to the 

parent phase of HoFeO3, indeed there exists a small peak corresponding to iron 

garnet (Ho3Fe5O12) phase at around 32° and 35°  [153]. As shown in Fig. 3.1, we do 

not see any impurity phase when Cr3+ substituted (x = 0.25, 0.5, 0.75 and 1) to 

Fe3+ within the detectable limits of the XRD.  

It has been identified that the rare earth iron garnet (R3Fe5O12) phase is stable 

compared to orthoferrites (RFeO3) at high temperature [154]. The percentage of 

observed garnet phase (Ho3Fe5O12) is around 5 - 6 %. In order to get more insights 

about the structural aspects, we also have performed the Rietveld refinement using 

the General Structural Analysis System (GSAS) [155]. Information extracted from 

the refinement is depicted in the Table 3.1.  

From the Rietveld refinement data, small χ2 values of all the compounds infer that 

there exists good agreement between the observed and the calculated diffraction 

patterns. It is evident from Fig. 3.2 (a) that extracted lattice parameter decreases 

and is consistent with the fact that ionic radius of Fe3+ (0.645 Å) is larger than that 

of Cr3+ (0.615 Å) [156]. It is worth noting that the change in the position and the 

shape of the diffraction peaks with Cr3+ concentration is minimal, hinting that there 

exists no structural transformation as a result of the Cr3+ dopants. The mismatch 

in ionic radii of Cr3+ and Fe3+ may lead to lattice distortion and such distortion can 

be quantified using the Goldschmidt’s tolerance factor (GTF). In general, the GTF 

can be defined as 

                          
2( )

A O

B O

r r
t

r r





                      …… (3.1) 
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Figure 3.2: (a) Variation of lattice parameter with Cr composition. (b) Variation of tolerance 

factor (circle symbol) and FeO6 average tilt angle (square symbol) with Cr composition. 
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Figure 3.3: Energy Dispersive X-ray Spectroscopy of HoFe1-xCrxO3 compounds with                            

(a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75 and (e) x = 1 compositions. 
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Table 3.2: Atomic percentage (%) of HoFe1-xCrxO3 compounds obtained from EDAX results. 

HoFe1-xCrxO3 x = 0 x = 0.25 x = 0.5 x = 0.75 x = 1 

Ho 23.82 27.86 27.12 26.71 25.82 

Fe 29.45 22.46 14.48 7.12 0 

Cr 0 8.84 12.27 21.17 27.37 
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where rA, rB, and rO are the radii of Ho3+, Fe3+/Cr3+, and O2- respectively, where 

 1B Fe Crr x r xr   . GTF for all the compounds in the present investigation are 

found to be in the range of 0.848 – 0.868, which is in the range for a compound to 

be in an orthorhombic structure. 

The variation of the GTF with respect to the Cr3+ composition is depicted in     

Fig. 3.2 (b). Upon closer observation, the GTF is found to increase as a function of 

the chromium content, hinting that the increase in stability and tendency towards 

the cubic structure upon Cr3+ doping. We have also calculated the average tilt 

angle <φ> of FeO6 octahedral around the pseudo cubic [112] direction using the 

geometric relation that has been proposed by O’Keefe and Hyde [157] and two 

super exchange angles θ1 = Fe(Cr)-O1-Fe(Cr),  θ2 = Fe(Cr)-O2-Fe(Cr). Both the 

above angles Fe(Cr)-O1-Fe(Cr) and Fe(Cr)-O2-Fe(Cr) are extracted from the 

structural refinement. From Fig. 3.2 (b), it is evident that average tilt angle <φ> of 

FeO6 octahedral decreases with the increase of Cr3+ content. In summary, the 

tolerance factor increases while the tilt angle diminishes, hinting that the internal 

stress as a result of chemical pressure (via Cr3+ doping) leads to lattice distortion. 

In order to confirm the composition of the synthesized powders, Energy Dispersive 

X-ray Spectroscopy (EDAX) analysis was carried out and the corresponding 

spectrum is shown in Fig. 3.3 (a-e). The EDAX measurements will be useful to 

confirm the atomic ratio of components. However, it is not expected to get exact 

atomic ratio of the metal oxides due to some oxygen contribution on the surface. 

From Fig. 3.3 (a-e), it is evident that the EDAX spectrum shows the presence of 

Ho, Fe, Cr and O elements in the HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds with no 

other impurities. Gold and palladium peaks are seen as we have coated the 

compounds with gold-palladium alloy in order to prevent charging of the specimen. 

Table 3.2 presents the atomic percentage of cations in HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds. The results of EDAX analysis indicates that the atomic ratio of Fe/Cr 

and Ho is as per the intended stoichiometric composition of the HoFe1-xCrxO3        

(0 ≤ x ≤ 1) compounds.  
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Figure 3.4: Room temperature Raman spectra of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds with an 

excitation of 532 nm. 
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Figure 3.5: (a) Franck-Condon (FC) mechanism for Jahn-Teller active perovskites. νg,0, νg,1, νg,2, …., νg,n and νe,0, νe,1, νe,2, …, νe,n represents the vibrational states of 

Fe3+ and Cr3+ respectively.  For FC mechanism to happen for a vibrational mode, the virtual state rv of Raman process must coincide with any vibrational 

state of electronically excited state. δ indicates lattice distortion due to Jahn - Teller effect as a result of charge transfer mechanism (b) Octahedral sites of Fe4+ 

and Cr2+ respectively. Dotted arrow in the figure indicates charge transfer mechanism and lattice relaxation. 
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Now we discuss the results pertinent to the Raman scattering which essentially 

gives the local structure, shift and distortion of the modes as a result of the 

chemical pressure (here Cr3+ doping). In addition, we also would like to correlate 

our structural information with the Raman data that we obtained. For this purpose 

the room temperature Raman spectroscopy was performed on HoFe1-xCrxO3          

(0 ≤ x ≤ 1) compounds to understand aforesaid properties. It has been observed that 

in an ideal perovskite (ABO3), the B-site transition metal cation locates at the 

centre of the oxygen octahedral and A-site cation locates at the corners of the cube 

[158]. However, due to the displacement of the crystallographic sites from the ideal 

cubic positions, most perovskites show the symmetry breaking which results the 

appearance of the Raman active modes in the Raman spectra. The rare earth 

orthoferrite HoFeO3 is an orthorhombically distorted perovskite with a space group 

of D2h
16 (Pbnm).  

The irreducible representations corresponding to the phonon modes at the Brillouin 

zone center [159] can be defined as follows  

                  7Ag + 7B1g + 5B2g + 5B3g + 8Au + 8B1u + 10B2u + 10B3u  

Here, Ag, B1g, B2g, B3g are the Raman active mode species, B1u, B2u, B3u are the 

infrared mode species and Au is the inactive mode. Among them the modes which 

are above 300 cm-1 are related to the vibrations of oxygen and the modes below the 

wave number 300 cm-1 are associated with the rare earth ions [160]. However, the 

Raman vibrational modes corresponding to an orthorhombic structure are: Ag + B1g 

and 2B2g + 2B3g, which are symmetric and antisymmetric modes respectively; In 

contrast, Ag + 2B1g + B3g,  2Ag + 2B2g + B1g + B3g, and 3Ag + B2g + 3B1g + B2g 

are associated with the bending modes, rotation and tilt mode of octahedral and for 

the changes in the rare earth movements respectively [161]. 

Figure 3.4 shows results pertinent to the Raman Spectra of HoFe1-xCrxO3                   

(0 ≤ x ≤ 1) compounds recorded at room temperature and in the wavenumber range 

of 50 to 800 cm-1. Peaks with the high intensities are evident at 109, 137, 158, 337, 

423 and 494 cm-1 which is normal for a typical orthoferrite [159]. Apart from 
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aforesaid modes, a mode around 670 cm-1 prevailed in the compounds with a Cr3+ 

ion. However, the peak which is evident around 670 cm-1 consists very less intensity 

in parent HoFeO3 and HoCrO3 compounds spectra. Basically, such peak picks 

intensity whenever there exists a combination of both the Fe3+ and Cr3+ at B-site. 

Such intriguing phenomenon may be correlated to the orbital mediated electron – 

phonon coupling like in case of LaFe1-xCrxO3 [120]. The Raman active modes of the 

compounds are designated according to the method proposed by Gupta [162] et. al,. 

The appearance of an Ag like mode with observable intensity at high frequency of 

around 670 cm-1 can be attributed to an in-phase stretching (breathing) mode of 

oxygen in the close vicinity of the substituted Cr3+ ion. Essentially the oxygen 

breathing mode is activated by the charge transfer between Fe3+ and Cr3+ through 

an orbital mediated electron-phonon coupling mechanism [120].  

In HoFe1-xCrxO3 compounds, the ground state electron configuration of Fe3+ does not 

support orbital mediated electron-phonon coupling due to the lack of strongly 

interacting half-filled eg levels in both Fe3+ (d5) and Cr3+ (d3). To facilitate such an 

orbital mediated electron-phonon coupling, the electronic configuration of Fe3+ must 

contain partially filled eg orbital (like Fe4+) such that d4 electron of the Fe4+ ion can 

move to upper eg levels of Cr2+ to create electronic excitation as reported in 

LaMnO3 [163].  

Figure 3.5 explains the mechanism for orbital mediated electron-phonon coupling. 

The left part of Fig. 3.5 (a) shows electronic states of Fe3+ and Cr3+ ions. νg,0, νg,1, 

νg,2, …., νg,n and νe,0, νe,1, νe,2, …, νe,n represents the vibrational states of Fe3+ and Cr3+ 

respectively. Right part of the Fig. 3.5 (a) reveals electronic states of the Fe4+ and 

Cr2+ ions.  Arrows on both Fig. 3.5 (a) and 3.5 (b) represents various transitions 

between Fe3+Cr3+ and Fe4+  Cr2+ respectively.  

It has been reported that a photon mediated charge transfer can takes place 

between Fe3+ and Cr3+ ions upon irradiation with a laser of wavelength 532 nm 

[120, 164].  In this process, the overlap between the d-orbitals of Cr2+ and p-orbitals 

of oxygen couples through a lattice distortion, causing a self-trapping motion.  
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Figure 3.6: (a) Intensity variation of Ag peak and (b) wave number shift of Ag peak for the 

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 
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Evidently, this motion increases the lifetime of excited Cr2+ electronic ground state 

long enough to interact with the intrinsic phonon mode.   

Essentially, during the charge transfer mechanism (CT), when the photon energy 

equals to the CT energy gap between the two transition metal ions Fe3+ and Cr3+, 

electrons in Fe3+ excite to Cr3+ ion and leaves them in a strongly coupled d4-d4 

configuration with half-filled bands. The change in the charge density of eg orbital 

of transition metal surrounded by the oxygen octahedral activates a breathing 

distortion of O6 around the transition metal cation which appears in the Raman 

spectrum at around 670 cm-1. This configuration is Jahn-Teller active, hence, that it 

leads to a volume preserving lattice distortion (δ), involves a stretching of Fe (Cr)-

O bonds along z direction and compression in x-y plane.  

As a result of the Jahn - Teller effect, an electron in eg orbital collapse into the 

lower energy state which produces a potential minimum. This minimum potential 

traps the electron in that orbital (self-trapping) and increases its life time in the 

excited Cr2+ state long enough for it to interact with intrinsic phonon mode/lattice 

distortion. In the perturbed state, indeed there exists a contraction of the oxygen 

octahedral surrounding to Fe4+ ion and leads to an expansion in adjacent 

octahedron surrounding to Cr2+ ion as shown in Fig. 3.5 (b). The oxygen lattice 

relaxes back to its unperturbed state when the electron transfers back to Fe3+ state. 

In this fashion, the charge transfer of an electron from Fe3+ to the Cr3+ ion 

activates an oxygen breathing mode of Ag symmetry through orbital mediated 

electron-lattice coupling. 

The increase in the intensity of the peak at around 670 cm-1 is observed only in 

doped compounds as shown in Fig. 3.6 (a). Essentially, upon adding the Cr3+ to 

Fe3+, indeed there is an enhancement in the intensity of the Raman peak at around 

670 cm-1, which has been ascribed to an increase in the degree of disorder. As the 

Cr3+ content increases, there would indeed be an increase in degree of disorder, 

which may enhance the interaction between lattice distortion and the charges 

transferred between Fe3+ - Cr3+. Eventually as a result of this there would be an 
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enhancement in the electron-phonon coupling which leads to increase in the 

intensity of peak around 670 cm-1. The broadening of the peak around 670 cm-1 

with increase in the amount of Cr3+ ions at Fe3+ site can correlate with the 

structural disorder. This is confirmed by the observed change in the lattice 

parameters by substitution of Cr3+ ions at Fe3+ site. The observed shift in the wave 

number towards higher values (Blue shift) in the doped compounds shown in     

Fig. 3.6 (b), this can be attributed to the compressive strain produced in the 

material by incorporating the Cr3+ ion at iron site. This effect is supported by the 

change in Fe (Cr) – O bond lengths as well as FeO6 octahedral tilt angle with 

respect to the chromium content at Fe3+ site as shown in the Table 3.1. 

3.3 Optical properties 

The optical absorbance of the HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds were recorded at 

room temperature and are shown in Fig. 3.7.  Indeed there exists a direct band gap 

and the value of gap is determined using the Tauc’s equation [147]. Essentially this 

equation relates the optical absorption coefficient (α), photon energy (hv) and the 

energy gap Eg as given below 

                              
1 2

ghv hv E                         …… (3.2) 

Optical band gaps of the HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds are obtained using 

the above equation and by extrapolating the linear region of the curve to zero in   

hν vs. (αhν)2 as shown in Fig. 3.8 (a).  

The origin of the prominent peak in the Tauc’s plot in the case of x = 1 (HoCrO3) 

compound can be explained as follows. The optical absorption bands commonly 

observed in orthochromites arising from d-d transitions of Cr3+ ions. The 

mechanism responsible for these bands has been explained by the crystal field 

splitting [165]. Cr3+ ion has a d3 electronic configuration and a strong octahedral 

site preference. In the ground state, these electrons occupy the t2g orbitals. The two 

eg orbitals are empty, providing two holes into which the electrons can be 

promoted. The three unpaired electrons give rise to the free ion terms 4F, 4P, 2G 

and several other doublet states of which 4F is the ground state. In the octahedral 
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Figure 3.7: Absorption spectra of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 
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Figure 3.8: (a) Tauc’s plots to determine the band gap values of HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds. (b) Variation of the band gap with respect to Cr composition. 
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field, the 4F state splits into 4A2g(F), 4T2g(F) and 4T1g(F) states, the 4P state does 

not split but transforms into a 4T1g(P) state and the 2G state spits into 2A1g(G), 

2T1g(G), 2T2g(G) and 2Eg(G). The ground state for Cr3+ ions is 4A2g(F) at all 

strengths of the crystal field. The prominent peak in the forbidden gap region in the 

case of HoCrO3 compound is corresponding to d-d transition from 4A2g  4T1g state. 

The direct band gap value for HoFeO3 and HoCrO3 is calculated as 2.07 eV and 

3.26 eV respectively. From the Fig. 3.8 (b) and  for the compounds with the 

combination of Fe3+ and Cr3+, it is evident that the band gap decreases with Cr3+ 

content, and reached a minimum value of 1.94 eV at x = 0.5. Further increase in 

Cr3+ content results in increase of the band gap value and a reached a maximum 

value of 3.26 eV at x = 1. In order to explain the observed band gap variation we 

would like to propose a possible mechanism using energy diagram of HoFeO3, 

HoCrO3 and HoFe1-xCrxO3. Figure 3.9 (a) shows the energy diagram of HoFeO3 with 

the band gap value of 2.07 eV (b) the energy diagram of HoCrO3 with the bad gap 

value of 3.26 eV and (c) probable energy diagram for HoFe1-xCrxO3 for which the 

band gap varies between 2.07 and 3. 26 eV. The variation of band gap with Cr3+ 

concentration could be due to a complex interplay between Fe3+ and Cr3+ electronic 

levels mediated by oxygen through superexchange interaction. From the Fig. 3.9 

(c), it is evident that when x < 0.5, the valance band maxima (VBM) and 

conduction band minima (CBM) shifts to higher energy (dark red colour). The shift 

in VBM may be explained on the basis of hybridization of d - orbitals of Fe3+ and 

Cr3+ with p - orbitals of oxygen in the valance band. Essentially, the 

ferrimagnetically [164]  coupled Fe3+ and Cr3+ induce a spin disorder on oxygen 

which can enhance the broadening of oxygen p - orbitals and valance band edges of   
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Figure 3.9: (a) Shows the energy diagram of HoFeO3 (b) Energy diagram of HoCrO3 (c) probable energy diagram for HoFe1-xCrxO3. It is evident from 

the frame (c) that when   x < 0.5, the valance band maxima (VBM) and conduction band minima (CBM) shifts to higher energy (dark red color). 

However, the shift in VBM is due to strong hybridization of d orbitals of Fe and Cr with p - orbitals of oxygen in valance band.  When x > 0.5, band 

gap is dominated by unoccupied d - orbitals of Cr in conduction band which leads to increase in band gap (purple color). 
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Fe3+ and Cr3+ [166-167], hinting a smaller band gap until x = 0.5. When x > 0.5, 

width of available un occupied d - orbitals of Fe3+ at conduction band reduces, 

which can leads to a shift of the conduction band minima to higher energies (as 

shown in Fig. 3.9 (c) (purple colour)). As a result, the band gap in HoFe1-xCrxO3 

increases above x = 0.5 and reaches maximum value of 3.26 eV at x = 1. From the 

above results, indeed it is possible to tune the band gap in rare earth orthoferrites 

and other compounds with similar structure by controlling the Fe3+/Cr3+ ratio. 

3.4 Conclusions 

In summary, we have explored the orbital mediated electron – phonon coupling 

mechanism in the compounds pertinent to HoFe1-xCrxO3 (0 ≤ x ≤ 1). There is a 

striking coincidence between our structural and Raman studies. Raman studies infer 

that, Ag like symmetric oxygen breathing mode at around 670 cm-1 in the 

compounds with both the Fe3+ and Cr3+. The decrease in optical band gap is 

ascribed to the induced spin disorder due to Fe3+ and Cr3+ on oxygen, which can 

leads to broadening of oxygen p-orbitals. On the other hand, increase in band gap 

value explained on the basis of the reduction in the available unoccupied d-orbitals 

of Fe3+ at conduction band. The present results would indeed be helpful in 

understanding and to develop optoelectronic devices based on orthoferrites.   
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Chapter 4 

 

Magnetic and magnetocaloric 

properties of HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds 

   

In this chapter we demonstrate our efforts in realizing the magnetic, hyperfine and 

magnetocaloric properties of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. Essentially, we 

discuss physics related with various magnetic transitions, isomer shift, quadrupole 

splitting and hyperfine interactions.   

4.1 Experimental details 

The temperature (T) dependent magnetization (M) (M vs. T) measurements were 

performed using a Quantum Design magnetic property measurement system 

(MPMS) in the temperature range of 5 – 300 K. M vs. T measurements were 

performed in zero field cooling (ZFC) as well as in field cooling (FC) conditions. 

Essentially, in ZFC conditions, the compound was cooled from 300 K to 5 K 

without application of any magnetic field. However, in case of FC condition, the 

compound was cooled from 300 K in the presence of 1000 Oe up to a desired 

temperature, 5 K. Magnetization measurements in the temperature range of 300 – 

900 K were carried out using a high temperature vibrating sample magnetometer 

(HT-VSM) (LakeShore make). 57Fe Mössbauer measurements were carried out in 

transmission mode with a 57Co (Rh) radioactive source in constant acceleration 

mode using a standard PC-based Mössbauer spectrometer equipped with a WissEl 

velocity drive. Quantum Design physical property measurement system (PPMS) 

was used for the specific heat (Cp) measurement (Relaxation method). 
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Figure 4.1: Temperature (T) dependence of susceptibility (χ) pertinent to normalized 

magnetization (M) at (a) high temperature and (b) low temperature region for             

HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. 
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4.2 Magnetic and Hyperfine interactions in HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds 

In this section, initially we shall discuss magnetization behaviour of HoFe1-xCrxO3   

(0 ≤ x ≤ 1) compounds at high temperatures and subsequently explore the low 

temperature magnetization behaviour. Figure 4.1 (a) and Fig. 4.1 (b) depicts the 

ZFC curves pertinent to susceptibility χ of   HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds at 

high temperatures (300-900 K) and at low temperatures (5-300 K) respectively with 

a magnetic field strength of 1000 Oe. From χ vs. T graph (Fig. 4.1) it is evident 

that indeed there exist various transitions pertinent to antiferromagnetic coupling 

(AFM), spin re-orientation transition (SR) and Ho3+ ordering. However, above 

transitions exists at various temperature ranges. Below we discuss physical 

significance, variation and origin of such transitions in a detailed way.  

Initially we discuss about the evidenced antiferromagnetic transition and its 

variation in   HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds with respect to temperature. 

From figure 4.1 (a), it is evident that a sudden jump prevails at 647 K for x = 0 

compound, which can be attributed to the antiferromagnetic ordering of Fe3+ 

moments in HoFeO3 compound [76]. The increase in the magnetization below this 

transition indicates a weak ferromagnetic moment (WFM) which arises due to a 

canted nature of Fe3+ moments. Apart from the above transition, another transition 

is evident for x = 0 compound at around 550 K, which corresponds to Fe3+ ordering 

in the rare earth iron garnet phase, Ho3Fe5O12 [153].   

We do not see any transition pertinent to iron garnet phase in the compounds other 

than parent compound. With Cr3+, the Néel temperature (TN) is varied in the range 

of 647 K (x = 0) to 142 K (x = 1) for HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds.     

Figure 4.2 depicts the variation of TN pertinent to HoFe1-xCrxO3 compounds which 

were obtained from χ vs. T graphs. Essentially χ vs. T graphs demonstrated an 

antiferromagnetic transition at 647 K, 495 K, 273 K, 157 K, and 142 K for x = 0, 

0.25, 0.50, 0.75 and 1 compounds respectively. Indeed, this indicates a decrease in 

the value of TN with Cr3+ addition.  Such a variation of TN with Cr3+ could be due  
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Figure 4.2: Variation of Néel temperature TN of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds with 

Cr3+ concentration. 
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to the larger ionic radius of Fe3+ (0.645 Å) in comparison with Cr3+ (0.615 Å). In 

our work, since we substituted Cr3+ to Fe3+, there is a contraction of the lattice and 

hence the distortion in the crystal structure. Variation of lattice parameter with 

Cr3+ addition has been discussed in chapter 3.2. It has been reported that the 

structural distortion is closely related to the super exchange interaction and may 

influence TN in orthorhombic rare-earth orthoferrites (RFeO3) [168] and 

orthochromites (RCrO3) [169].  

According to Goodenough-Kanamori rule [39, 41], two adjacent transition metal 

ions interact through the superexchange interaction via a virtual charge transfer. 

The outer shell electron configuration for Fe3+ and Cr3+ are t3e2 and t3e0 

respectively. In case of RFeO3, the π bonding of half-filled t3-O-t3 orbitals and σ - 

bonding of half-filled e2-O-e2 orbitals interact through superexchange interaction 

and are antiferromagnetic (AFM) in nature, which satisfies the Hund’s rule. From 

this it can be inferred that the hybridization of t - e orbitals doesn’t give any extra 

magnetic phase component to the overall superexchange interaction. On the other 

hand, in RCrO3, t - e hybridization gives a ferromagnetic (FM) component in 

addition to the existing AFM interaction in t3-O-t3 orbitals though the 

superexchange interaction [169]. As there exists both FM and AFM competing 

interactions through t – e hybridization in Cr rich compounds, by the substitution 

of Cr3+ to Fe3+, the strength of FM interaction increases and AFM interaction 

diminishes, which may results in decrease of TN. 

From the above, we believe that the decrease in TN with Cr3+ is not only due to the 

weakening of Fe(Cr)-O-Fe(Cr) AFM exchange interaction, but also due to the 

enhancement in FM interaction between adjacent Cr3+ moments through t - e 

hybridization as a result of the structural distortion. In addition, we also used 

molecular field theory to quantify the values of TN up on Cr3+ addition using the 

following relation. Essentially the relation between J and TN has been defined as 

[170]: 
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                     …… (4.1) 

where ‘z’ represents the number of nearest neighbours and its value is 6 for 

orthoferrites, ‘kB’ denotes the Boltzmann’s constant (8.617 x 10-5 eV/K), S = 5/2 

and 3/2 are the values pertinent to the spins of Fe3+ and Cr3+ ions respectively. 

Physically, J signifies the strength of the exchange interaction between a pair of 

nearest magnetic ions in the orthoferrites. Estimated values of J using equation 4.1 

for HoFeO3 and HoCrO3 compounds are 18.4 K (1.5 meV) and 9.4 K (0.8 meV) 

respectively, which is in striking coincidence with the higher value of TN for HoFeO3 

(647 K) in comparison with the value pertinent to HoCrO3 (142 K).  

Now we discuss about shift in SR transition with Cr3+ in HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds. From figure 4.1(b), it is evident that apart from a prominent peak 

pertinent to TN, there exists a peak which corresponds to SR transition (TSR) for 

the compounds with composition x = 0 (TSR = 30 K and 50 K), x = 0.25 (TSR = 75 

K) and x = 0.5 (TSR = 150 K) [116]. We ascribe such TSR in HoFe1-xCrxO3           

(0 ≤ x ≤ 1) compounds to complex exchange interaction between the Fe3+ and the 

Ho3+ ions [159]. For instance, in case of x = 0 compound, multiple SR transitions 

are evident at 50 K and 30 K, the former one at around 50 K is a typical transition 

in rare earth orthoferrites and is consistent with literature [116]. The latter one 

around 30 K may be due to competing Zeeman and Van Vleck mechanism [171], 

which vanishes up on replacing the Fe3+ ions with the Cr3+ ions. From Fig. 4.1(b), 

it is clear that the χ decreases below the TSR for all the compositions (x = 0, 0.25 

and 0.5), which demonstrates the rotation of Fe3+ moments from one crystal axis to 

another. The shift in the TSR towards higher temperatures for the x = 0.25 and 0.5 

compound may be ascribed to complex exchange interaction between the Fe3+/Cr3+ 

and the Ho3+ ions [159]. The TSR takes place at 50 K, for x = 0 compound due to 

the domination of Ho3+- Fe3+ interaction over the Fe3+- Fe3+ interaction. As we 

substituted the Cr3+ ion at the Fe3+ site, this may weakens the Fe3+-Fe3+ 

interaction and may demand a shift in the TSR to a higher temperature. 
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Figure 4.3: Temperature dependence of inverse molar susceptibility of HoFe1-xCrxO3               

(0 ≤ x ≤ 1) compounds measured at 1000 Oe in the range of 5 – 300 K. Small dots represents 

the best fit of Curie-Weiss law. 
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Table 4.1: Effective magnetic moment μeff, paramagnetic Curie temperature θ of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds obtained from the best fit of     

χ-1 vs. T by Curie-Weiss law. 

Compound 

  HoFe1-xCrxO3 

μeff (experimental) 

(μB) 

μtheory (theoretical) 

(μB) 

Paramagnetic curie temperature (θ) 

(K) 

x = 0 16.59  12.14  -118.5  

x = 0.25 11.80  11.93  -41  

x = 0.5 11.62  11.72  -10  

x = 0.75 11.15  11.50  -16.84  

x = 1 11.13  11.28  -19  

 

 



92 

The possible reason can be explained as follows. In HoFeO3, the energy levels 

related with Ho3+ ions lie in the orthorhombic crystal field and molecular field 

formed by the sublattices of Fe3+ and Ho3+ ions. The degeneracy of the ground 

state multiplet 5I8 of free non-Kramer Ho3+ ion essentially be lifted by the 

crystalline field and gives various singlets states. In particular, it has been observed 

that the ground state singlets (accidental doublet) are isolated from the other 

crystal field splitting states with an energy difference of more than 80 cm-1 [172]. 

Highly anisotropic nature of g-factor pertinent to accidental doublet states would 

play a predominant role in the magnetism of Ho3+ in HoFeO3 and the same has 

been well demonstrated by Griffith [173]. It also has been established that at low 

temperatures in case of HoFeO3, aforementioned anisotropic nature of g – factor 

leads to an ‘Ising’ axis for the Ho3+ moments in the ab-plane at an angle ± 63o with 

respect to the orthorhombic a-axis [174]. Thus a magnetic field parallel to ab - 

plane will split (Zeeman splitting) the accidental doublet and increases the energy 

of the system. Hence, the origin of SR transition in HoFeO3 can be discussed on the 

basis of minimum energy configuration of spins which involves the complex 

magnetic interactions. Essentially, SR transition occurs due to the transformation of 

the high temperature Γ4 (GxAyFz) phase [high energy due to Zeeman splitting of 

accidental doublet] to Γ2 (FxCyGz) phase [low energy due to rotation of Fe3+ 

moments towards c – axis by 90°] at low temperatures. As a result of Γ4  Γ2 phase 

transition, we do see a SR transition in HoFeO3 compound at around 50 K. On the 

other hand, the SR transition strongly depends on the exchange interaction strength 

of Ho-Fe(Cr) and Fe(Cr)-Fe(Cr). We do see an increase in TSR with Cr3+ 

composition. We believe that as we substitute Cr3+ to Fe3+, Fe3+ – Fe3+ exchange 

interaction diminishes and Ho3+ – Fe3+ interaction enhances, which may lead to 

enhanced TSR with Cr3+ addition. 

In addition to the AFM and SR transitions, we also could see a transition at low 

temperatures for x = 0.25 (8.5 K), x = 0.5 (13 K) and x = 1 (8 K) compounds, 

which can be attributed to Ho3+ ordering (Fig. 4.1 (b)) [175].  χ behaviour for        

x = 0.75 is quite different and the “diamagnetism” like negative magnetization is 
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observed. Earlier, negative magnetization has been observed in the HoCrO3 

compound for a cooling field of 100 Oe, however, such behaviour is absent for 1000 

Oe. This intriguing phenomenon has been explained on the basis of competing 

WFM-AFM interactions [176]. In contrast, negative magnetization has been 

reported in ferro/ferri/antiferromagnetic materials and such fascinating phenomena 

has been explained on the basis of small negative trapping fields in the sample space 

[177]. Nevertheless, neutron diffraction data on HoFe1-xCrxO3 solid solutions reveal 

no signature of negative magnetization [178]. Hence, we believe that the observed 

negative magnetization for x = 0.75 compound could be due to trapped fields. 

To investigate the paramagnetic behaviour of HoFe1-xCrxO3 compounds, we have 

plotted 1/χ vs. T from the ZFC magnetization curves. Figure 4.3 depicts the 

temperature dependence of inverse susceptibility obtained for HoFe1-xCrxO3           

(0 ≤ x ≤ 1) compounds. From Fig. 4.3, almost the linear behaviour is evident for the 

inverse molar magnetic susceptibility above the TN. The total effective magnetic 

moment μeff of HoFe1-xCrxO3 compounds is obtained by fitting the paramagnetic 

region of 1  vs. T to Curie-Weiss law: 

                                   

C

T





                          …… (4.2) 

where

2

3

A eff

B

N
C

k


  is Curie constant, NA is the Avogadro’s number, B is the Bohr 

magneton, eff is the effective magnetic moment, Bk  is the Boltzmann constant and 

θ is the paramagnetic Weiss temperature.                                         

After fitting the linear region above TN with equation 4.2, from the slope eff  is 

obtained and is found to be 16.59 μB, 11.80 μB, 11.62 μB, 11.15 μB, 11.13 μB for        

x = 0, 0.25, 0.5, 0.75 and 1 compounds respectively. Except for the compound with 

x = 0, the estimated value of eff is found to be close to the theoretical values   

11.93 μB (x = 0.25), 11.72 μB (x = 0.5), 11.50 μB (x = 0.75), 11.28 μB (x = 1) which 

are calculated from the free ion values of Ho3+ (10.60 μB), Fe3+ (5.92 μB) and          
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Cr3+ (3.87 μB) (spin only values of Fe3+ and Cr3+) using the relation [177/179] 

 3+ 3+ 3+

1 2
2 2 2

Ho Fe Cr
1theory x x          and by assuming their randomness in the 

paramagnetic phase. The equation  3+ 3+

1 2

Fe /Cr
2 1S S     is used to calculate 

3+ 3+Fe Cr
   moments and the formula  3+

1 2

Ho
1Jg J J     is used to calculate 

3+Ho
 moments. In the above equations S is the spin sate of 3+ 3+Fe Cr

  and J 

represents the total angular momentum and gJ represents the Landѐ g-factor 

respectively. The large value of μeff = 16.59 μB for x = 0 compared to its theoretical 

value 12.14 μB can be ascribed to the secondary iron garnet (Ho3Fe5O12) phase 

formed along with the parent HoFeO3 phase. For all the compounds, the 

paramagnetic Curie temperature (θ) is estimated by extrapolating the high 

temperature linear region of 1/χ vs. T graph to x – axis and it is found to be 

negative as shown in Table 4.1. According to Goodenough-Kanamori rule [39, 41], 

in order to observe FM ground state in HoFe1-xCrxO3 compounds,  interaction 

between Fe3+ and Cr3+ should be of type Fe3+ (d5) – O – Cr3+ (d3) – O – Fe3+ (d5). 

However, from 1/χ vs. T graph, we do observe negative values for θ, which suggests 

AFM ground state. Hence, we believe that Fe3+ - O – Fe3+ , Cr3+ - O – Cr3+ and 

Fe3+ - O – Cr3+ superexchange interactions are present at B – site [180-181]. 

It has been reported that the magnetic properties of orthoferrites depend on the 

oxidation state as well as the spin configuration of the transition metal cations 

[182]. Brinks et al. [183] observed a decrease in the TN in Pr1-xSrxFeO3 compounds 

due to an enhancement in the oxidation state of Fe from Fe3+ to Fe4+. In our 

present investigation, TN decreases with Cr3+ in HoFe1-xCrxO3 compounds from    

647 K (x = 0) to 142 K (x = 1). In general, the variation of TN could be due to (a) 

structural distortion (b) change in oxidation state. From our phase purity 

investigation, structural distortions have been realized in HoFe1-xCrxO3 compounds. 

However, the oxidation state of Fe in the present compounds is ambiguous. In this 

scenario, it is essential to know the knowledge of oxidation state of the transition 

metal, and its implications on the magnetic properties of HoFe1-xCrxO3 compounds.  
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Figure 4.4: Room temperature 57Fe Mössbauer spectrum of polycrystalline HoFe1-xCrxO3          

(0 ≤ x ≤ 1) compounds. The experimental data is represented by the plus “+” symbol and the 

solid line is the best fit of the data. 
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Table 4.2: Parameters obtained from Mössbauer spectroscopy for HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds at 300 K. 

compound 

HoFe1-xCrxO3 
FWHM (mm/s) IS (mm/s) QS (mm/s) Hhf (kOe) 

x = 0 0.430 ± 0.018 0.373 ± 0.005 0.015 ± 0.010 497.6 ± 0.4 

x = 0.25 0.45 -- -- 415.3 (Avg) 

x = 0.50 0.408 ± 0.019 0.368 ± 0.009 0.26 ± 0.01 --- 

x = 0.75 0.388 ± 0.049 0.342 ± 0.018 0.32 ± 0.03 --- 
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Hence, we performed 57Fe Mössbauer spectroscopy measurements on HoFe1-xCrxO3 

compounds. Figure 4.4 depicts the room temperature 57Fe Mössbauer measurements 

carried out on polycrystalline HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. Experimentally 

recorded data is represented by the plus “+” symbol, while the least square fit of 

the spectrum is represented by a solid line. At 300 K, fitting results indicates a 

single sextet for x = 0 compound while doublet for x = 0.5 and 0.75 compounds 

respectively. Since the hyperfine field of the garnet Ho3Fe5O12 [184] and the parent 

compound HoFeO3 are very close, we are not able to fit the Mössbauer data with 

garnet phase which is only about 5-6%. On the other hand, distribution of fields 

match reasonably well with experimental data points in the case of x = 0.25 

compound with an average hyperfine field value of 415.3 kOe. The fitted parameters 

are listed in the Table 4.2. Oxidation state of ‘+3’ for Fe in HoFeO3 is confirmed 

by realizing the six line spectra and corresponding values pertinent to hyperfine 

field (Hhf), isomer shift (IS) and  quadrupole splitting (QS) are 497.6 kOe, 0.373 

mm/s and 0.015 mm/s respectively. 

Indeed, observed Hhf, IS and QS are within the range for an element to have ‘+3’ 

oxidation state and is in accordance with the literature [185]. Since there is no 

change in oxidation state, we believe that variation of TN in HoFe1-xCrxO3            

(0 ≤ x ≤ 1) compounds is due to structural distortion. 

In general Hhf, IS and QS are very crucial and sensitive for a change in local 

environment of Fe3+ particularly in orthoferrites. In the present work, we modified 

the local environment of Fe3+ by substituting Cr3+. In subsequent section, we 

discuss about the variation of Hhf, IS and QS parameters and related physical 

mechanism with Cr3+ addition in HoFe1-xCrxO3 compounds at 300 K.  

From Table 4.2 it is evident that IS decreases with Cr3+. The decrease in IS is due 

to decrease in radial part of 3d wave function with Cr3+ substitution [186]. On the 

other hand, quadrupole splitting is a parameter which gives the information about 

the lifting of the degeneracy of a nuclear state with I > ½ by experiencing the 

electric field gradient (EFG) due to its interaction with an asymmetric electronic  
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Figure 4.5: (a – d) First quadrant magnetization isotherms around Ho3+ ordering temperature 

with an applied field up to 60 kOe for HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds. 
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environment surrounding to it. The small value of QS ~ 0.015 mm/s observed for 

HoFeO3 suggests that Fe is almost in octahedral environment (cubic electric field 

gradient) [187]. The value of QS increases with an increase in Cr composition, and 

is quite appreciable for x ≥ 0.5 compounds. This increase in QS may be ascribed to 

the distortion in FeO6 octahedra by substituting Cr3+ ions at Fe site, due to which 

the Fe atom experience a non-cubic electric field and leads to an increase in QS. 

The six resonance lines observed in Mössbauer spectrum for HoFeO3 at room 

temperature indicates that the Fe3+ ions experience an internal magnetic field. It 

has been reported that HoFeO3 is antiferromagnetically ordered below 641 K [76]. 

In orthoferrites, antiferromagnetically aligned iron ions with small canting angle 

with respect to the AFM axis results a small net ferromagnetic moment. The value 

of the calculated hyperfine field (Hhf) for HoFeO3 at room temperature is 497.6 kOe 

(typical value for Fe3+ ion), which is in agreement with previously reported value 

[185]. With an increase in the concentration of Cr3+, the strength of AFM 

interaction decreases, resulting in a decrease of the internal magnetic field 

experienced by the Fe3+ ion at 300 K. As the compounds with composition x ≥ 0.5 

consists ordering temperatures below 300 K, disappearance of six line spectra is 

evident which may be due to vanishing of internal magnetic fields at 300 K.     

4.3 Magnetocaloric properties and nature of magnetic phase transition   

As there are multiple transitions in HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds, we do 

expect a large change in entropy around these transitions. Hence, in order to 

quantify change in entropy we performed M vs. H measurements in the vicinity of 

the magnetic transitions pertinent to HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds. We 

have excluded HoFeO3 compound in this study as it consists a secondary iron 

garnet phase (Ho3Fe5O12). 

Figure 4.5 (a - d) shows first quadrant magnetization isotherms corresponding to 

HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds recorded around Ho3+ ordering with a 

maximum magnetic field of 60 kOe. A field induced metamagnetic transition is 

evident in the low magnetic field region for all M vs. H graphs as shown in Fig. 4.5 

(a - d). Now we define the critical field (HC) of metamagnetic transition as field 
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Figure 4.6: First quadrant magnetization isotherms around (a – b) SR transition related to       

x = 0.25 and x = 0.50 compounds, (c – d) Cr3+ ordering temperature pertinent to                             

x = 0.75 and x = 1 compounds with an applied field up to 60 kOe for HoFe1-xCrxO3                  

(0.25 ≤ x ≤ 1) compounds. 
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below which the material shows AFM behaviour and exhibits ferromagnetic (FM) 

behaviour above this field. Such a field induced transition in low field region can be 

ascribed to the onset of a first order metamagnetic transition (from original AFM 

state to FM state). Evidenced metamagnetic transition may be due to the 

magnetization reversal of those ions whose magnetic moments are directed opposite 

to the applied magnetic field and the similar behaviour has been observed in the 

single crystals of DyCrO3 as the rotation of Dy3+ and Cr3+ moments [188]. From 

Fig. 4.5 (c) and Fig. 4.5 (d), it is evident that there is a magnetization crossover 

around the AFM FM transition, which can be ascribed as a result of the 

competition between the Zeeman energy due to the applied external field and the 

strong magneto-crystalline anisotropy energy around the metamagnetic transition 

[189]. 

Figure 4.6 (a – b) shows the first quadrant isothermal magnetization curves (M vs. 

H) around the spin reorientation transition corresponding x = 0.25 and x = 0.50 

compounds, whereas Fig. 4.6 (c – d) represents M vs. H curves around TN (Cr3+ 

ordering) in x = 0.75 and x = 1 compounds. It is evident from the Fig. 4.6 (c – d) 

that low field nonlinearity is due to weak ferromagnetic (WFM) component which 

arises due to canting of Cr3+ moments. Apart from that, an increase in linearity of 

M vs. H curves is evident with an increase in temperature from 100 K up to TN 

(155 K for x = 0.75 and 142 K for x = 1 compound) due to decrease in strength of 

WFM component. The disappearance of nonlinearity for M vs. H curves above TN 

indicates the paramagnetic phase. 

As there are multiple transitions in HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds, we do 

expect a large change in entropy around these transitions. Hence, we calculated 

magnetic entropy change (–ΔSM) from isothermal magnetization curves using well 

known Maxwell’s equation as follows 

                          
max

0

( , )
H

M

H

M
S T H dH

T

 
   

 
                  …… (4.3) 
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where Hmax is the maximum value of external applied field. From the above 

equation 4.3, it can be noticed that the value of –ΔSM depends on both the values 

of magnetization (M) and
H

M

T

 
 
 

. The larger values of –ΔSM can be obtained 

when the values of M and 
H

M

T

 
 
 

are large in the magnitude [190]. 

Quantified values of –ΔSM at various magnetic transitions in HoFe1-xCrxO3       

(0.25 ≤ x ≤ 1) compounds and its temperature variation is shown in                            

Fig. 4.7 (a – d) and Fig. 4.8 (a – d). Here, Fig. 4.7 (a – d) depicts the –ΔSM vs. T 

around Ho3+ ordering for HoFe0.75Cr0.25O3 (–ΔSM ~ 8.63 J/kg-K at 9 K), 

HoFe0.5Cr0.5O3 (–ΔSM ~ 8.18 J/kg-K at 12.5 K), HoFe0.25Cr0.75O3 (–ΔSM ~ 8. 08 

J/kg-K at 11 K) and HoCrO3 (–ΔSM ~ 6.99 J/kg-K at 9 K) compounds respectively 

with a maximum magnetic field of 60 kOe. Large values of –ΔSM in all the 

compounds can be ascribed to evidenced metamagnetic transition and the Ho3+ 

ordering. Reason for the enhancement in the value of –ΔSM in HoFe0.75Cr0.25O3 

compound compared to that of the HoCrO3 compound can be explained as follows. 

Essentially, HoCrO3 is distorted type perovskite material and crystallizes in 

orthorhombic structure with a space group of Pbnm [191]. For an ideal perovskite 

Cr-O1-Cr bond angle must be 180°. However, due to the distortion as a result of 

tilting of CrO6 octahedra in HoCrO3, there would be a change in Cr-O1-Cr bond 

angle (146.2o) [in the present study from refinement], which is distinctly different 

from an ideal perovskite. This distortion decreases the orbital overlap and leads to 

non collinear antiferromagnetic structure of Cr3+ ions with a weak ferromagnetic 

component. Obtained bond angle value from Rietveld refinement pertinent to 

Fe(Cr)-O1-Fe(Cr) is smaller for HoFe0.75Cr0.25O3 (144.0o) in comparison with the 

HoCrO3 (146.2o) compound. This indicates an increase in canting of spins and hence 

an enhancement in –ΔSM value for HoFe0.75Cr0.25O3 compound in comparison with 

HoCrO3. The increase in canting angle of Fe3+/Cr3+ sublattice with AFM axis for 

HoFe0.75Cr0.25O3 has been evident from the neutron diffraction data on HoFe1-xCrxO3 

solid solutions [178]. 
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Figure 4.7 : (a – d) Temperature dependence of the magnetic entropy –ΔSM obtained from 

isothermal M vs. H data corresponding to Fig. 4.5 (a – d) for HoFe1-xCrxO3                    

(0.25 ≤ x ≤ 1) compounds. 
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The values of MCE obtained for HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds in the 

vicinity of Ho3+ ordering temperature are large when compared to DyMnO3 (–ΔSM 

~ 6.8 J/kg-K at 7 T and 10 K) [192] , SmFe0.5Mn0.5O3 (5.6 J/kg-K at 18 K and with 

7 T) [193] and HoFe0.3Cr0.7O3 (6.83 J/kg-K at 20 K and with 7 T) [194]. However, 

the values of –ΔSM obtained in the present study are smaller compared to giant 

MCE material such as TmZn [195], ErMn2Si2 [196], Tm2Cu2In [197], HoPdIn [198] 

and RE2Cu2O5 (RE = Dy and Ho) [199] in the low temperature region. 

From the Fig. 4.7 (a), Fig. 4.7(c) and Fig. 4.7(d), it is evident that –ΔSM values 

shows both positive and negative values as though there exists re-entrant 

magnetocaloric effect. Such an unusual nature of re-entrant inverse MCE in 

HoFe0.3Cr0.7O3 [194] as well as un-doped HoCrO3 [200] compound has been not 

observed earlier. The reason for such an intriguing phenomenon may be due to the 

subtle changes in relative orientations of Ho3+ and Fe3+/Cr3+ moments occurs with 

a variation of temperature and/or magnetic field [201]. Earlier inverse 

magnetocaloric effect has been observed around SR transition in single crystals of 

HoFeO3 [128]. We conceive from our observation that magnetization crossover and 

complex interaction between FM and AFM phases might be a reason for re-entrant 

MCE behaviour in the present compound.  

Figure 4.8 (a) and Fig. 4.8 (b) depicts –ΔSM vs. T around SR transition for 

HoFe0.75Cr0.25O3 (–ΔSM ~ 0.86 J/kg-K at 102.5 K), HoCr0.5Fe0.5O3 (–ΔSM ~ 0.61 

J/kg-K at 125 K) compounds respectively with a magnetic field of 60 kOe. On the 

other hand, Fig. 4.8 (c) and Fig. 4.8 (d) depicts –ΔSM vs. T around TN (Cr3+ 

ordering) for HoFe0.25Cr0.75O3 (–ΔSM ~ 0.59 J/kg-K at 157.5 K) and HoCrO3 (–ΔSM 

~ 1.05 J/kg-K at 141 K) compounds respectively at a maximum magnetic field of 60 

kOe. The value of –ΔSM ~ 0.85 J/kg-K at TN with 50 kOe pertinent to HoCrO3 

compound is large compared to other orthochromites such as YbCrO3 (0.41 J/kg-K) 

[202], YCrO3 (0.36 J/kg-K) [202] and SmCrO3 (0.15 J/kg-K) [202]. A maximum     

–ΔSM value of 0.84 J/kg-K is obtained at around 107.5 K, which is below TN with a 

magnetic field of 60 kOe in HoFe0.25Cr0.75O3 compound. At Néel temperature, Cr3+ 

moments order antiferromagnetically. As the temperature goes below TN, the  
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Figure 4.9: (a – d) Arrott plots deduced from magnetization isotherms corresponding to                                

Fig. 4.5 (a –   d) for HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds. 
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Figure 4.10: (a – d) Arrott plots deduced from magnetization isotherms corresponding to                         

Fig. 4.6 (a – d) for HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds. 
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molecular field of Cr3+ moments will try to order the Ho3+ moments and thus the 

magnetization increases. This leads to an increase in magnetic entropy change up to 

ordering temperature of Ho3+ moments and reaches a maximum value. 

It is believed that the magnitude of the magnetic entropy change at a particular 

magnetic phase transition and its dependence on temperature and magnetic field 

strongly depend upon the nature of the corresponding phase transition [203], hence, 

it is essential to determine the nature of magnetic phase transitions in these 

compounds. To do this, the first quadrant magnetization isotherms are plotted in 

the form of Arrott plots (H/M vs. M2) [204], which can be deduced from Ginzburg-

Landau theory in the close vicinity of the magnetic transition. 

The thermodynamic potential with Ginzburg-Landau type expansion which includes 

the magnetostatic field energy (MH) near the magnetic transition is as follows: 

                    2 4
0( , ) ...G T M G M M MH             …… (4.4) 

where α, β are the Landau coefficients dependent on temperature. In the equilibrium 

condition, 0
G

M





, the equation 4.4 reduces to 2H M

M
   . According to 

Banerjee’s criterion [205], a negative slope of H/M vs. M2 at some point indicates 

the first order magnetic transition. On the other hand a positive slope of H/M vs. 

M2 indicates the second order magnetic transition. 

Figure 4.9 (a – d) and Fig. 4.10 (a – d) shows the Arrott plots corresponding to 

magnetization isotherms shown in Fig. 4.5 (a – d) and Fig. 4.6 (a – d) respectively. 

The negative slope of H/M vs. M2 for the Fig. 4.9 (a – d) corresponding to     

HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds indicates that the Ho3+ ordering is a first 

order magnetic phase transition. The positive slope of H/M vs. M2 for Fig. 4.10 (a) 

and Fig. 4.10 (b) corresponding to x = 0. 25 and x = 0.5 compounds indicates the 

spin reorientation transition is a second order magnetic phase transition which is in 

agreement with the literature [206]. On the other hand, the negative slope of Arrott 

plot for the Fig. 4.10 (c) and Fig. 4.10 (d) related to x = 0.75 and x = 1 compounds 
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indicating that the Cr3+ ordering (AFM transition) is a first order magnetic phase 

transition. 

4.4 Specific heat studies on HoFe0.25Cr0.75O3 compound 

As discussed in introduction chapter, a magnetic material with a large change of 

magnetic entropy  ,MS T H , adiabatic temperature change (ΔTad) and a 

sufficiently large value of refrigeration capacity (RC) has been promising candidate 

for magnetic refrigeration [100/101]. The perovskite oxides with a general formula 

ABO3 have been studied for the MCE properties using three methods, (a) 

calculation of   –ΔSM from the isothermal magnetization using Maxwell’s relation 

[207-208] (b) heat capacity Cp measurements [209-211] and (c) direct measurement 

of the adiabatic temperature change by exposing thermally insulated sample to the 

magnetic field [212-214]. Magnetic contribution to the specific heat (Cp) can be 

obtained from the total Cp after subtracting the electronic and phonon contribution 

[215]. In general, the materials with smaller Cp values are desirable for the 

refrigeration application as ΔTad is inversely proportional to Cp [216]. Rare earth 

orthochromites with chemical formula RCrO3, show smaller Cp values (~ 95-109 

J/mol-K) and consequently larger ΔTad values, these compounds have been of great 

interest for the MCE applications [210]. In the present thesis, we have studied the 

specific heat studies of HoFe0.25Cr0.75O3 compound. 

The variation of the specific heat (Cp) of HoFe0.25Cr0.75O3 compound in the 

temperature range between 100 - 200 K was recorded with zero magnetic field and 

by varying magnetic field strengths of 30 kOe, 50 kOe and 70 kOe respectively  

(Fig. 4.11 (a)). The shape of Cp vs. T is generally consistent with the results of 

prior work on orthochromites such as NdCrO3 [217] and YbCrO3 [218]. It has been 

observed from the Fig. 4.11 (a) that Cp decreases with a decrease in temperature 

and a λ-shape anomaly is evident at around TN ~ 155 K in the case of 

HoFe0.25Cr0.75O3 compound. This anomaly is associated with a paramagnetic to 

canted antiferromagnetic (AFM) phase transition [175]. The value of Cp is found to 

be 83.8 J/mol-K at 200 K from the Cp vs. T data recorded under zero magnetic 



110 

field (0 Oe), which is almost equal to the reported value of Cp pertinent to HoCrO3 

(83.3 J/mol-K at 200 K) compound [210]. 

To extract the magnetic heat capacity Cmag pertinent to AFM ordering, a third 

order polynomial background is subtracted from the experimental Cp vs. T data 

which is obtained at 0 Oe in order to exclude the electron and phonon contribution 

as shown in Fig. 4.11 (b). Similar treatment is done for the data (Cp vs. T) under 

different magnetic field strengths of 30 kOe, 50 kOe and 70 kOe respectively. The 

excess heat capacity due to AFM transition at different magnetic fields (0 Oe,      

30 kOe, 50 kOe and 70 kOe) in the temperature range between 100 - 200 K is 

plotted as Cmag vs. T and is presented in Fig. 4.11 (c). Significant change in the 

value of Cp (H, T) is not evident up to the maximum magnetic field of 70 kOe. 

The magnetic heat capacity Cmag/T vs. T data at 0 Oe is used to calculate the 

magnetic entropy associated with magnetic transition using the equation 

                            
2

1

T
mag

mag

T

C
S dT

T

 
  

 
                  …… (4.5) 

and is shown in Fig. 4.11 (d). The calculated Smag is 1.21 J/mol-K and is well below 

the expected full spin entropy,  ln 2 1magS R S  where S (3/2) is the spin of Cr3+ 

ions in the compounds, and R is the molar gas constant. 

It is well known that magnetic materials with large value of –ΔSM and ΔTad are 

needed for refrigeration application [101]. It is well known that under adiabatic 

conditions magnetic material will cool down by inducing an adiabatic temperature 

change ΔTad. According to Maxwell’s relation, ΔTad associated with magnetic 

transition and can be calculated using the following equation: 

             
   ad

0
, ,

H

M

H

T M T
T dH S

Cp T H T Cp T H

  
            

      …… (4.6) 

where –ΔSM is magnetic entropy change deduced from the isothermal magnetic 

measurements and Cp is the specific heat.  
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Figure 4.11: (a) Variation of specific heat Cp with temperature (T) at different magnetic fields 

(b) subtraction of phonon and electron contribution using third order polynomial from the 

specific heat data. Fitted data is shown as red line and experimental data is shown as black 

square symbol (c) variation of Cmag/T and Smag with temperature (d) variation of adiabatic 

temperature change ΔTad with magnetic field for HoFe0.25Cr0.75O3 compound. 
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According to equation 4.6, a large value of ΔTad can be expected to occur around 

PM - AFM transition since the rate of change of magnetization is large with 

temperature. However, the magnitude of Cp at that transition also plays a crucial 

role in determining the cooling efficiency of the material, as it varies significantly 

from one magnetocaloric material family to other. For example, the heat capacity of 

Gd-based alloy system is much smaller than that of a manganite type material 

system [84]. Therefore, a reliable comparison of the efficiency of different 

magnetocaloric materials should be based on evaluating ΔTad instead of –ΔSM. The 

variation of ΔTad with respect to the magnetic field (H) around AFM ordering (TN) 

is shown in Fig. 4.11 (d). It is evident that the value of ΔTad increases with 

increase of applied magnetic field, and reaches a maximum value of 0.41 K around 

TN. The value of ΔTad for the present compound (0.11 K at TN ~155 K with 30 

kOe) is found larger in comparison with SmCrO3 (ΔTad = 0.03 K at TN ~ 192 K 

with 30 kOe) compound [219]. 

4.5 Conclusions 

In summary, we have explored the magnetic, Mössbauer and magnetocaloric 

properties of polycrystalline HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. A perfect 

correlation between the results of structural, magnetic and magnetocaloric 

properties are obtained. The observed decrease of TN and increase of TSR with Cr 

doping is attributed to the dilution of Ho3+ -Fe3+ and Fe3+ - Fe3+ interactions in 

the entire temperature region and the enhancement of ferromagnetic interaction of 

adjacent Cr3+ moments through t - e hybridization as a result of the structural 

distortion . The observed decrease in IS with Cr content infers the increase of the 

interaction between the effective nuclear charge with the 3s electrons. The small QS 

value observed for HoFeO3 indicates the local environment remains octahedral at 

the unit cell. Increase in a value of QS with Cr doping is due to the non-cubical 

electric field gradient acting on Fe atom arised from the distortion in FeO6 

octahedra by substituting Cr3+ ions at Fe site. The decrease in hyperfine field was 

ascribed to a decrease in Fe3+ - Fe3+ AFM interaction with the addition of Cr. The 

disappearance of six line Mössbauer spectra for x ≥ 0.5 infers the compounds are in 
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paramagnetic in nature at 300 K. M vs. H graph infer that the metamagnetic 

transitions are prevailed in the low field regime of M vs. H graph around Ho3+ 

ordering in HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds.  Re-entrant magnetocaloric 

effect is evident in HoFe1-xCrxO3 (0.25, 0.75 and 1) compounds, which may be due to 

magnetization crossover and complex interactions. We trust that the large values of 

MCE obtained for HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) compounds makes them promising 

candidates for magnetic refrigeration applications below 30 K. 
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Chapter 5 

 

Spin-phonon coupling in HoCr1-xFexO3 

(x = 0 and 0.5) compounds  

   

In this chapter we discuss about evidenced spin-phonon coupling in HoCr1-xFexO3 

compounds through temperature dependent Raman spectroscopy. 

5.1 Experimental details 

Polycrystalline HoCr1-xFexO3 (x = 0 and 0.5) compounds were prepared by 

conventional solid state reaction route using high purity oxides of Ho2O3, Fe2O3 and 

Cr2O3 as starting materials. Temperature dependent Raman spectra were recorded 

with a LabRam-HR800 micro Raman spectrometer equipped with a Peltier cooled 

charge-coupled device detector, and an Ar+ ion laser excitation source with a 

wavelength of 488 nm. The overall spectral resolution was 1 cm-1.  

5.2 Room temperature Raman spectroscopic studies 

Apart from the global structural changes obtained through XRD (chapter 3.2), it is 

essential to get more insights about local structural changes due to doping. In the 

present investigation, we used Raman spectroscopy to get precise information about 

local structure as Raman is more sensitive for local crystal symmetry. Figure 5.1 (a) 

and Fig. 5.1 (b) depict the room temperature Raman spectrum for HoCrO3 and 

HoCr0.5Fe0.5O3 compounds respectively. The ideal perovskite (ABO3) consists simple 

cubic structure in which B-cations locate at the centre of the oxygen octahedra 

(BO6), whereas the A-cations locate at the corners of the cube [158].  Essentially, 

rare earth orthochromites (RCrO3) are distorted perovskites with a space group  
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Figure 5.1: Room temperature Raman spectrum pertinent to (a) HoCrO3 and                                      

(b) HoCr0.5Fe0.5O3 compounds. 
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Table 5.1: The symmetry analysis of the Raman modes in HoCr1-xFexO3 (x = 0 and 0.5) 

compounds recorded at room temperature. The activating distortion and the main atomic 

motions which corresponds to each phonon mode are assigned based on Ref. [136-137], [159], 

[222]. This table also reveals comparison between reported results and present ones.   

 

Ref. 136-

137, 159, 

222 

HoCrO3 HoCr0.5Fe0.5O3 Symmetry 
Activating 

distortion 
Main atomic motion 

141.2 143.3 138.9 Ag(2) rot [101] A(z) out of plane 

162.1 164.3 160.5 B2g(1) rot [101] A(x) 

260.3 261.3 259.2 B1g(1)   

274.3 275.4 269.4 Ag(3) rot [010], JT BO6 in phase rotations 

315.2 316.8  B2g(2) A shift A(z), O1(z) 

341.3 344.6 339.1 Ag(4) A shift O1(x), A(-x) 

401.6 404.8  B1g(2) A shift A(z), O1(-z) 

419.6 423.1 420.1 Ag(5) rot [101] BO6 out-of-phase x rotations 

486.9 489.4  B3g(2) rot [101] Out-of-Phase O2 scissors like 

493.3 495.6 495.5 Ag(6) rot [101] BO6 bendings 

502.0 501.3  B2g(3) rot [101] BO6 out-of-phase bendings 

562.9 569.3 552.1 B3g(3) rot [101] O2, O1 antistretching 

  675.1 Ag  BO6 In-phase stretching 

693 697.9  B3g(4)   
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Pbnm. This orthorhombic Pbnm structure is obtained by two structural distortions 

from the ideal cubic structure, namely (i) rotation (tilt) of CrO6 octahedra around 

[101] & [010] and (ii) displacement of rare-earth (R3+) ion. These structural 

distortions lead to lowering the symmetry which result the activation of Raman 

modes.  

According to group theory analysis [161], twenty four (24) Raman active modes are 

possible for the orthorhombic Pbnm structure with four formula units per unit cell: 

7Ag + 5B1g + 7B2g + 5B3g 

The assignment of these modes are done by following recent reports on 

orthorhombic RMnO3 [220-221] and RCrO3 systems [222, 194]. 

In case of the HoCrO3 compound, twelve phonon modes have been observed as 

shown in Fig. 5.1 (a). On the other hand, the intensity of most of the Raman modes 

in the case of HoCr0.5Fe0.5O3 compound appear to be suppressed as shown in      

Fig. 5.1 (b), which might be due to doping effect and high intensity of phonon mode 

observed around 670 cm-1. The phonon modes pertinent to HoCr0.5Fe0.5O3 

compound below 600 cm-1 can clearly be seen from the inset of Fig. 5.1 (b). A 

similar mode in Raman spectra has been observed in the thin films of BiFeO3 [223-

225] grown on a substrate (LaAlO3), where there exists a mismatch in the lattice 

parameter between substrate and film, which leads to structural transformation 

from rhombohedral to tetragonal. However, we rule out the possibility of above 

origin for the presence of Raman mode around 670 cm-1 in the HoCr0.5Fe0.5O3 

compound due to the fact that there is no structural transformation which we 

evidenced from our detailed phase purity study (chapter 3.2). 

The phonon mode that prevailed around 670 cm-1 in HoCr0.5Fe0.5O3 compound is 

attributed to the in-phase stretching (breathing) mode of FeO6/CrO6 octahedra, 

which is due to orbital mediated electron – phonon coupling [120]. The assignment 

of the Ag mode for the peak that prevailed around 670 cm-1 in HoCr0.5Fe0.5O3 

compound has been done based on the earlier reports on LaFe1-xCrxO3 (x = 0, 0.1,  
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Figure 5.2: Raman spectrum of HoCrO3 compound in the temperature range 80 – 200 K. 
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0.5, 0.9, 1.0) compounds [120]. Essentially, Ag-like symmetric oxygen mode is be 

activated through a charge transfer between Fe3+ and Cr3+ via an orbital mediated 

electron-phonon coupling mechanism, similar to the Franck-Condon effect observed 

in the Jahn-Teller active perovskite structured manganite, LaMnO3 compounds 

[119-120, 163, 226].  

The symmetry analysis of the observed phonon modes is done based on the recent 

study on RCrO3 compounds, and comparison of the modes with the present study 

are summarised in Table 5.1. From the XRD studies (chapter 3.2), it is confirmed 

that HoCrO3 and HoCr0.5Fe0.5O3 are isostructural (Pbnm symmetry) so that the 

lattice dynamics of these compounds may be similar. It has been found that Raman 

wavenumber is related to the bond length (l) by 1/ l  [227], so that one can 

expect difference in Raman mode position if there is a change in bond length of the 

atoms. From the Table 5.1, it is evident that phonon modes in HoCr0.5Fe0.5O3 

compound lie in the lower wavenumber region when compared to HoCrO3 

compound, which might be due to an increase in bond length by the replacement of 

Cr3+ ions with Fe3+ ions. 

5.3 Magnetic properties 

As described in chapter 4.2, the temperature dependent magnetization measured for                  

HoCr1-xFexO3 (x = 0 and 0.5) compounds displays a distinct behaviour with multiple 

transition for both the compounds. It has been observed that Cr3+ moments and 

Ho3+ moments consist the magnetic ordering around 142 K (TN) and 8 K (TN
Ho) 

respectively in HoCrO3 compound. With the addition of Fe3+ to Cr3+ in HoCrO3, it 

is evident that there is shift of TN from 142 - 273 K and TN
Ho from 8 - 13 K. On the 

other hand, spin reorientation (SR) transition is observed around 150 K (TSR) in 

HoCr0.5Fe0.5O3 compound due to complex interplay between Ho3+ and Fe3+ 

moments [159]. 

5.4 Temperature dependent Raman scattering studies 

To get more insights about the influence of magnetic ordering on phonon modes 

those prevail in HoCr1-xFexO3 (x = 0 and 0.5) compounds, temperature dependent  
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Figure 5.3: (a – e) variation of peak position pertinent to Raman modes of B2g(2), Ag(4), 

Ag(5), B2g(3) and B3g(3) respectively. 
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Raman spectrum were recorded above and below the Néel temperature for both the 

compounds. Temperature dependent Raman spectra pertinent to HoCrO3 (120 - 800 

cm-1 and 80 - 200 K) is shown in Fig. 5.2. In the temperature range that we 

investigated, we do not see any change in the Raman spectra associated with 

structural phase transition. The recorded spectrum are corrected by Bose-Einstein 

thermal factor [228]. To get the precise information about each phonon mode (viz. 

position, full width at half maxima (FWHM) and intensity), each spectrum is de-

convoluted into Lorentzian profiles after baseline subtraction. Bhadram et. al.[136] 

have reported the softening of phonon modes in RCrO3 compounds corresponding to 

magnetic rare earth ion, and the observed ferroelectricity has been explained on the 

basis of spin-phonon coupling.  

In another study [139], anomalous behaviour of crystal field spectra and 

ferroelectricity have been observed in HoCrO3 compound and correlated such 

intriguing phenomena to the possible distortion of Ho3+ ion due to Ho3+ - Cr3+ 

interaction [138]. However, through our temperature dependent Raman scattering 

study, no anomaly in the wavenumber as well as line width (FWHM) of the phonon 

modes corresponding Ho3+ ion below 200 cm-1 is evident around TN, hinting that 

the displacement of Ho3+ ion may not be solely responsible for the observed 

ferroelectricity in HoCrO3 compound [138]. 

From the Fig. 5.3 (a) – Fig. 5.3 (e), anomalous behaviour of the phonon modes 

centered around 316.8 cm-1 [B2g(2)], 344.6 cm-1 [Ag(4)], 423.1 cm-1 [Ag(5)],        

501.3 cm-1 [B2g(3)], and 569.3 cm-1 [B3g(3)] is evident across TN. As the change in 

phonon wavenumber is large for B3g(3) mode compared with other modes, we 

restrict our discussion to B3g(3) mode in this work.  

Figure 5.4 (a) depicts the temperature dependence of B3g(3) mode in HoCrO3 

compound. The expression for the temperature dependent wavenumber behaviour of 

a phonon mode in magnetic materials has been given as [50] 

            latt ren anh sp-ph( ) (0)T                         …… (5.1) 
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where  0  is the phonon wavenumber at 0 K. latt  represents the contribution 

from the lattice volume due to thermal excitation of atoms. ren is the 

contribution from the renormalization of electronic states near the magnetic 

ordering temperature. anh  corresponds to the temperature dependent phonon 

wavenumber shift due to anharmonic vibrational potential at constant volume. 

sp-ph  is spin-phonon contribution towards the change in phonon wavenumber 

caused by the modulation of the exchange integral by lattice vibrations. The first 

term in equation 5.1 deals with isotropic change in volume and hence it is not 

applicable here. In the case of low carrier concentration, the second term can be 

neglected. 

It has been proposed by Balkanski et. al. [229] that there can also be a contribution 

due to the anharmonicity for the phonon behaviour with temperature in the absence 

of structural phase transition [139].  From the Fig. 5.4 (a), it is evident that the 

phonon wavenumber increases as we go from high to low temperature up to TN, this 

can be attributed to the anharmonic effect. 

The experimental data above TN was fitted with equation [229]: 

                         /
anh 0 1 2 / (e 1)kTT C             …… (5.2) 

where ω(0) and C are adjustable parameters, and extrapolated for the temperature 

below TN. The deviation of anharmonicity of B3g(3) mode below TN is evident from 

the Fig. 5.4 (a), which suggests that there might be other factor apart from the 

anharmonicity which is responsible for the wavenumber shift of B3g(3) phonon mode 

in HoCrO3 compound. 

In a recent study on spin-phonon coupling in RCrO3 compounds by Bhadram et. 

al.,[136], the hardening of the phonon mode below TN has been reported and the 

behaviour is attributed to either direct spin-phonon coupling or coupling due to 

magnetostriction. Magnetostriction can produce a change in wavenumber of a 

phonon mode due to a volume change caused by the magnetic ordering of Cr3+ ions.  
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In that case, magnetostriction can’t affect the FWHM of the phonon mode, which is 

related to phonon life time [230]. It has been reported [139] that magnetostriction 

could be the possible reason for anomalous behaviour of lattice parameters and 

volume below TN in HoCrO3 compound. To check the ambiguity whether the spin-

phonon coupling is a direct coupling or mediated by magnetostriction, we plot the 

FWHM of phonon centered around 489.4 cm-1 [B3g(2)] as shown in the inset of Fig. 

5.4 (a). A clear anomaly is evident for temperature dependent FWHM of B3g(2) 

mode around TN, which ruled out the magnetostriction effect on the phonon 

behaviour in HoCrO3 compound.  

The anomalous behaviour of the phonon wavenumber has been observed in other 

perovskites [231-233] with magnetic transition, which is associated with magnetic 

ordering induced renormalization of phonon modes and is proportional to spin-spin 

correlation function [50] S .Si j  for the nearest-neighbour spins localized at the ith 

and jth sites. Within the mean field approximation, phonon renormalization function 

is proportional to magnetization as follows 

                      
 2

anh 2
sat

  
M T

T T T
M

                   …… (5.3) 

where M (T) is the temperature dependent magnetization. From the Fig. 5.4 (b), it 

is evident that phonon renormalization function   scales well with square of the 

magnetization, which indicates the existence of spin-phonon coupling in HoCrO3 

compound. 

Figure 5.5 shows the temperature dependent Raman spectrum pertinent to 

HoCr0.5Fe0.5O3 (120 - 800 cm-1 and 200 - 300 K) compound. It is evident that indeed 

there is a shift for Ag phonon mode from 200 – 300 K towards lower wave number. 

Figure 5.6 depicts the temperature evolution of Ag phonon mode position and 

corresponding line width (FWHM) for HoCr0.5Fe0.5O3 compound. A clear deviation 

of the wavenumber of Ag mode from the anharmonic behaviour is demonstrated by 

fitting the graph with the equation 5.2 below TN.  
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The deviation of wave number around the magnetic ordering in HoCr0.5Fe0.5O3 

might be due to spin-phonon coupling and quasi-harmonic effect due to change in 

lattice volume induced by magnetostriction [234]. The anomalous behaviour in the 

line width of Ag mode is observed around TN as shown in the upper inset of   Fig. 

5.6. Since the line width is related to phonon life time and independent of lattice 

volume change, the sudden change in phonon wavenumber suggest the existence of 

spin-phonon coupling in HoCr0.5Fe0.5O3. The changes in phonon life time suggests 

possible disorder in the system due to magnetic order at local level. Such a disorder 

can be influenced in the system around magnetic transition due to tilt or rotation of 

octahedral, ordering of Cr3+/Fe3+ ions in oxygen octahedral or displacement in the 

Ho3+ ion. Apart from that, there is a clear deviation in the wavenumber of phonon 

centered around 160.5 cm-1 [B2g(1)], which is related to displacement of Ho3+ ion 

(lower inset of Fig. 5.6). Yin et. al., reported the similar behaviour in DyCr0.5Fe0.5O3 

compound [114], and correlated to the observed ferroelectricity. This suggests that 

there is a possibility to observe the ferroelectricity in HoCr0.5Fe0.5O3 compound, 

which may lead to multiferroicity near room temperature (below TN). 

5.5 Conclusions 

In conclusion, temperature dependent Raman scattering studies on polycrystalline 

HoCr1-xFexO3 (x = 0 and 0.5) compounds suggests no signature of structural phase 

transitions in the investigated temperature. In both the compounds, it is also 

evident that anomalous behaviour prevails for phonon modes around the magnetic 

transition temperature. The deviation of 569.3 cm-1 [B3g(3)] phonon mode from the 

anharmonic behaviour below TN scales well with square of the magnetization, 

hinting that a spin-phonon coupling in HoCrO3 compound. Concurrently, we also 

attribute the evidenced spin – phonon coupling to the anomalous behaviour of Ag 

phonon mode and its line-width at TN in HoCr0.5Fe0.5O3 compound. Present results 

would be helpful in understanding and developing new multiferroic materials based 

on orthochromites. 
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Chapter 6 

 

Summary and scope of future work 

   

In this thesis, we essentially explored the correlation between the structural and 

magnetic properties of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds. Based on the results 

that we presented in previous chapters, we summarize our results as follows 

Structural and optical properties of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds 

 Room temperature x-ray diffraction (XRD) studies revealed that        

HoFe1-xCrxO3 compounds are crystallized in orthorhombically distorted 

perovskite structure with a space group of Pbnm. 

  A decrease in lattice parameter is observed with Cr3+ doping, which is 

ascribed to the larger ionic radii of Fe3+ compared to that of Cr3+.  

 Indeed, there is an increase in tolerance factor and decrease in average tilt 

angle, hinting that the internal stress due to chemical pressure (Cr3+ 

doping), which leads to distortion of the lattice. 

  There exists a mode with high intensity around 670 cm-1 with Ag like 

symmetry in the compounds having both Fe3+ and Cr3+ , which is 

attributed to the oxygen breathing mode due to the charge transfer between 

Fe3+ and Cr3+ through an orbital mediated electron-phonon coupling 

mechanism. 

 The absorption spectra infer that there is a direct band gap for          

HoFe1-xCrxO3 compounds. A decrease in band gap from 2.07 eV (x = 0) to 

1.94 eV (x = 0.5) and further increase up to 3.26 eV (x = 1) is observed in 

HoFe1-xCrxO3 compounds. The decrease in band gap is ascribed to 

broadening of oxygen p-orbital as a result of induced spin disorder due to 
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the Fe3+ and Cr3+ at B-site. On the other hand, an increase in band gap is 

explained on the basis of the reduction in the available unoccupied d-orbitals 

of Fe3+ at the conduction band.  

Magnetic and magnetocaloric properties of HoFe1-xCrxO3 (0 ≤ x ≤ 1) 

compounds   

 Temperature dependent magnetization studies on HoFe1-xCrxO3 compounds 

show various transitions such as antiferromagnetic (AFM) ordering of 

transition metal ion (TN), spin reorientation transition (TSR) and Ho3+ 

ordering.  

 The observed decrease in TN from 647 K (x = 0) to 142 K (x = 1) with Cr3+ 

doping is attributed to the dilution of Fe3+- Fe3+ interaction as well as the 

enhancement of ferromagnetic interaction of adjacent Cr3+ moments through 

t-e hybridization as a result of the structural distortion.  

 The evidenced increase in TSR from 50 K (x = 0) to 150 K (x = 0.5) with 

Cr3+ doping is ascribed to the domination of Ho3+ - Fe3+ interaction over 

Fe3+- Fe3+ at higher temperatures.  

 The observed decrease in isomer shift (IS) with Cr3+ content has been 

correlated with a decrease in radial part of 3d wave function, which leads to 

an increase of the interaction between the effective nuclear charges and the 

3s electrons.  

 The small value for quadrupole splitting (QS) parameter for HoFeO3 

compound indicates the local environment remains octahedral at the unit 

cell. Increase in a value of QS with Cr3+ doping is due to the non-cubical 

electric field gradient acting on Fe atom, which arises from the distortion in 

FeO6 octahedral by the substitution of Cr3+ ions at Fe site.  

 The decrease in hyperfine field is ascribed to a decrease in strength of 

antiferromagnetic Fe3+ - Fe3+ interaction with the addition of Cr3+ at Fe-

site.  
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 The disappearance of six line Mössbauer spectra for x ≥ 0.5 infers that the 

compounds are paramagnetic in nature at 300 K.  

 M vs. H graph infer that the metamagnetic transitions are prevailed in the 

low field regime around Ho3+ ordering in HoFe1-xCrxO3 (0.25 ≤ x ≤ 1) 

compounds.   

 Re-entrant magnetocaloric effect is evident in HoFe1-xCrxO3 (0.25, 0.75 and 

1) compounds, which may be due to magnetization crossover and complex 

interactions. 

  We trust that the large values of MCE obtained for HoFe0.75Cr0.25O3                                      

(–ΔSM ~ 8.63 J/kg-K at 9 K), HoFe0.5Cr0.5O3 (–ΔSM ~ 8.18 J/kg-K at 12.5 

K), HoFe0.25Cr0.75O3 (–ΔSM ~ 8. 08 J/kg-K at 11 K) and HoCrO3 (–ΔSM ~ 

6.99 J/kg-K at 9 K) compounds make them promising candidates for 

magnetic refrigeration applications below 30 K. 

Spin-phonon coupling in HoCr1-xFexO3 (x = 0 and 0.5) compounds  

 Temperature dependent Raman scattering studies on HoCr1-xFexO3 (x = 0 

and 0.5) compounds suggest no signature of structural phase transitions in 

the investigated temperature range.  

 In both the compounds, thermal evolution of phonon modes show anomalous 

behavior well above and below the magnetic transition temperature (TN).  

 The deviation of B3g(3) [569.3 cm-1] mode from the expected anharmonic 

behaviour below TN in HoCrO3 compound is attributed to spin-phonon 

coupling caused by the modulation of super exchange integral by lattice 

vibration. 

  On the other hand, the anomalous behavior of phonon frequency mode 

around    670 cm-1 (Ag) and its line-width around magnetic ordering is 

evident in HoCr0.5Fe0.5O3 compound.  

 Apart from that, a clear deviation of wavenumber of phonon around     

160.5 cm-1 [B2g(1)] suggests the possibility to observe ferroelectricity in the 

HoCr0.5Fe0.5O3 compound.  
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 We believe that the present results would be helpful in obtaining new 

compounds with multiferroic properties near room temperature. 
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Summary 

HoFe1-xCrxO3

(0 ≤ x ≤ 1)

HoCrO3HoFeO3 HoFe0.75Cr0.25O3 HoFe0.5Cr0.5O3 HoFe0.25Cr0.75O3

- 2.07 eV

- 647 K

- 50 K

- 4.1 K [75]

- 19.2 J/kg-K[127] 

- 1.94 eV

- 495 K

- 75 K

- 8.5 K

- 8.63 J/kg-K  

- 1.90 eV

- 273 K

- 150 K

- 13 K

- 8.18 J/kg-K  

- 2.04 eV

- 157 K

- No 

- 8 K

- 8.08 J/kg-K  

- 3.26 eV

- 142 K

- No

- 8 K

- 6.99 J/kg-K  
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Scope of Future Work 

 In this thesis, we have limited ourselves to structural, optical, magnetic and 

magnetocaloric properties of transition metal doped rare earth orthoferrites             

(HoFe1-xCrxO3 compounds). One can study the effect of rare earth 

substitution at rare earth site in orthoferrites on structural, optical, 

magnetic and magnetocaloric properties. 

 

  Apart from that, it would be interesting to probe these compounds with 

Neutron diffraction technique in order to explore the magnetic structure. 

 

 In addition, it would be also be interesting to prepare these compounds in 

the form of nanoparticles as well as thin films to study the size effects on the 

structural, optical, magnetic and magnetocaloric properties and their 

comparative study with the present results. 

 

 Recently, rare earth orthoferrite (RFeO3) and orthochromite (RCrO3) 

compounds have drawn considerable attention due to possible multiferroicity 

above room temperature. Hence, it would be interesting to study 

multiferroic properties in the aforementioned compounds.  
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Highlights of the thesis 

 

Orbital mediated electron-phonon coupling is observed in the compounds with 
mixed Fe and Cr at B-site 

Bandgap values of HoFe1-xCrxO3 (0 ≤ x ≤ 1) compounds are reported for the 
first time

Spin-phonon coupling is observed in HoCr1-xFexO3 ( x = 0 and 0.5) 
compounds

Large value of magnetic entropy change (-ΔSM ~ 8.63 J/kg-K) is evident in  
HoFe0.75Cr0.25O3 compound 
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